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ABSTRACT 
 
Taking into account the solo attack and combination attack of pre-existed chloride and concrete carbonation, 
this paper carried out an experimental investigation on the corrosion state of steel bars embedded in concrete 
with different concrete cover thickness and containing different chloride amount. Comparison of corrosion 
current density, corrosion area ratio and corrosion weigh loss of embedded steel bars were carried out and the 
effect of combination attack was systematically investigated. Test results indicated that under the combination 
attack, the corrosion current density measured soon after concrete carbonation test increased with concrete cover 
thickness; compared with the solo attack, the combination attack exhibited larger value of corrosion current 
density, corrosion area ratio and mass weight loss. Test results also showed that the mass loss ratio of embedded 
steel bars at the point of corrosion crack initiation was about1.29% for the specimens with 5 mm concrete cover, 
the corresponding value for the specimens with 10 mm concrete cover was 1.33%. 
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INTRODUCTION  
 
In recent years, premature deterioration of aged reinforced concrete (RC) structures has become a critical social 
problem. Insufficient supply of good quantity aggregates, especially fine aggregates, is one of the main reasons 
(Leng et al. 2011). As alternate, completely washed sea sand has began to be used as fine aggregate in concrete 
mix. If sea sand is completely washed and the chloride amount is reduced to a tolerant level, it is regarded to be 
innocuous to embedded steel bars. However, as a matter of fact, there exist a large number of concrete structures 
that used unwashed or incompletely washed sea sand and therefore contained a considerable amount of chloride 
(Shi et al. 2010), which can cause the corrosion of embedded steel bars and in turn results in premature 
deterioration of structural performance (Hong 2006; Kobayashi 1999). These structures are simultaneously 
affected by concrete carbonation. Concrete carbonation will destroy high alkaline environment of concrete 
which protect embedded steel bar from corrosion. Therefore, from the view of steel bar corrosion, the above 
mentioned RC structures can be thought to be subjected to the combination attack of pre-existed chloride and 
concrete carbonation (Aramaki et al. 2006). Steel bar corrosion is one of the most critical subsequence, which 
will cause the corrosion crack in concrete and subsequently the spalls of concrete cover (JSCE 2006). Published 
research pointed out that combination attack may accelerate steel bar corrosion (Zhang et al. 2006; Jin et al. 
2008; Zheng et al. 2010). As concrete carbonation pioneer proceeds, the chloride bound in carbonated concrete 
is liberated, which causes a gradient of free chloride. That is the gradient of free chloride gives rise to a driving 
force for chloride to propagate toward the internal steel bars. Subsequently, even though the average chloride 
amount within the concrete cover is low, the chloride amount concentrating in the vicinity of embedded steel 
bars may become very high at the early age after construction, and as it reaches a threshold value, steel bar 
corrosion initiate. Filed construction survey also showed that the maximum chloride concentration occurred at a 
location about 1.2~2.9 times the depth of concrete carbonation pioneer from concrete cover surface (Tottori and 
Miyagawa 2005), and the maximum concentrated chloride amount might increase to a considerable level as high 
as 2.0~3.0 times the initial chloride concentration (Kobayashi 1991; Matusmto et al. 2010), which might 
accelerate steel bar corrosion. The combination attack mechanism is complicated and the combination attack 
process may affected by various factor such as initial average chloride amount and concrete cover. However, 
there are few systematical investigations taking into account these influencing factors. 

mailto:xuexin@xmu.edu.cn


Given the above background, this paper made an inquiry on the effect of combination attack of pre-existed 
chloride and concrete carbonation on the corrosion state of embedded steel bars through experimental 
investigation. 
 
EXPERIMENTAL DETAILS 
 

Specimen Details 
 
Specimen details are shown in Figure 1. The specimens had a square cross-section of 50 mm×50 mm and a 
length of 200 mm. A plain bar SR24 with diameter of 9 mm was embedded in each specimen. Before concrete 
placement, the steel bars were thoroughly cleaned by immerging them in a 10% ammonium hydrogen citrate 
solution for about 24 hours. The bottom surface from concrete placement direction was set as corrosion 
accelerating sides. Except for the bottom surface, 5 other surfaces were coated with epoxy resin. Concrete 
proportion is specified in Table 1.  
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Figure 1. Specimen details 

 
Table 1. Concrete proportion 

Slump 
(cm) 

Air 
(%) 

W/C 
(%) 

Unit(kg/m3) AE 
(ml/l3) Water Cement Sand Gravel 

8 8 70 173 246 854 911 616 
 
Experimental Parameters 
 
Experimental parameters and its combination are shown in Table 2. Experimental parameters were concrete 
cover thickness, chloride amount to cement mass, deterioration type. 
 

Table 2. Experimental parameters and its combination 
Concrete cover 

(mm) 
Chloride amount to 
cement mass (%) Deterioration type 

5 3, 10 Combination attack of pre-
existed chloride and concrete 

carbonation 
10 1, 3, 5, 10 
15 3, 10 

10 
0 Concrete carbonation only 
0 No deterioration 
3 Chloride-attack only 

 
Concrete Carbonation Test and Dry-Wet Cycle Corrosion Test 
 
After concrete placement, the specimens were wet-cured for three days and dry-cured for four days, and then 
coated the outside surface with epoxy resin. After the coating job, the specimens were subjected to concrete 
carbonation tests. The temperature of the test environment was set as 40℃ , the humility was 50%, CO2 
concentration was 10%. When concrete carbonation pioneer reached the location where the embedded steel bars 
were placed, the specimens were changed to dry-wet cycle corrosion test. The test cycle was as the following: 
one week of high temperature and high humility (T=40℃, RH= 95%) and one week of low temperature and low 
humility (T=15℃, RH= 60%). The maximum dry-wet corrosion period was as long as 120 weeks. 
 



Measurement of Corrosion Current Density, Corrosion Area Ratio and Mass Loss Ratio 
 
From anodic polarization curves, a region of 300mV~600mV swept from corrosion potential can be regarded as 
Tafel linear region, and by extrapolating this linear line to Ecorr,  the corrosion current density Icorr can be 
acquired. 
The specimens were demolished after the dry-wet cycle corrosion test and the steel bars were taken out for 
corrosion state evaluation. Corrosion area ratio was evaluated by dividing the corrosion area by the total steel 
bar surface area. After the evaluation of corrosion area ratio, the corroded steel bars were immerged in a 10% 
ammonium hydrogen citrate solution for about 24 hours to achieve a throughout cleaning of corrosion products. 
The mass loss ratio can be acquired by comparing the corroded steel bars mass and the original mass. 
 
Electrochemical Corrosion Accelerate Test 
 
Specimens of 50 mm×100 mm×200 mm with Φ9 steel bar embedded were fabricated to investigate the mass 
loss ratio of steel bars at the point of corrosion crack initiation (see Figure 2). The concrete cover was design as 
5 mm, 10 mm, and 15 mm three patterns. Electrochemical corrosion test shown in Figure 3 was used to 
accelerate the corrosion of steel bars. The end portions of steel bars were coated with silicon resin. To pinpoint 
the time at which corrosion crack initiate, 4 strain gauges were glued on the concrete surface. The steel bars and 
copper plates placed outside the specimens were connected to anode and cathode of a constant-current power 
respectively and a current density of 2122 μA was impressed. 
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Figure 2. Bond strengths: test results versus predictions of proposed bond-slip models 
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Figure 3. Electrochemical corrosion test details 

 
 

RESULTS AND DISCUSSION 
 

Effect of Concrete Cover 
 
Test results of corrosion current density during the early corrosion period of 0~20 weeks are shown in Figure 4. 
The initial current density showed a larger value in specimens with thicker cover. Thicker cover contained more 
chloride, and as carbonation pioneer reached the vicinity of the steel bars, more chloride concentrated and 
resulted in higher chloride amount in the vicinity of embedded steel bars, as a result, corrosion process was 
accelerated and the corrosion current density became larger. Longer carbonation period caused more decrease in 
PH can be thought to be another reason. After 20 weeks of corrosion test, there was not big difference in 
corrosion current density between specimens. 
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Figure 4. Test results of corrosion current density 

-Comparison of specimens with different concrete cover- 
 

Figure 5 shows test results of mass loss ratio of specimens with different concrete cover. During the initial stage 
of corrosion period, the more mass loss was confirmed in the specimens with thicker concrete cover, which 
agrees well with the corrosion current density test results. However, in the later stage of corrosion period, the 
test results reversed, especially for the specimen with a concrete cover of 5 mm, the mass loss ratio is larger than 
that of other specimens. A little larger in corrosion current density confirmed in specimen with a concrete cover 
of 5 mm can be thought to be responsible for this result. 
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Figure 5. Test results of mass loss ratio 

-Comparison of specimens with different concrete cover- 
 

Effect of Chloride Amount 
 
Figure 6 and Figure 7 show test results of corrosion current density and mass loss ratio of embedded steel bars 
of specimens containing different chloride amount respectively. At the beginning of corrosion period, corrosion 
current density increases with the chloride icon amount. It can be speculated that during the concrete 
carbonation test, the larger amount of chloride the specimens contained, the more concentration of chloride 
occurred in the vicinity of embedded steel bars, and therefore resulted in the larger value of corrosion current 
density. During the entire corrosion test period, due to the concentration effect of chloride, the mass loss ratio 
due to corrosion increased with the chloride amount. This agrees well with the results from published literatures, 
which indicates that higher density of chloride icon will accelerate steel bar corrosion. 
 



0

5

10

15

20

0 5 10 15

C
or

ro
sio

n 
cu

rre
nt

 d
en

sit
y

( μ
A

/c
m

2 
)

Corrosion period (week)

cover / chloride
10mm / 0%
10mm / 1%
10mm / 3%
10mm / 5%

 
Figure 6. Test results of corrosion current density 

-Comparison of specimens containing different chloride amount- 
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Figure 7. Test results of mass loss ratio of steel bars 

-Comparison of specimens containing different chloride amount- 
 
Effect of Deterioration Type 
 
Test results of corrosion current density, corrosion area ratio and mass loss ratio are shown in Figure 8, Figure 9 
and Figure 10 respectively. It can be observed from Figure 8 that during the initial stage of corrosion period, the 
corrosion current density of specimens subjected to combination attack shows large value of test results than 
that of the specimens subjected to solo attack of pre-existed chloride or solo concrete carbonation. Accordingly, 
corrosion area ratio and mass loss ratio of these specimens also show larger value, which indicates that larger 
corrosion current density resulted in more severe corrosion state. During the entire corrosion period, the 
corrosion area ratio and mass loss ratio subjected to combination attack all show larger value than that of the 
specimens subjected to solo attack. If assuming the magnitude of mass loss of specimens subjected to 
combination attack as 1, then the corresponding value subjected to solo attack of pre-existed chloride and 
concrete carbonation are about 0.6 and 0.2 respectively. This ratio almost held unchanged during the entire 
corrosion period. Making a comparison of corrosion area ratio and mass loss ratio between the specimens 
subjected to solo attack of pre-existed chloride and concrete carbonation, it can be observed that the former 
shown larger value. There is no big difference in test results between the specimens subjected to solo concrete 
carbonation and no deterioration specimens. The above results indicate that solo concrete carbonation had little 
effect on the steel bar corrosion, whereas chloride attack had more adverse effects on steel bar corrosion; and the 
combination attack of both caused the most severe corrosion state due to the concentration of chloride resulting 
from concrete carbonation. The effects of combination attack can also be confirmed from the corrosion state of 
steel bars: the steel bars subjected to combination attack and solo pre-existed chloride attack showed more 
severe localized corrosion, whereas the steel bars subjected to solo concrete carbonation showed relatively even 
corrosion state.  
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Figure 8. Test results of corrosion current density 

-Comparison of specimens subjected to different deterioration type- 
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Figure 9. Test results of corrosion area ratio of steel bars 

-Comparison of specimens subjected to different deterioration type- 
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Figure 10. Test results of corrosion mass ratio of steel bars 

-Comparison of specimens subjected to different deterioration type- 
 
Corrosion Mass Loss Ratio at the Point of Corrosion Crack Initiation 
 
From the measurement result of the strain gauge glued to the concrete surface in the specimens subjected to 
electrochemical corrosion test, the corrosion mass loss at the point of corrosion crack initiation can be acquired. 
During the initial stage of the corrosion period, the strain held unchanged. Thereafter, the strain exhibited a 
dramatic increase and then decreased gradually. The strain behavior can be explained as the following: during 
the early stage of corrosion period, after steel bar corrosion initiated, the corrosion products penetrated into the 
nearby concrete pores and then accumulated in the vicinity of embedded steel bars, during the corrosion product 
accumulation process, it gave rise to a expansion force, and in turn resulted in a tensile stress in surface concrete. 
When the tensile stress reached the tensile strength, corrosion cracks initiated. Once corrosion cracks initiated, 
since the corrosion products flowed out of the concrete matrix through corrosion cracks filled with 
electrochemical solution, the expansion force decreased gradually. So the peak strain corresponded to the 



corrosion crack initiation. Test result indicated that the corrosion mass loss at the point of crack initiation were 
about 1.29% and 1.33% for specimens with concrete cover of 5 mm and 10 mm respectively. Changing into 
mass corrosion per area of surface of steel bars, the corresponding values were 24.76 mg/cm2, and 25.38 
mg/cm2 respectively. 
 
CONCLUSIONS 
 
This paper described the corrosion state of steel bars embedded in the specimens subjected to solo attack 
combination attack of pre-existed chloride and concrete carbonation, and the mass loss ratio at the point of 
corrosion crack initiation was also investigated. Within the scope of this study, the following conclusions can be 
drawn as: 
 
1) During the initiate stage, the corrosion current density of steel bars increased with the chloride amount 

contained in specimens. 
2) Corrosion area ratio and mass loss ratio increased in the order of solo concrete carbonation attack, solo pre-

existed chloride attack and the combination attack of both. 
3) Mass loss ratio of steel bars at the point of corrosion crack initiation was 1.29% for the specimens with 5 

mm concrete cover, the corresponding value for the specimens with 10 mm concrete cover was 1.33%. 
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