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a b s t r a c t

The corrosion rate of rebar in concrete is time dependent, and calculation of this rate is very important in
predicting corrosion cracking and the corresponding service life of the rebar. In the present paper, the
controlling factors of the corrosion rate of rebar in concrete under atmospheric environment were first
analyzed, and conclusion for joint control of cathode and anode activation polarizations was drawn.
Based on the corrosion dynamic equations under activation polarization control, an electrochemical fun-
damental model for the corrosion rate of rebar was established. Then, based on this model and the test
results on the corrosion of rebar in concrete and the resistivity of concrete under artificial climate envi-
ronment, a prediction model for the corrosion rate of rebar was presented comprehensively, which takes
into account the effects of the concrete’s micro-environment and corrosion time. Finally, feasibility of the
prediction model was verified through comparisons between the predicted and measured values both
under artificial and natural climate environment.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction climate environment. Ji et al. [6] analyzed the controlling factors
One of the main concerns in the durability assessment and ser-
vice-life prediction of reinforced concrete structures is the predic-
tion of the corrosion rate of rebar in concrete. Theoretical analysis
and experimental research on the corrosion rate of rebar have been
carried out by many domestic and foreign scholars, and some po-
sitive results were obtained. Lopez and Gonzalez [1] and Enevold-
sen et al. [2] analyzed the influence of pore water saturation,
resistivity, and internal relative humidity of concrete on the corro-
sion rate of rebar and suggested that a critical pore water satura-
tion or relative humidity initiates corrosion of rebar. Song and
Liu [3] and Liang et al. [4] studied the corrosion of rebar in carbon-
ized concrete and established a prediction model for the corrosion
rate. Liu and Weyers [5] developed a prediction model for the
time-varying corrosion rate of rebar, which considered the influ-
ence of chloride-ion concentration, temperature, and resistance
of concrete based on long-term exposure test under natural
ll rights reserved.
of the corrosion of rebar under atmospheric environment and
established a corrosion rate model, which considered the time-
varying effect and the influence of environmental temperature
and humidity based on the principle of electrochemical corrosion.
Yuan et al. [7,8] studied the time-varying process mechanism of
the corrosion rate of rebar in concrete and proposed a development
mode of corrosion rate for the entire lifetime of the rebar.

At present, the time variation of the corrosion rate of rebar in
concrete and the influence of climate conditions are given increas-
ing attention. However, establishment of a prediction model for
the corrosion rate of rebar is still deficient of a theoretical basis,
and the controlling factors of corrosion rate lacks correct and
accordant understanding. The corrosion rate time-varying process
for the entire lifetime of the rebar has not also been considered,
which causes inaccuracy in the application of the prediction model
for corrosion rate. Further, the factors that directly affect the
corrosion of rebar in concrete, namely, temperature and moisture
content in the concrete’s micro-environment, are not clearly
expressed in existing models.

In the current paper, the factors that control the corrosion rate of
rebar in concrete were first analyzed, and an electrochemical
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fundamental model for corrosion rate was established based on the
corrosion dynamic equation under activation polarization control.
Then, based on the established model and the test results on the cor-
rosion rate of rebar and the resistivity of concrete under artificial cli-
mate environment, a prediction model for the time-varying
corrosion rate of rebar was presented, which considered the effects
of the concrete’s micro-environment. Finally, the feasibility of the
prediction model was verified through comparisons between the
predicted and tested values of the corrosion rate of rebar in concrete
under artificial and natural climate environment conditions. The
action spectra of the climate environment and the corresponding
response spectra of the concrete’s micro-environment can be
directly applied in the prediction of corrosion rate based on the
research results.

2. Electrochemical fundamental model of corrosion rate of
rebar in concrete

2.1. Analysis of the controlling factors of corrosion rate

Corrosion of rebar in concrete is an electrochemical reaction
process, which includes the oxidation reaction in the anode and
the reduction reaction in the cathode. In the corrosion process,
the electrode potential deviation from the equilibrium potential
when electric current flows through the electrode is called as
electrode polarization. Electrode polarization and the opposite
depolarization occur simultaneously. The electrode reaction pro-
cess of the corrosion of rebar consists of a series of different steps
in which the slowest step that determines the speed of the entire
electrode reaction process is called the control step. Electrode
polarization can be divided into concentration polarization, elec-
trochemical polarization (or activation polarization), and resis-
tance polarization, based on the control steps. On the other hand,
electrochemical corrosion can be divided into anode-control, cath-
ode-control, mixed-control, and resistance-control types, accord-
ing to the degree of polarization of the cathode and the anode.

Liu and Weyers [5] showed that the oxygen content at the
surface of the rebar exceeds the needed oxygen amount for steel
corrosion in concrete under normal outdoor exposure environ-
ment, and steel corrosion is controlled by oxygen diffusion and
slows down only when the concrete structure is completely im-
mersed in water. Ji et al. [6] indicated that the corrosion process
of the rebar in concrete in normal atmospheric environment is
jointly controlled by the cathode and anode reactions and not
exclusively by the cathode reaction. Huet et al. [9] suggested that
the control type of the cathode reaction of steel corrosion in con-
crete depends on pore water saturation (S) of concrete. The cath-
ode reaction process is controlled by concentration polarization
(oxygen diffusion) when 0:9 6 S 6 1, by activation and concentra-
tion polarizations when 0:8 6 S < 0:9, and by activation polariza-
tion when S < 0.8 .

Based on the foregoing analysis, conclusion can be made that
the corrosion of rebar in a concrete structure is not controlled by
oxygen diffusion in the natural atmosphere environment because
the requirement for steel corrosion can be met by the oxygen con-
tent in the concrete pore. The cathode reaction for steel corrosion
has no difficulty obtaining oxygen supply even if the concrete cov-
er is saturated by rain because rainwater is usually saturated with
dissolved oxygen. Moreover, some corrosion products will replace
oxygen as new depolarization agent in the cathode process during
the formation of corrosion products, i.e., high-valence iron ions in
the rust at the rebar surface are reduced [10].

8FeOOHþ Fe2þ þ 2e� ! 3Fe3O4 þ 4H2O ð1Þ

Fe3þ þ e! Fe2þ ð2Þ
Fe3O4 þH2Oþ 2e! 3FeOþ 2OH� ð3Þ

FeðOHÞ3 þ e! FeðOHÞ2 þ OH� ð4Þ

Therefore, the cathode reaction of the steel corrosion in con-
crete was determined to be controlled by activation polarization
under atmospheric environment. In the current study, the control-
ling factor for the corrosion rate of rebar was determined to be the
combined action of the cathode and anode activation polarizations.

2.2. Corrosion dynamic equations

After the factor controlling the corrosion rate of rebar in con-
crete has been determined, a theoretical model for corrosion rate
can be built using the corrosion dynamic equations under the acti-
vation polarization control of the metal corrosion theory. The spe-
cific corrosion dynamic equations are the following [11]:

Anode reaction : ia ¼ i
*

a � i
(

a

¼ i0;a exp
aanaF

RT
ga

� �
� exp �acnaF

RT
ga

� �� �
ð5aÞ

Cathode reaction : ic ¼ i
(

c � i
*

c

¼ i0;c exp
acncF

RT
gc

� �
� exp �aancF

RT
gc

� �� �

ð5bÞ

where ia is the corrosion current density of the micro-cell anode in
the activation region of the rebar (lA/cm2), ic is the corrosion cur-
rent density of the micro-cell cathode in the activation region of
the rebar (lA/cm2) and i0,a is the exchange current density of the
anode reaction in the activation region of the rebar (lA/cm2) ex-
pressed as

i0;a ¼ naFKacR exp
aanaFEe;a

RT

� �
¼ naFKacR exp

�9500
T

� �
ð6aÞ

where i0,c is the exchange current density of the cathode reaction in
the activation region of the rebar (lA/cm2) expressed as

i0;c ¼ ncFKccO exp
acncFEe;c

RT

� �
¼ ncFKccO exp

2612
T

� �
ð6bÞ

where aa and ac are the electronic transfer coefficients in the anode
and the cathode of the corrosion system, respectively; aa + ac = 1, na

is the number of electrons gained or lost in the anode reaction of
micro-cell; na = 2, nc is the number of electrons gained or lost in
the cathode reaction of micro-cell; nc = 1, F is the Faraday constant;
F = 96,500 C/mol, R is the gas constant; R = 8.314 J/(mol K), T is the
absolute temperature (K), gc and ga are the overpotential of the
cathode and anode polarization, respectively (V).

2.3. Fundamental model for the corrosion rate of rebar

According to the basic equations of metal corrosion dynamics
under activation polarization control, an electrochemical funda-
mental model for the corrosion rate of rebar in concrete has been
established according to the charge conservation in metal corro-
sion system. The basic assumptions for building the model are
hereby presented. (1) The cathode and anode reactions in the cor-
rosion micro-cell both occur in the activation region of the rebar.
(2) The corrosion of rebar in concrete is in accordance with the
mixed potential theory, i.e., the corrosion potential is jointly
determined by the cathode and anode processes that happen syn-
chronously. (3) aa = ac = 0.5.

For most of the corrosion system, according to the electrochem-
ical principle, the corrosion potential (Ecor) is far from the
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equilibrium potential (Ee,a) of the metal and (Ee,c) of the depolariza-
tion agent in the activation region. Thus, under corrosion potential
(Ecor), i

(

a is much less than i
*

a, and i
*

a is much less than i
(

a, as
shown in Fig. 1.

Therefore, the second terms of Eqs. (5a) and (5b) can be ignored,
and Eqs. (5a) and (5b) can then be simplified as

ia ¼ i0;a exp
ga

ba

� �
¼ i0;a exp

Ecor � Ee;a

ba

� �
ð7aÞ

ic ¼ i0;c exp
gc

bc

� �
¼ i0;c exp

Ee;c � Ecor

bc

� �
ð7bÞ

where Ecor is the spontaneous corrosion potential in the activation
region of the rebar; (V) and Ee,a is the equilibrium potential of the
anodic dissolution reaction (V), obtained from the Nernst equation

Ee;a ¼ E0
Fe2þ=Fe þ

2:3RT
naF

lg½Fe2þ�

¼ �0:44þ 2:3� 8:314T
2� 96;500

lgð1:65� 10�13Þ

¼ �0:44

� 0:00127T ½standard hydrogen electrode ðSHEÞ� ð8aÞ

where Ee,c is the equilibrium potential of the cathode reduction
reaction (V), also obtained from the Nernst equation

Ee;c ¼ E0
O2=OH� þ

2:3RT
ncF

lg
½O2�½H2O�2

½OH��4

¼ 0:401þ 2:3� 8:314T
4� 96500

lg
0:21

ð10�1Þ4

¼ 0:401þ 1:6458� 10�4T ðSHEÞ ð8bÞ

where bc and ba are the natural logarithm Tafel slopes of the polar-
ization curve in the cathode and the anode of the corrosion micro-
cell of rebar, respectively, expressed as

ba ¼
RT

aanaF
ð9aÞ

bc ¼
RT

acncF
ð9bÞ

If the exchange current density of the cathode and anode reac-
tions are i0

0;c and i0
0;a, respectively, when the temperature is 25 �C

(considering i0
0;c ¼ 1� 10�3 lA=cm2 and i0

0;a ¼ 3� 10�2 lA=cm2 in
reference to literature [12]), for any temperature T

i0;a ¼ i0
0;a exp 9500

1
298
� 1

T

� �� �
ð10aÞ
Fig. 1. Semi-log corrosion polarization figure: (a) W/C = 0.62, (b) W/C = 0.54 and (c)
W/C = 0.48.
i0;c ¼ i0
0;c exp 2612

1
T
� 1

298

� �� �
: ð10bÞ

Eqs. (9) and (10) show that the temperature has a great influence on
i0,a and i0,c but little influence on ba and bc.

According to the electrochemical basic principle, the cathodic
current is equal to the anodic current; subsequently,

Icor ¼ ia � Aha ¼ ic � Ahc ð11Þ

where Icor is the current strength (A) of the micro-cell corrosion in
the activation region of the rebar, Aha is the anode area (cm2) of
the micro-cell in the activation region of the rebar, and Ahc is the
cathode area (cm2) of the micro-cell in the activation region of
the rebar.

Eqs. (6a), (6b), and (11) are combined and solved; thus

Icor ¼ ði0;aAhaÞ
ba

baþbc ði0;cAhcÞ
bc

baþbc exp
Ee;c � Ee;a

ba þ bc

� �
: ð12Þ

The concept of activation ratio (d), the ratio of the activation
area (Ah) to the total surface area (Ai) of the rebar in concrete, is
introduced in the present paper; then

Ah ¼ d � Ai: ð13Þ

For the micro-cell corrosion, the anode and the cathode areas
are equal in the entire activation region due to the tiny sizes and
unfixed positions of the cathode and the anode [13,14]; thus

Aha ¼ Ahc ¼
1
2

Ah ¼
1
2

d � Ai: ð14Þ

Substituting Eq. (14) into Eq. (12) yields the following equation:

icor ¼
1
2

dði0;aÞ
ba

baþbcði0;cÞ
bc

baþbc exp
Ee;c � Ee;a

ba þ bc

� �
ð15Þ

where icor is the average corrosion current density corresponding to
the surface area (lA/cm2) of the rebar in concrete.

Eq. (15) is the electrochemical fundamental model for the cor-
rosion rate of rebar in concrete. To determine the corrosion rate
of rebar, the Tafel slopes (ba and bc) of the electrode polarizations
must be determined. According to the metal corrosion principle,
electrode polarization reflects the imbalance between the reaction
rate of electrode and the migration rate of particles. The develop-
ment of corrosion layer around the steel surface and the resistance
of concrete affect the electrode polarization and influence ba and
bc. In the current work, the prediction model for the time-varying
corrosion rate of rebar in concrete can be finally established by
determining the prediction model of the Tafel slopes ba and bc.

3. Prediction model for the time-varying corrosion rate of rebar

The prediction model for the time-varying corrosion rate of re-
bar in concrete is established in accordance with the electrochem-
ical fundamental model combined with the development mode of
the corrosion rate for the entire lifetime of rebar in concrete under
artificial climate conditions. This model is aimed mainly at the
time-varying stages before the corrosion cracking of rebar in con-
crete contaminated with chloride under atmospheric environment
and includes the influence of the concrete’s micro-environment on
the corrosion rate.

3.1. Basic expression of the model

Of all the factors that affect the corrosion rate of the rebar, the
temperature of concrete exerts little influence on the Tafel slopes
but greatly influences the exchange current densities of the cath-
ode and anode reactions. The pore water saturation of concrete af-
fects the resistivity of concrete and its corrosion resistance—the
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Fig. 3. Stages of the time-varying process of Tafel slope: (a) W/C = 0.62, Cl = 2.427%,
(b) W/C = 0.54, Cl = 3.641% and (c) W/C = 0.48, Cl = 4.855%.
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Tafel slopes of the cathode and anode reactions. In addition, the Ta-
fel slopes vary with corrosion time of the rebar.

Consequently, based on the electrochemical fundamental mod-
el [Eq. (15)], the corrosion rate model of the rebar that considers
the effects of temperature, resistivity of concrete, and corrosion
time can be expressed as

icor ¼
1
2

dði0;aÞk � ði0;cÞ1�k � exp
DEe

baðs;qconÞ þ bcðs;qconÞ

� �
ð16Þ

in which

k ¼ baðs;qconÞ
baðs;qconÞ þ bcðs;qconÞ

i0;a ¼ 3� 10�2 exp 9500
1

298
� 1

T

� �� �

i0;c ¼ 1� 10�3 exp 2612
1
T
� 1

298

� �� �

DEe ¼ Ee;c � Ee;a ¼ 525þ 1:44T

where T is the absolute temperature (K) at the depth of the rebar in
concrete, s is the corrosion time (days), qcon is the resistivity of con-
crete (X m), and DEe is the initial difference in equilibrium potential
(mV) in the corrosion of rebar.

Moreover, from the test results of accelerated corrosion speci-
mens in the literature [7], the control degree of the anode reaction
to the corrosion of rebar is basically equal to that of the cathode
reaction, i.e., ba/(ba + bc) = bc/(ba + bc) � 0.5. Therefore, Eq. (16)
can be further simplified into

icor ¼
1
2

dði0;aÞ0:5ði0;cÞ0:5 exp½DEe=bðs;qconÞ� ð17Þ

where b is the sum of the Tafel slopes in the cathode and anode of
steel corrosion and the function of corrosion time and concrete’s
resistivity.

3.2. Calculation model of Tafel slope b

During the accelerated corrosion process, the Tafel slopes were
recorded when the corrosion rate of the rebar in concrete was mea-
sured, and part of the results are shown in Fig. 2. The Tafel slopes
changed with time during the corrosion of rebar in concrete; the
time-varying process of slope b is opposite to that of the corrosion
rate of rebar because slope b indicates the level of corrosion
resistance.

From the time-varying mode of the corrosion rate of rebar in its
entire lifetime [7], the time-varying mode of the Tafel slope can be
obtained, as shown in Fig. 3, where b0, b1, and b2 are the character-
istic values of the Tafel slope during the time-varying process.

According to the time-varying mode of the Tafel slope, the cal-
culation model of slope b proposed in the present study corre-
sponding to development stages TP-2 and TP-3 of the corrosion
rate of rebar can be expressed as

b1 ¼ f ðW=C;qconÞ s ¼ s1

b ¼ b1 þ c � s; c ¼ f ðW=C;qconÞ s1 6 s < s2

b ¼ b2 ¼ b1 þ c � s2 s2 6 s < s3

8><
>: ð18Þ

Based on the analysis of the measurement data of steel corro-
sion in concrete with different water–cement ratio and chloride
content, the calculation model for Tafel slope b corresponding to
time-varying stage TP-2 of the corrosion rate is finally obtained,
expressed as
b1 ¼ 143:78 � 54� ðW=CÞ þ 0:018qcon s ¼ s1

b ¼ b1 þ ½0:78 � 0:92� ðW=CÞ � 1:2� 10�4qcon� � s s1 6 s < s2

8><
>: ð19Þ

where W/C is the water–cement ratio, and its applicable range is
0.48–0.62.
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Simultaneously, Eq. (18) shows that time point s2 must be
determined to obtain Tafel slope b2 corresponding to time-varying
stage TP-3 of the corrosion rate. Time-varying stage TP-2 is consid-
ered as the free-expansion phase of the corrosion products in the
present study. The calculation formula of the corrosion quantity
per unit area of rebar during the free-expansion phase is

DMpf ¼ 0:0302� ðW=CÞ � 0:0111 ð20Þ

According to Faraday’s law, the relationship among corrosion
quantity, corrosion current density (icor), and corrosion time is as
follows:

DM ¼ N � Ai �
R

icor � s
F

ð21Þ

where N is the gram equivalent of steel (N = M/n; n = 2) and s is the
corrosion time (days).

Thus, the relationship between time point s2 and the corrosion
quantity per unit area of rebar during the free-expansion phase is

N �
R s2

0 icords
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Fig. 4. Changes of the resistivity with the pore water saturation of concrete.
3.3. Prediction model for the time-varying corrosion rate of rebar
considering the effects of micro-environment in concrete

From the basic expression of the time-varying model of corro-
sion rate of rebar and the calculation model of the Tafel slope,
the prediction model for corrosion rate of rebar that considers
the influence of temperature, resistivity of concrete, and corrosion
time is finally established. According to the time-varying charac-
teristic of the corrosion rate of rebar in concrete under natural cli-
mate environment, the prediction model involves only the
descending phase of TP-2 and the steady phase of TP-3 before cor-
rosion cracking. The specific expressions of the model are as
follows:

icor ¼
1
2

dði0;aÞ0:5ði0;cÞ0:5 exp½DEe=bðs;qconÞ� ð23Þ

in which

i0;a ¼ 3� 10�2 exp 9500
1

298
� 1

T

� �� �

i0;c ¼ 1� 10�3 exp 2612
1
T
� 1

298

� �� �

DEe ¼ Ee;c � Ee;a ¼ 525þ 1:44T

bðs;qconÞ ¼
b1 ¼ 143:78� 54 � ðW=CÞ þ 0:018qcon s ¼ s1

b1 þ ½0:78� 0:92� ðW=CÞ � 1:2� 10�4qcon� � s s1 6 s < s2

b1 þ ½0:78� 0:92� ðW=CÞ � 1:2� 10�4qcon� � s2 s2 6 s 6 s3

8><
>:

N �
R s2

0 icords
F

¼ 0:0302� ðW=CÞ � 0:0111

Eq. (23) shows that the resistivity of concrete must first be
determined to predict the corrosion rate of rebar in concrete. The
resistivity of concrete is affected by many factors, so the calcula-
tion model should be established through experimental research
to determine the resistivity of concrete under different conditions.
The influencing factors considered in the test included water–ce-
ment ratio, chloride-ion content, and pore water saturation of con-
crete. The concrete resistance of specimen was measured using
traditional electrotechnology method, and the resistivity of con-
crete was subsequently calculated. Some test results on the resis-
tivity of concrete under different conditions are shown in Fig. 4.
Based on the test results of the resistivity of concrete in combi-
nation with the analysis of the influence of temperature on the
concrete resistivity in the literature [15], the calculation model
for the resistivity of concrete considering the effects of water–ce-
ment ratio, chloride-ion content, temperature, and pore water
saturation is expressed as

qcon ¼ ½750;605� ðW=CÞ � 106;228�

� exp �0:4417� Cl� 7:7213� Sþ 2889
1
T
� 1

303

� �� �

ð24Þ

where W/C is the water–cement ratio, Cl is the total chloride-ion
content (%) in concrete (the quality percentage of cement), and S is
the pore water saturation of concrete near the surface of the
reinforced bar and is calculated from the concrete internal temper-
ature and relative humidity. T is the absolute temperature (K) of
concrete (T = 273 + t, where t is the temperature expressed in
degree Celsius).
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4. Test verification for predicting the corrosion rate of rebar

4.1. Test under artificial climate environment

To verify the applicability of the prediction model for the corro-
sion rate of rebar, the theoretical values of the corrosion rate are
calculated using Eq. (23) and compared with the corresponding
measured values based on the test results of steel corrosion under
artificial climate conditions.
4.1.1. Test on corrosion rate of rebar in concrete
The test results of corrosion rate of steel bars in the literature

[16] were used to verify the application of the model under artifi-
cial climate conditions.

In the test, the water–cement ratio (W/C) of the specimen con-
crete was 0.55, and the compressive strength of concrete was
25.4 MPa at 28 days. The reinforced concrete specimens under-
went accelerated corrosion under artificial climate environment;
the environmental temperature was (30 ± 2) �C, and the relative
humidity was (85 ± 5)%. At the same time, the sodium chloride that
accounted for 5% quality of the cement was mixed into the
concrete to accelerate the corrosion of rebar. The corrosion rate
(corrosion current density) of rebar in concrete was measured peri-
odically. The measurement results of corrosion rate are shown in
Fig. 5.
4.1.2. Comparison between measured and calculated values of
corrosion rate

First, the theoretical values of the corrosion rate of rebar in con-
crete were calculated using Eq. (23) under the test conditions.
4.1.2.1. Known parameters.
(a) The water–cement ratio is 0.55, the thickness of the concrete

cover is 15 mm, and the diameter of the rebar is 14 mm.
(b) The actual temperature of concrete is approximately 28 �C,

and the relative humidity in concrete is approximately 85%.
(c) The chloride mixture content is 5% of the quality of the

cement in concrete; converting this gives the total content
of chloride ion (Cl) as 3.034% of the quality of cement.
4.1.2.2. Calculation process.
(a) According to the internal temperature and relative humidity

in concrete, the calculated pore water saturation is 0.680.
The calculation of the pore water saturation will be
described in detail in another paper.

(b) The water–cement ratio is 0.55, the total chloride-ion con-
tent is 3.034%, and the pore water saturation is 0.680; thus,
the resistivity of concrete can be calculated using Eq. (24).
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Fig. 5. Changes of the corrosion rate of steel bars.
qcon ¼ ½750;605� ðW=CÞ � 106;228�

� exp �0:4417� Cl� 7:7213� Sþ 2889
1
T
� 1

303

� �� �

¼ ð750;605� 0:55� 106;228Þ � exp �0:4417� 3:034½
�7:7213� 0:680þ 2889� ð1=301� 1=303Þ� ¼ 448:57 X m:

(c) As sodium chloride is mixed into the concrete to accelerate
the corrosion of rebar, the starting time of the corrosion rate
measurement can be approximately considered as the characteris-
tics of time s1 in the time-varying process of the Tafel slope; the
corresponding characteristic value of the Tafel slope is
b1 ¼ 143:78� 54� ðW=CÞ þ 0:018qcon

¼ 143:78� 54� 0:55þ 0:018� 448:57 ¼ 122:15 mV:

When

s1 6 s < s2; b ¼ b1 þ ½0:78� 0:92� ðW=CÞ � 1:2� 10�4qcon� � s

¼ 122:15þ ½0:78� 0:92� 0:55� 1:2� 10�4 � 448:57� � s
¼ 122:15þ 0:220s mV:

(d) The exchange current densities of the cathode and anode are
calculated when the temperature is 28 �C.

i0;a ¼ 3� 10�2 exp 9500
1

298
� 1

301

� �� �
¼ 4:12� 10�2 lA=cm2

i0;c ¼ 1� 10�3 exp 2612
1

301
� 1

298

� �� �
¼ 9:16� 10�4 lA=cm2

(e) The equilibrium potential difference between the cathode
and the anode is calculated as
DEe ¼ 525þ 1:44� ð273þ 28Þ ¼ 958:44 mV:

(f) Substituting the calculated results of above-mentioned
parameters into Eq. (23) yields the following model:

icor ¼
1
4
� ð0:0412Þ0:5 � ð0:000916Þ0:5 expð958:44=bðsÞÞ:

Consequently, b(s = 14) = 125.23 mV when the corrosion rate is
measured for the first time, which is introduced into the above for-
mula; the result is

icorð0Þ ¼ 3:24 lA=cm2:

The corresponding measured values of the corrosion rate of re-
bar in the three specimens are 3.80, 3.39, and 2.88 lA/cm2, respec-
tively.When 0 < s 6 s2, the corrosion current density of the rebar
is

icorðsÞ ¼
1
4
� ð0:0412Þ0:5 � ð0:000916Þ0:5 exp

958:44
122:15þ 0:220s

� �
:

Then, time point s2 is determined according to Eq. (22), i.e.,

28�
R s2

0 icorðsÞds
1:117

¼ 0:0302� 0:55� 0:0111:

Therefore, s2 = 152 > 120 days.
The comparisons between the calculated and measured values

of the corrosion rate of rebar are shown in Fig. 6. The calculated
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Fig. 7. Measuring results of corrosion rate of steel bar in concrete under shelter
conditions [5.26 stands for May 26, 2010 in the abscissa].
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Fig. 8. Comparisons between calculated and measured values of steel corrosion
rate in concrete under natural climate environment.
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values of the corrosion current density of the rebar from Eq. (23)
basically agree with the measured values under artificial climate
environment. In addition, the standard error between the average
values of the prediction and measurement is 0.66, verifying the
soundness of the calculation results from Eq. (23).

4.2. Test under natural climate environment

To verify the applicability of the prediction model for the time-
varying corrosion rate of rebar under natural environment, tests on
the corrosion rate of rebar were conducted under sheltered condi-
tions in the natural climate environment. The influence of the ran-
dom fluctuations of climate environmental conditions must be
considered in predicting the corrosion rate of rebar under natural
climate environment.

4.2.1. Experimental research on the corrosion rate of rebar
The concrete grade of the used specimens was C25, and its

water–cement ratio was 0.54; the diameter of the HRB335 steel
bar was 14 mm; and the thickness of concrete cover was 25 mm.
A portion of the measurement results of the corrosion rate of rebar
in concrete is shown in Fig. 7.

4.2.2. Comparison between measured and calculated values of
corrosion rate

The theoretical values of the corrosion rate of rebar in concrete
under natural climate environment were calculated using Eq. (23).
The main ideas are as follows: first, the action spectra of the cli-
mate environment were built based on the meteorological data
in the natural environment. Then, the response spectra of the con-
crete’s micro-environment were built based on the action spectra
of the climate environment. Finally, the corrosion rate of rebar in
concrete was calculated based on the response spectra of the con-
crete’s micro-environment. The specific calculation process was
the same as that under artificial climate environment.

The action spectra of the climate environment and the response
spectra of the concrete’s micro-environment used in the prediction
of corrosion rate of rebar were quoted from the literature [17,18].
The comparison between the predicted and measured values of the
corrosion rate of rebar in concrete under sheltered conditions in
natural climate environment is shown in Fig. 8.

Fig. 8 shows that the theoretical values of the corrosion rate of
rebar calculated using Eq. (23) are basically consistent with the
measured values, and the standard error between the two is only
0.310 because the influence of the concrete’s micro-environment
on the corrosion rate has been considered in the prediction model.
The prediction model for the corrosion rate presented in the cur-
rent study is verified as also applicable to the corrosion of rebar
in concrete under natural climate conditions.
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Fig. 6. Comparisons between calculated and measured values of corrosion rate of
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5. Conclusions

(1) The corrosion rate of rebar in concrete is jointly controlled
by the cathode and anode activation polarizations under
atmospheric environment because the oxygen content in
concrete pore is sufficient, and some corrosion products will
replace oxygen as the new depolarization agent in the cath-
ode process during the formation of corrosion products on
the steel surface.

(2) From the basic equations of metal corrosion dynamics under
activation polarization control, the electrochemical funda-
mental model for the corrosion rate of rebar in concrete is
developed according to the charge conservation in the corro-
sion system. The model reflects the relationship between the
corrosion current density of the rebar and the internal fac-
tors in the corrosion system.

(3) Based on the electrochemical fundamental model and the
development mode of corrosion rate in the entire lifetime
of the rebar in concrete under artificial climate conditions,
the prediction model for the time-varying corrosion rate of
rebar in concrete is established, which considers the effects
of concrete’s micro-environment. The feasibility of the
model is fully proven by the comparisons between the pre-
dicted and the measured values of the corrosion rate of rebar
in concrete under artificial and natural climate environment.
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