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STUDY OF NEUTRALIZATION-INDUCEDREINFORCING BAR CORROSION UNDER 
CYCLIC DRYING AND WETTING CONDITIONS 

 
 

The performance of a reinforced concrete structure deteriorates gradually as corrosion of the 
reinforcing bars progresses. Understanding the rate at which reinforcing bars corrode is a 
prerequisite for calculating the performance of concrete structures. The main aim of this 
investigation is to study the corrosion rate of reinforcing bars using purpose-built models (a 
model for the control of corrosion by oxygen diffusion and one for control by specific resistance 
of the concrete). In order to obtain parameters to be used in the analysis of reinforcing bar 
corrosion, calculation models for water content and oxygen diffusion coefficient were formed 
using the distribution function of concrete pore size. In addition, accelerated corrosion 
experiments were performed on reinforcing bars embedded in neutralized concrete under cyclic 
drying and wetting conditions. The corroded mass of reinforcing bar embedded in neutralized 
concrete was quantitatively evaluated under cyclic drying and wetting conditions through using 
above-mentioned models and data function regressed from experiment. Comparing with 
experimental results, it is confirmed that these models for the corrosion of reinforcing bars are 
useful for the calculation of corroded mass. 
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1.  INTRODUCTION 
 
Reinforced concrete structures are extremely durable and their service life is long enough that 
they are often regarded as permanent. However, cracking and flaking of cover concrete does 
occur, and this has become a problem for society. The main reason for these phenomena is 
corrosion of reinforcing bars embedded in the concrete. Expansive pressure resulting from such 
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corrosion ultimately leads to cracking and flaking. After initial cracking, factors that cause 
corrosion easily penetrate the structure, and the reinforcing bar corrosion rate accelerates. This 
leads to loss of adhesion between the concrete and reinforcing bars, while the sectional area of 
the reinforcing bars is also reduced. Consequently, the functionality of the concrete structure 
deteriorates rapidly1). 
In performing the durability design of reinforced concrete structures and carrying out their 
maintenance, the time-varying corrosion rate of the reinforcing bars must be fully understood if 
service life is to be accurately calculated. In general, reinforcing bars embedded in concrete 
corrode through salt damage and concrete neutralization, so the corrosion rate is related to the 
physical properties of the concrete. Concrete is a porous material, and its water content is 
closely related to natural environmental conditions. Moreover, the oxygen diffusion coefficient 
and specific resistance of the concrete directly affect the corrosion of reinforcing bars embedded 
in concrete, and these relate closely to the concrete's moisture state. 
Typically, studies of reinforcing bar corrosion in concrete structures focus on corrosion 
properties and corrosion mass under constant environment conditions. In fact, however, concrete 
structures stand in a natural environment where changes in the physical properties of the 
concrete (water content, oxygen diffusion coefficient, specific resistance, etc.) and the state of 
reinforcing bar corrosion vary considerably with time. 
The aim of this paper is to study the rate of reinforcing bar corrosion due to concrete 
neutralization. Models for the control of reinforcing bar corrosion by oxygen diffusion and 
specific resistance are constructed for a variable environment. So as to obtain parameters for use 
in analysis with the two models, the distribution function of concrete pore size is used and the 
calculation model of water content is formed. The change of water content in concrete inner is 
examined under cyclic drying and wetting conditions, and the calculation model of oxygen 
diffusion coefficient considered the change of water content is also assembled. Further, an 
accelerated corrosion experiment is carried out on reinforcing bars embedded in neutralized 
concrete under cyclic drying and wetting conditions. Changes in corrosion potential, corroded 
area of reinforcing bars, and corroded mass with the elapse of accelerated time are measured as 
part of the experiment. Change functions are calculated from the data obtained in the experiment. 
After obtaining these data and functions, an attempt is made to evaluate the corrosion mass of 
reinforcing bars embedded in neutralized concrete as well as the actual corrosion process under 
cyclic drying and wetting conditions. 
 
2.  CALCULATION MODELS FOR REINFORCING BAR CORROSION RATE 
 
In the study, it is assumed that the environment varies from wetting conditions (high temperature 
and high humidity) to drying conditions (low temperature and low humidity), and these are 
adopted as the cyclic test conditions. Under wetting conditions, there is plenty of water in the 
concrete structure, and it is difficult for oxygen to diffuse from the concrete surface toward the 
core. This limits the amount of oxygen available for reinforcing bar corrosion, so the likelihood 
of oxygen diffusion being the controlling factor in reinforcing bar corrosion is higher. On the 
other hand, because the moisture content is low in the concrete core under drying conditions, the 
specific resistance of the concrete is higher and little corrosion current flows. As a result, the 
corrosion rate due to corrosion current is reduced, and the likelihood of specific resistance 
controlling corrosion becomes higher. 
A study of specific resistance and oxygen diffusion during the corrosion of reinforcing bars 
embedded in mortar was performed by Saeki2). However, the evaluation of corrosion rate of 
reinforcing bars embedded in concrete is much more difficult in a general environment due to 
concrete neutralization. Based on the method described above, the corrosion rate of reinforcing 
bars embedded in concrete can be calculated using control models of oxygen diffusion and 
specific resistance. 
 
(1)  Model for oxygen diffusion control of corrosion 
The model for oxygen diffusion control of reinforcing bar corrosion is described by Equation 
2.13), 4). One of the problems with this equation is how to set the ratio of cathode to anode area. 
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In this study, the volume occupied by water and not occupied by water is assumed to be the 
anode and cathode, respectively, so the ratio of the two volumes is assumed to be the ratio of 
anode to cathode area. The water content and oxygen diffusion coefficient are calculated using 
the theoretical models of water content and oxygen diffusion coefficient described later in 
Section 3. 
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In which F0 is the corrosion rate (g/cm2•s), kri
a and koi

c are electrochemical equivalents, Ac is the 
cathode area, Aa is the anode area, m is oxygen solubility (cm3/cm3), S is water content 
(cm3/cm3), D is the oxygen diffusion coefficient (cm2/s), and C(L,t) is the oxygen concentration 
at the reinforcing bar position. 
 
(2)  Model for specific resistance control of corrosion 
The upper surfaces of reinforcing bars embedded in neutralized concrete are assumed to form 
anode regions, while the lower surfaces form cathode regions. As shown in Fig. 1, it is assumed 
that corrosion current flows between the two regions and does not escape into the outer concrete, 
as demonstrated in past research5), 6), 7). First, the potential distribution around a reinforcing bar 
is calculated using Equation 2.2, and then the current density at the interface between the 
corroded region and the non-corroded region is calculated. This current density is assumed to be 
the corrosion current density for specific resistance 
control. 
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In which Fr is corrosion current density (µA/cm), Pvi 
is potential at the interface (mV), Pv is the natural 
potential (mV), ρ(Sr, T) is the specific resistance of 
the concrete (kΩ · cm), Sr is the relative water 
content (%), and T is temperature (˚C). 
The reinforcing bar corrosion rate can be calculated using these models. However, many 
parameters must be fixed for these analytical models. Calculations for water content and oxygen 
diffusion coefficient are described in the following Section 3, while natural potential, corrosion 
area, and specific resistance will be obtained from the experiments described in Section 4. 
 
3.  CALCULATION OF WATER CONTENT AND OXYGEN DIFFUSION COEFFICIENT 
 
The water content of the core concrete changes under cyclic drying and wetting conditions, so 
the analytical parameters for reinforcing bar corrosion rate must also change. That is, the 
amount of oxygen and the specific resistance both vary. In this study, emphasis is placed on the 
concrete pore size distribution function in examining the changes in core concrete water content 
and the influence of oxygen diffusion and specific resistance. 
 
(1)  Calculation model for water content8), 9), 10) 
a)Pore volume and distribution density function 
Concrete pores occur in a wide range of diameters and forms in core concrete. In this study, only 
those pores that play an important role in moisture transport are considered. Figure 2 shows the 
distribution function for pore capacity, which is expressed by Equations 3.1 and 3.2. 
Pore volume function: 

[ ])Brexp(VV C
r −−= 10   (3.1) 
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Density function of the pore volume distribution: 
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In which Vr is the volume of pores of radius r (cm3/cm3), V0 is the total pore volume (cm3/cm3), 
and B and C are parameters representing the function shape. 
b) Equilibrium between water and vapor 
As shown in Fig. 3, the pore structure is filled with an ideal gas mixture consisting of 
equilibrium levels of water and water vapor. The relationship between pore radius formed in 
gas-liquid interface and relative humidity is given by Kelvin's equation (Equation 3.3) because 
of the existence of vapor in the concrete. 
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In which pv is the partial pressure of vapor (Pa), pvo is saturated aqueous vapor pressure (Pa), γ0 
is the surface tension of the liquid, M is the molecular weight of water (g/mol), R is the gas 
constant (J/mol·K), T is absolute temperature (K), and ρw is water density (g/cm3). 
c) Equation for water content 
The maximum pore radius at which water exists in the liquid state can be calculated using 
Equation 3.3. It is assumed that if water fills pores up to radius rs , the water content S of the 
concrete can be obtained from the following Equation 3.4. 

[ ])Brexp(VdVS C
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sr −−=∫= 100   (3.4) 
 
In which S is the water content (cm3/cm3) and rs is the radius calculated from relative humidity. 
 
(2) Calculation model for oxygen diffusion 
It is assumed that concrete pores consist of cylinders of radius r. If the pressure is the same at 
both ends of the pore, gas movement consists of molecular diffusion, Knudson diffusion and 
surface movement11), 12). Molecular diffusion and Knudson diffusion control the movement if the 
influence of surface movement is ignored. 
When the ratio of radius r to mean free path λ of a gaseous molecule is greater than 10, the 
molecular diffusion coefficient Dn can be expressed by the following equation (Equation 3.5) if 
the mean molecular velocity equals c: 

λ
−

= c3/1Dn      (3.5) 
When the ratio of radius r to mean free path λ of the gaseous molecule is less than 0.1, molecular 
diffusion occurs, and the diffusion coefficient Dk is expressed by the following equation 
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(Equation 3.6): 

rcDk

−
= 3/2      (3.6) 

When the ratio of radius r to mean free path 
λ of the gaseous molecule is between 0.1 
and 10, molecular diffusion and Knudson 
diffusion operate simultaneously. The 
diffusion coefficient Dm is then expressed 
by the following equation (Equation 3.7): 
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As shown in Fig. 4, oxygen diffusion is 
mainly controlled by Dn when the pore 
radius is between 10λ and ∞, by Dm when 
the pore radius is from 0.1λ to 10λ, and by 
Dk from the oxygen molecular diameter d up 
to 0.1λ, respectively. Because gas transport 
theory is suitable for oxygen diffusion, the 
diffusion coefficient equations (Equations 
3.5, 3.6, and 3.7) are suitable for use as a 
model for oxygen diffusion coefficient, and 
the oxygen diffusion coefficient D for concrete can be calculated using Equations 3.8, 3.9, and 
3.10 by combining results for the different pore diameters present in the core concrete13). 
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In which D is the oxygen diffusion coefficient (cm2/s), Dk,m,n is the diffusion coefficient for each 
range (cm2/s), and dVk/dr, dVm/dr, and dVn/dr are the distribution densities of pores in each 
range (cm3/cm3.cm). 
Besides, the mean molecular velocity c and mean free path λ are expressed by Equations 3.11 
and 3.12. 
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In which M is the molecular weight of water (g/mol), R is the gas constant (J/mol·K), P is gas 
pressure (Pa), N is a coefficient, T is absolute temperature (K), and d is the diameter of an 
oxygen molecular (cm). 
Changes in water content and oxygen diffusion coefficient in the core concrete with the elapse 
of time can be calculated using the models described in this section. The corrosion rate of 
reinforcing bars can then be calculated using models of reinforcing bar corrosion taking account 
of variations in these parameters as obtained from Section 2. 
 
4.  REINFORCING BAR CORROSION EXPERIMENT  
 
In order to obtain the parameters to be used in the calculation models for reinforcing bar 
corrosion rate, an accelerated experiment is performed to determine the corrosion of reinforcing 
bars embedded in neutralized concrete. That is, an effort is made to understand the corrosion 
characteristics of reinforcing bars embedded in concrete under cyclic drying and wetting 
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conditions once neutralization has taken place. To this end, the reinforcing bar natural potential, 
corrosion area, corroded mass, and changes in specific resistance are measured as time elapses, 
and the relationship between these measurements and accelerated time is studied. 
 

(1) OUTLINE OF EXPERIMENT 
a) Outline of experimental specimens 
Table 1 gives details of the materials employed and Table 2 shows the mix proportions used for 
the experimental specimens. Specimens for reinforcing bar corrosion and specimens for specific 
resistance were manufactured as shown in Figs. 5 and 6. Reinforcing bars were soaked in 10% 
citric acid ammonium solution to remove the oxide film prior to specimen manufacture, then 
placed in a 70 x 70 x 200 mm mold ready for concrete placement. Concrete casting was from 
bottom to top as shown in the figures. Specimens were demolded at the first day and were then 
cured in water until the age of seven days. Afterwards, they were placed in an indoor 
environment at a temperature of 20˚C and a relative humidity of 60%, with all surfaces except 
the accelerated neutralization surface covered with epoxy resin to prevent the ingress of 
components from the environment. The reinforcing bars were 200 mm in length and the cover 
was 15 mm. 
In order to measure electrical resistance and concrete water content, two kinds of specimen were 
made. The electrode area was 40 x 40 mm and electrode spacing was 30 mm. 

 

b) Accelerated neutralization and corrosion conditions 
Each experimental specimen was moved into the accelerated neutralization test equipment at the 
age of 14 days. Accelerating conditions were a temperature of 40˚C, a relative humidity of 50%, 

Slump Air content W/C Fine Coarse AE water
Cement Water aggregate aggregate reducing agent

(cm) (%) (%) (ml)
8±0.5 8±0.5 70 260 182 926 785 662

Table 2   Mix proportioning
Quantity of material per unit volume of concrete (kg/m3)

 

Cement Ordinal portland cement
Fine aggregate River sand (Density2.58g/cm3, Fineness Modules 3.16)

Coarse aggregate Crushed stone (Density 2.63g/cm3, Fineness Modules 6.52)
Maximum size 10mm

Admixture AE water reducing agent
Reinforcing SR45 φ9mm

Table 1   Material properties
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and a CO2 concentration of 10%. Concrete specimens identical to the corrosion specimens 
containing reinforcing bars were cut open with a diamond cutter to measure neutralization depth 
using 10% solution of phenolphthalein in alcohol as neutralization progressed. When the 
neutralization depth reached 15 mm (age of 29 days), 19 mm (age of 35 days), and 23 mm (age 
of 43 days), respectively, reinforcing bar corrosion specimens were removed from the 
accelerated test neutralization equipment and placed in the accelerated corrosion test equipment. 
Neutralization depths of 15, 19, and 23 mm meant that neutralization had reached the upper 
surface, center, and lower surface of the reinforcing bars, respectively. Cyclic drying and 
wetting was carried out in the accelerated corrosion test. The cycle consisted of one week of 
high temperature and high humidity, then one week of low temperature and low humidity, 
continuing for a period of 20 weeks. 
c) Measurement method 
The natural potential of specimens undergoing the accelerated corrosion test was measured at 0, 
2, 4, 6, 7, 12, 16, and 20 weeks. Each specimen was soaked in water for 24 hours before 
potential measurement, then a wet sponge was placed on the measurement surface and the 
natural potential was measured. The reference electrode was a saturated calomel electrode 
(SCE). 
Three specimens were fractured at each accelerating week, and the reinforcing bar removed after 
measurement of the natural potential at the 4, 8, 12, and 20 week points. The corrosion area and 
loss were then measured. The area of corrosion was rapped with cellophane and was sketched 
with magic pen. Afterward, the corrosion area was calculated using a dot counting program. This 
yielded the ratio of corroded area of the reinforcing bar. Moreover, the corroded mass was 
calculated using Equation 4.1 after removing the rust with 10% ammonium hydrogen citrate 
solution. In order to remove the influence of the passive film in the non-corroded region, the 
weight loss of a non-corroded reinforcing bar was measured and the result was used for 
correction. 

( )
100

100
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AWWWW p
−

×−−=∆    (4.1) 

In which ∆w is corroded weight (mg), w0 is the reinforcing bar weight before casting (mg), W is 
the reinforcing bar weight after removing the rust (mg), Wp is the weight loss in a non-corroded 
region (mg), and A is the ratio of corroded area (%). 
The specific resistance was measured using a specimen of the same age produced specially for 
specific resistance measurements. Specific resistance can be calculated using Equation 4.2, and 
the relative water content is obtained from Equation 4.3. The method of measurement was to 
take the specimen weight at a particular age, obtain the saturated weight after soaking in water 
for three days, and then obtain the dry weight after drying (at a temperature of 105°C) for three 
days. 
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In which ρ is the specific resistance of the 
concrete (Ω·cm), Sr is the relative water 
content (%), Z is the real number component 
of impedance at a frequency of 1 kHz (Ω), As 
is the area of the stainless steel plates 
embedded in the concrete (cm2), h is spacing 
between the two stainless steel plates (cm), mc 
is the test weight (mg), ms is the saturated 
weight (mg), and md is the dry weight (mg). 
 
(2) Experimental results 
a) Progression of reinforcing bar corrosion 
Figure 7 shows changes in the natural 
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potential of reinforcing bars embedded in neutralized concrete with the elapse of time. The 
natural potential is less noble as a consequence of concrete neutralization, and has nothing to do 
with variations in carbonation depth. It tends to become slightly noble as accelerated time 
passes, and after an accelerated period of 8 weeks the change becomes less rapid. These results 
agree in general with the results reported by Saeki2). The change in natural potential with the 
elapse of accelerated time can be expressed by Equation 4.4. 

α−= tPP vov           (4.4) 
In which Pv is natural potential at accelerated time t, Pvo is natural potential before accelerated 
corrosion (mV), α is a coefficient, and t is accelerated time period (weeks). 
The regression parameters of natural potential for different neutralization depths are shown in 
Fig. 7. Natural potential differs depending neutralization depth at the beginning stage of the 
experiment.Although the variance of coefficient 
α is not large regarding neutralization depth, it 
is admitted in this experiment that the 
neutralization depth influences natural potential 
of reinforcing bar corrosion. The natural 
potential of reinforcing bars embedded in 
non-neutralized concrete was measured using 
other specimens at the same time, and was 
found to be approximately -154 mV (denotated 
as to SCE). 
Figure 8 shows changes in the corroded area 
ratio of a reinforcing bar. Greater change is seen 
in the first four weeks of accelerated time for 
various neutralization depths, while after four 
weeks the change become sluggish. The 
corroded area is 50% for a neutralization depth 
of 15 mm, 70% for 19 mm, and 80% for 23 mm 
after 20 weeks of accelerated time. The change 
in corroded area ratio with time is described by 
Equation 4.5, described in Fig. 8. 

)101(0
tAA ×−= β        (4.5) 

In which A is the ratio of corroded area at 
accelerated time t (%), 

Notarization depth 15mm ( ) 

A = 54.2 × (1−10-0.131t) 
Notarization depth 19mm ( ) 

A = 71.1 × (1−10-0.127t) 
Notarization depth 23mm ( ) 

A = 84.01 × (1−10-0.125t) 

A0 is the ratio of corroded area at an accelerated 
time of 20 weeks (%), β is a coefficient, and t is 
accelerated time period (week). 
The state of reinforcing bar corrosion after an 
accelerated time period of 20 weeks is shown in 
Fig. 9. Variations in corrosion state in the axial 
direction are small, and the damage is not pit 
corrosion. A cross-sectional view of the 
corrosion state is also shown in Fig. 9. Corrosion 
is particularly evident on the upper and lower 
surfaces of the reinforcing bar. This confirms 
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that neutralization depth has a great influence on the ratio of reinforcing bar corrosion. That is, 
neutralization depth influences the initial natural potential of a reinforcing bar and also its 
corroded area. 
(b) Changes in specific resistance of concrete 
The relationship between specific resistance and relative water content is shown in Fig. 10. 
Specific resistance can thus be expressed in terms of relative water content, as given by 
Equation 4.6. The values of ρs and coefficient γ in this equation are described in Fig. 10. 

γ−ρ=ρ rs S0      (4.6) 
 
In which ρs is specific resistance (kΩ•cm), ρ0 is a coefficient (kΩ•cm), Sr is relative water 
content (%), and γ is a coefficient. 
Specific resistance is influenced by the pore structure, mortar content, and temperature as well 
as the relative water content mentioned above. However, since the mix was constant in this 
experiment, only the influence of temperature needs to be considered. A temperature correction 
for specific resistance was performed with reference to another study14), as expressed by 
Equation 4.7. 
     T.

T . 0201052 −×=ρ   (4.7) 
In which ρT  is the temperature correction coefficient based on resistance at 20˚C and T is 
temperature (˚C). 
The final expression for specific resistance is then given by Equation 4.8. 

TSr )T,S( ρρ=ρ   (4.8) 
In which ρ(Sr,T) is the specific resistance of the concrete at relative water content Sr and 
temperature T. 
 
5.  CALCULATION OF REINFORCING CORROSION PROCESS 
 
In this section, analytical parameters are 
selected using the models of concrete water 
content and oxygen diffusion coefficient 
described in Section 3, as well as the 
experimental results relating to reinforcing bar 
corrosion described in Section 4. Then the 
calculation models (for oxygen diffusion 
control and specific resistance control) of 
reinforcing bar corrosion described in Section 2 
are used to analyze the corrosion process of 
reinforcing bars embedded in neutralized 
concrete. 
(1) Analytical conditions 
The finite element method is used to calculate 
the corrosion rate of reinforcing bars. The 
analytical results are compared with the 
results of the accelerated experiment. 
In the model for oxygen diffusion control of 
corrosion, the analytical mesh is quadrilateral 
throughout, and the ingress of water vapor and 
oxygen is limited to the uncoated surface; 
ingress from coated surfaces is assumed to be 
zero. 
In the model for specific resistance control of 
corrosion, the regression equation (Equation 
4.4) for natural potential change with time, as 
described in Section 2, is assumed to give the 
potential change in the corrosion region. In 
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other words, the measured natural potential is taken to be the potential of the corroded region 
(upper surface of reinforcing bar), while the natural potential of a reinforcing bar embedded in 
non-neutralized concrete measured using an independent specimen is taken as the natural 
potential of the un-corroded 
region (bottom surface of reinforcing bar). The analytical mesh is similar to that shown in Fig. 
11. It is quadrilateral throughout and the 
maximum mesh size is 0.5 mm. The parameters 
of the pore distribution function described in 
Equation 3.1 are used for analysis, while the 
diffusion coefficient describing water vapor 
movement is taken from a past study7). Table 3 
shows these parameters. The diffusion coefficient 
for water vapor is assumed to be constant 
throughout the process of reinforcing bar 
corrosion under cyclic drying and wetting. 
(2) Comparison of analysis and experiment 
The calculation procedure for corrosion rate and corrosion mass is described in Fig. 12. 
Analytical results for water content and oxygen diffusion coefficient are shown in Table 4 for 
cyclic drying and wetting conditions. This table confirms that the water content of the core 
concrete reaches a maximum under high temperature and high humidity conditions and a 
minimum under low temperature and low humidity conditions. On the other hand, the law 
governing oxygen diffusion coefficient is the opposite. The change in corroded mass with elapse 
of accelerated time is shown in Figs. 13 and 14 for a neutralization depth of 23 mm. Figure 13 
includes the analytical result based on the model for oxygen diffusion control of corrosion, 
while Fig.14 includes the analytical result based on the specific resistance control model. The 
results indicate a monotonic rise, and in this sense they are similar to the experiment results 
from Fig. 13. However, the analytical values greatly exceed the experimental values. This means 
that the possibility of oxygen diffusion alone controlling corroded mass is very low for the 
accelerated period analyzed. The corroded mass follows the same general trend as the 
experimental values in Fig. 14, and the analysis yields higher values. The discrepancy increases 
with the elapse of accelerated time. In the accelerated experiment described in Section 2, the 
cyclic period of high temperature and high humidity (temperature of 40˚C; humidity of 95%) is 
one week, and this is followed by one week of low temperature and low humidity. As a result, 
the likelihood of reinforcing bar corrosion being controlled alternately by oxygen diffusion and 
specific resistance is high. 
Figure 15 shows the analytical results obtained by using the model for oxygen diffusion control 
and the model for specific resistance control. The corroded weight as calculated by the model for 
oxygen diffusion control is smaller than that using the model for specific resistance control 
during the one-week periods of high temperature and high humidity. On the other hand, the 
opposite is true in the low temperature and low humidity cycle. Because there is a plentiful 
supply of moisture in the core concrete under high temperature and high humidity conditions, it 
is difficult for oxygen to enter the core concrete, and demand oxygen for corrosion reaction is 
smaller. As a consequence, reinforcing bar corrosion is controlled by oxygen diffusion due to 
the limited supply oxgen. On the other hand, the moisture supply is limited under conditions of 
low temperature and low humidity, so the specific resistance is higher. As a result, the flow of 
corrosion current is very restricted, and reinforcing bar corrosion is controlled by specific 
resistance. Summarizing these results, it is presumed that oxygen diffusion controls corrosion 
under conditions of high temperature and high humidity, while specific resistance is the 
controlling factor under low temperature and low humidity conditions. These results are in 
agreement with past studies2), 15).  
As above discussed, the analytical value has to be controlled either oxygen diffusion or specific 
resistance. Fig.15 indicated the corrosion weight of reinforcing bars based on both oxygen 
diffusion model and specific resistance model.  If is clear from Fig.15 that corrosion weight for 

V0(cm3/cm3) 0.172
B 22400
C 0.5

0.034(15°C)
0.023(40°C)

Steam diffusion coefficient(cm2/s) 2.627(×10-5)

Table 3   Parameters used for analysis

Solubility of oxygen (cm3/cm3)
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corrosion weight calculated from the model for oxygen diffusion control is assumed to be the 
actual corrosion mass under accelerated conditions of high temperature and high humidity. 
Similarly, the corroded mass calculated from the model for specific resistance control is 
assumed to be the actual corroded mass under accelerated conditions of low temperature and low 
humidity. The relationship between corroded mass and accelerated corrosion time can be 
obtained by adding the corroded mass during each cycle of the above accelerated conditions.  
The analytical and experimental values for corroded mass of reinforcing bars are shown in Figs. 

Calculate water content According to functional expression (3.4) 

Calculate oxygen diffusion coefficient according to function expressions (3.8) (3.9) (3.10)  

Functional expressions (3.1) (3.2) (3.3) of pore size distribution  

Time t=t+∆t 

Water vapor diffuses according to the Fick law  

Corrosion rate Fo Corrosion rate Fr 

Oxygen control model 
expression (2.1) 

Specific resistance 
control model expression (2.4) 

Approximate expression (4.4) (4.5) (4.6)

Decide corroded rate 

Corrosion weight 

Calculation ? 
YES 

NO

End 

Fig.12 Calculation produce for corroded weight of reinforcing bar 

Output

Data input

Calculate oxygen concentration at reinforcing bar position according to Fick is law 

Water content Oxygen diffusion coefficient
(cm3/cm3) (cm2/s)

High temperature and high humidity 0.162 (Maximum) 5.70×10-4 (Minimum)
Low temperature and low humidity 0.095 (minimum) 1.33×10-3 (maximum)

Table 4    Calculation results

Calculation condition
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16, 17, and 18 for specimens with neutralization depths of 15, 19, and 23 mm, respectively. The 
corroded mass increases almost linearly in the case of the analytical results, reflecting the 
experiment results obtained by Saeki and Morinaga2),16). This confirms that the analytical 
method described for reinforcing bar corrosion in neutralized concrete is basically reasonable. 
However, although the analytical results reflect the overall change trends in Figs. 17 and 18, 
there is some discrepancy with the experimental results. The main reason for this is that in 
constructing the model or specific resistance control, the influence of reinforcing bar 
polarization resistance was not considered, and the flow of current in the rust layer was not 
taken into account. 
 
 
 

Fig.13 Relationship between accelerated
period and corroded weight
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Fig.14 Relationship between accelerated
period and corroded weight
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Fig.15 Comparison of corroded weight

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140
Corrosion acceleration period t (day)

C
or

ro
de

d 
w

ei
gh

t (
m

g/
da

y) Oxygen diffusion control model

Specific resistance control model

Fig.16 Change in corroded weight
(Neutralization depth 15mm）
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6.  CONCLUSIONS 
 
The aim of this research was to clarify the corrosion characteristics of reinforcing bars 
embedded in neutralized concrete under alternate drying and wetting conditions. A calculation 
model for the corrosion rate of reinforcing bars was constructed on the basis of a proposed 
method. The respective volumes occupied by water and not occupied by water in the core 
concrete are treated as the anode and cathode in the model for oxygen diffusion control of 
corrosion, so the ratio of the two volumes is assumed to be the area ratio of anode to cathode. 
The current density at the interface between corroded and non-corroded regions is obtained, and 
this current density is taken as the corrosion current in the model for specific resistance control 
of corrosion. In order to obtain suitable parameters for use in the corrosion model, calculation 
models for water content and oxygen diffusion coefficient were constructed, and also concrete 
specimens were manufactured with embedded reinforcing bars for use in an accelerated 
experiment to measure reinforcing bar corrosion in neutralized concrete specimens. Finally, 
finite element analysis was carried out using the models. The following conclusions can be 
drawn from the results: 
(1) The natural potential of a reinforcing bar varies with neutralization depth. The natural 

potential becomes more negative as neutralization progresses. 
(2) The ratio of corroded area of a reinforcing bar varies with neutralization depth. The corroded 

area increases as neutralization progresses. 
(3) Pinhole corrosion resulting from neutralization was not evident on reinforcing bars. Rather, 

the surface of reinforcing bars was evenly corroded. 
(4) The analytical results using the models for oxygen diffusion control and concrete specific 

resistance control confirm that corrosion is controlled by oxygen diffusion under conditions 
of high temperature and high humidity, while it is controlled by specific resistance of the 
concrete at low temperature and low humidity.  

(5) The corroded mass of a reinforcing bar can be calculated by selecting calculation values 
based on the more suitable of the two corrosion models, depending on the natural potential, 
the corrosion area ratio, and specific resistance, and using the calculation models for water 
content and oxygen diffusion coefficient. This makes it possible to calculate the corrosion 
rate of reinforcing bars in neutralized concrete under cyclic drying and wetting conditions. 

The analysis of reinforcing bar corrosion was carried out using equations regressed from 
experimental data. In order to obtain a universal method of calculating parameters for use in the 
corrosion model, it will be necessary to accumulate data from existing concrete structures as 
well as from further experiments. 
 

Fig.17 Change in corroded weight
　 (Neutralization depth 19mm）
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Fig.18 Change in corroded weight
　 (Neutralization depth 23mm)
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