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The corrosion current density of steel bar in concrete is measured
during a corrosion process under the conditions of constant
climate and chloride attack. The corrosion process shows the
characteristics of the time-variant corrosion rate, and the four
phases in the corrosion process are presented. The effects of the
concrete water-cement ratio (w/c) on the variation of corrosion
current densities are discussed, which shows that the influences of
the variation of the corrosion current density and the cracking time
are obvious. The mechanism analyses of the time-variation
characteristics are carried out based on the microstructure of the
interfacial transition zone (ITZ) between the steel bars and the
concrete at different corrosion levels. The growth of the corrosion
layer and the corrosion cracking are the main factors influencing
the corrosion process. Finally, the time-dependent model of the
corrosion rate variation and the corresponding model of the
corrosion loss accumulation are presented.

Keywords: chloride attack; corrosion rate; interfacial transition zone;
time variation.

INTRODUCTION
Corrosion is a slow process in a natural climate environment;

thus, building a model of corrosion rate in concrete is
arduous work. Corrosion can be accelerated in an artificially
controlled environment, and the time-variation characteristics
in the corrosion process can be studied under a constant
climate condition.

According to published information, numerous models for
predicting the corrosion rate have been presented. One area
that has gained the attention of researchers is the time
dependence of the corrosion rate in concrete. The researches
show the descending characteristics of the corrosion rate in
the corrosion process.1,2 Furthermore, they show the test
results of corrosion current Ic versus time of exposure, and
the Ic values increasing with time of exposure.3 This indicates
that the corrosion rate is a time-dependent variable.4 Earlier
studies have also presented a time-dependent model for
reinforcement corrosion in concrete5; however, the process
in the full lifetime and mechanism of the time-variant corrosion
rate merits further study.

Some researchers have been interested in the time variation
of corrosion loss. One study5 proposed a more detailed
phenomenological model for the corrosion of steel reinforcement
as a function of time. Another study6 presented the degree of
the corrosion as a function of time based on testing measurements.
The quantitative prediction of the time-dependent corrosion
loss accumulation should also be studied further.

In this paper, the changes of the corrosion current density
in test specimens are measured in full lifetime under an
artificially controlled environmental condition. Three kinds
of mixture proportions of concrete are designed in the test
specimens. The mechanisms of the corrosion rate at different
time-variant phases are discussed. Finally, the time-dependent
models of corrosion rate and corrosion loss in full lifetime
are presented.

RESEARCH SIGNIFICANCE
Studies on the changes of corrosion rate in full service life

carried out under a constant climate condition effectively
reveal the time-variant effect. Predicting the service life of a
concrete structure in a natural climate and chloride attack
environment is complicated work. Thus, building time-
dependent models of corrosion rate and corrosion loss in full
lifetime under a constant climate condition is essential
research work. These research works will be beneficial in
building prediction models of corrosion rate in a natural
climate environment.

MEASUREMENTS OF CORROSION RATE
Corrosion potential and corrosion current density are

measured in the full corrosion process under a constant
climate environmental condition to study the characteristics
of the time-variant corrosion rate.

Specimens
The specimen design is shown in Fig. 1. Three grades of

concrete strength were designed, and their mixture proportions
are presented in Table 1. The specimens were divided into
three groups, which are summarized in Table 2. NaCl of 4%
cement weight was mixed into the concrete to accelerate
steel bar corrosion.

The specimens were cured for 28 days under standard
curing conditions. After curing, the specimens and a reference
specimen were dried until the relative humidity (RH) in the
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Fig. 1—Specimen design.

Table 1—Mixture proportions of concrete, 2400 kg/m3 
(4045.3 lb/yd3)

Concrete
grade w/c

Cement,
kg (lb)

Water, 
kg (lb)

Sand, 
kg (lb)

Aggregate,
kg (lb)

C20 0.62 342.37
(754.78)

212.27
(467.97)

712.12
(1569.93)

1133.24
(2498.32)

C25 0.54 393.44
(867.37)

212.46
(468.39)

629.51
(1387.81)

1164.59
(2567.44)

C30 0.48 441.99
(974.40)

212.15
(467.70)

579.01
(1276.48)

1166.85
(2572.42)
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concrete dropped to approximately 90%. The temperature
and RH of the reference specimen were measured using a
sensor probe. The specimens were then moved into an
artificially controlled climate environment, wherein the
temperature and humidity were controlled at 30 ± 2°C
(86 ± 4°F) and RH 85 ± 5%, respectively.

The corrosion rates of the specimens were measured at
regular intervals in the artificially controlled climate environment.
The tests were stopped when the crack width caused by
corrosion achieved approximately 0.5 mm (0.02 in.).

The compression strengths of the three kinds of concrete
were measured after curing. The compression strengths of
C20, C25, and C30 concrete grade were 23.5, 27.8, and 34.3 MPa
(3408.21, 4031.83, and 4974.53 psi), respectively.

Measuring corrosion rate
The corrosion current density was obtained using the

electrochemical analysis system based on the linear polarization
resistance method. According to the corrosion electrochemical
principle, the corrosion rate is proportional to the corrosion
current density. The time-variant process of the corrosion
current density indicates the process of the corrosion rate.
The setup for the measurement is shown in Fig. 2.

Time-variant process of corrosion rate
The measurements of the time-dependent corrosion

current density are shown in Fig. 3 and 4. The variation
process was divided into five phases during the measuring
time. The first phase involved the steel bar in its initial corrosion
stage; here, the corrosion current density gradually increased
from zero. The corrosion current densities in this phase were
not measured. The initial corrosion was in the concrete hardening
stage, as NaCl was mixed into the concrete to accelerate the
corrosion of the steel bar. In this paper, the measurements
were carried out from the second phase.

Figures 3 and 4 reveal that a descending phase initially
occurred. The rate of descent then slowed down. After the
second phase (TP-2), the rate remained steady in the third
phase (TP-3). Afterwards, the concrete cover cracked due to
corrosion expansion, and the rate gradually ascended in the
fourth phase (TP-4). Throughout the fourth phase, the
development of the rate entered another steady phase (TP-5). 

MECHANISM ANALYSES OF 
TIME-VARIANT CORROSION RATE

Corrosion layer
The interfactial transition zone (ITZ) between the

uncorroded steel bars and concrete is a porous zone, and

this characteristic provides space for the diffusion of
corrosion products. Reference 7 indicates that corrosion
products propagate to the ITZ due to the expansion of the
corrosion products, and the porous ITZ gradually transforms
into a dense corrosion product layer, which is simply called
a corrosion layer.

A digital optical microscope was used for observing the
distribution of the corrosion layer along the perimeter of the
steel bar. The observed samples were cut from the specimen
at the different corrosion phases, as shown in Fig. 1. Before
cutting, the specimen with a large crack width was fixed
along the perimeter of the specimen by a piece of gauze
soaked with epoxy.

The microscope measures the thickness of the corrosion
layer depending on the variation in the color and in the
microstructure (Fig. 5). It is an approximate measurement,
but it is enough for determining the pattern of the distribution.

The interface along the perimeter of the steel bar was
divided into 12 regions for measurement. The measurement
arrangements are shown in Fig. 6.

Growth of corrosion layer
According to Reference 8, the corrosion products are only

distributed on the upper-half circumference of the steel bar
facing the concrete cover. Therefore, the discussion
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Table 2—Specimen grouping

Specimen 
mark

Steel bar Concrete cover thickness, 
mm (in.)

Concrete 
gradeType d, mm (in.)

SR-A

HRB335 16 (0.630) 20 (0.787)

C20

SR-B C25

SR-C C30

Fig. 2—Testing setup.

Fig. 3—Time-variant process of corrosion current density (1).
(Note: 1 mm = 0.0394 in.)

Fig. 4—Time-variant process of corrosion current density (2).
(Note: 1 mm = 0.0394 in.)
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regarding the growth of the corrosion layer is focused on the
regions close to the concrete cover. Figures 7 and 8 show the
growth of the corrosion layer in the corrosion process.

Mechanisms of time-variant process phases
Based on the growth of the corrosion layer, the mechanisms

of the time-variant process phases are presented as follows:
1. Phase TP-2: The access of air is hindered as the porous

ITZ gradually transforms into a dense corrosion layer. The
rate of oxygen and moisture supply is reduced. Therefore,
the anode reaction is inhibited, and the corrosion current
density goes down.

2. Phase TP-3: When the corrosion current density
decreases to a certain level, the equilibrium between the rates
of consuming and transporting oxygen and moisture will be
built, and the corrosion rate tends to become steady.

3. Phase TP-4: The concrete cover cracks. The cracking
originates from the interface between the bar and the
concrete, and it then passes through the concrete cover. The
crack forms a new access for the infusion of oxygen and
moisture. The rate of transporting oxygen and moisture is

faster than the rate of consuming oxygen and moisture; thus,
the corrosion rate tends to increase. The increase is very
slow, however, at the initial cracking stage.

4. Phase TP-5: The corrosion products gradually fill up the
cracks, and the access for the transportation of oxygen will
be hindered again. After Phase TP-4 of the ascending phase,
the corrosion rate will stop increasing and become steady.
The conditions of the infusion of oxygen and moisture are
similar to those in Phase TP-3.

Effect of concrete water-cement ratio (w/c) on 
growth of corrosion layer

Three concrete w/c are designed corresponding to three
grades of concrete strength in the specimens. The w/c is a
main factor influencing the porosity of the ITZ; its low ratio
can result in dense concrete and dense ITZ. Figures 9(a)
and (b) show the comparisons between the three corrosion
layers, denoted as SR-A-3, SR-B-3, and SR-C-3 at 3 and
5 months of corrosion time, respectively. Corrosion Layer SR-A
is thicker than Corrosion Layer SR-C, which means that the
ITZ of Corrosion Layer SR-A is more porous. The rust

Fig. 5—Thickness of corrosion layer. (Note: 1 µm = 39.37 ×
10–6 in.) Fig. 6—Regional arrangements along circumference.

Fig. 7—Growth of corrosion layer at different corrosion phases (Specimen SR-A-2, H50).
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amount required for filling the ITZ at the initial phase in
Corrosion Layer SR-A is higher than that in Corrosion Layer
SR-C. The rust filling the ITZ at the initial phase is called the
free expansion stage in Reference 9. Therefore, the development
of the expansive force in Corrosion Layer SR-C is faster than
that in Corrosion Layer SR-A, and the time of the concrete
cover cracks in Corrosion Layer SR-C is earlier than that in
Corrosion Layer SR-A based on the initial corrosion at the
same time and under the same climate environmental condition.

Effect of concrete w /c on corrosion rate 
and process

Figures 3 and 4 also show the times when the concrete
cover cracked based on a 0.1 mm (0.003937 in.) crack width
on the specimens, and the times when the different levels of
the crack width were achieved. Based on the comparison
between Specimens SR-A-2 (C20) and SR-C-2 (C30) in
Fig. 3, the corrosion current density of Corrosion Layer SR-A
is higher than that of Corrosion Layer SR-C in Phase TP2
and TP3. The cracking time of Corrosion Layer SR-C,
however, is earlier than that of Corrosion Layer SR-A based
on the initial corrosion at the same time. After Phase TP3, the
corrosion current density of Corrosion Layer SR-A is lower
than that of Corrosion Layer SR-C. The comparisons indicate
the effects of the concrete w/c on the variation process of the
corrosion current density and corrosion cracking.

MODELING CORROSION PROCESS IN 
FULL LIFETIME

Corrosion loss accumulation based on corrosion 
current density

Corrosion loss accumulation ΔM is calculated based on the
measured corrosion current density

(1)

where N is the gram-equivalent weight of the steel bar (N =
M/n); F is the Faraday constant (1F = 96,500C/mol =

ΔM
N S icorr t×∫××

F
----------------------------------------=

26.8 A · h/mol); t is corrosion time; S is the total surface area
of the steel bar in concrete, cm2; and icorr is the corrosion
current density icorr = I/S(A/cm2) [A/in.2].

The average corrosion level ρ of the steel bar based on the
corrosion amount ΔM is determined by Eq. (2)

(2)

where M0 is the original weight of the steel bar, g; and ΔM is
the corrosion loss weight, g.

Measurements of actual corrosion loss weight of 
steel bar

After the measurements of the corrosion current were
completed, the specimen was broken, and the corroded bar
was cleaned using diluted hydrochloric acid. The weight of
the cleaned bar was measured, and the actual corrosion loss
weight and the corrosion level were determined by Eq. (3)

(3)

ρ
ΔM
M0

---------
N S icorr t×∫××

F M0×
----------------------------------------= =

ρ
M0 M1–

M0

-------------------- 100%×=

Fig. 8—Thickness development of Corrosion Layer SR-A-2.
(Note: 1 µm = 39.37 × 10–6 in.)

Fig. 9—Comparisons of Corrosion Layers SR-A-3, SR-B-3, and SR-C-3 at; (a) 3 months;
and (b) 5 months.
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where M1 is the weight of the cleaned steel bar, g.
Table 3 shows the comparison between the corrosion loss

accumulation based on the corrosion current density and the
actual corrosion loss weight.

Modeling corrosion rate at process phases
The development of the average corrosion level indicates

the corrosion loss accumulation. Figure 10(b) shows the devel-
opment of the average corrosion level based on the variation
process of corrosion current density shown in Fig. 10(a).

The corrosion rate can be simplified by constant values k2,
k3, and k4 shown in Fig. 10(b) from Phase TP-2 to TP-5. The
comparison between Fig. 10(a) and (b) reveals the relationship
between the rate of corrosion and the corresponding
variation phase.

Figure 11 shows the effect of the concrete grade on the rate
of corrosion loss.

Pattern models of variation process and 
corrosion rate

Figures 12 and 13 present the models for the time-variant
process and the corrosion rate at the process phases based on
the aforementioned tests and analyses.

CONCLUSIONS
1. A pattern model of the corrosion rate process in the full

lifetime is established. The time-variant characteristics in the
model are revealed. Under a constant climate environmental
condition, the time-variant process of the corrosion rate in
the full lifetime can be divided into five phases: a rising
phase in the initial corrosion, a descending phase, a steady
phase, an ascending phase, and another steady phase after the
corrosion cracking. The discussions in this paper are from the
second phase.

2. The mechanisms of the time-variant corrosion rate are
discussed. The corrosion products propagate to the ITZ due
to the expansion of the corrosion products, and the porous
ITZ gradually transforms into a dense corrosion product
layer. The growth of the corrosion layer at the ITZ is the
main factor influencing the corrosion rate process.

Table 3—Comparison of corrosion level between 
calculated and weighed value

Specimen
Original weight  

M0, g (lb)
Cleaned weight 

M1, g (lb)
Calculated, 

ρ, %
Weighed, 
ρ, %

SR-A-2 697.5 (1.538) 676.1 (1.491) 3.1 2.8

SR-A-3 698.9 (1.541) 676.5 (1.491) 3.5 3.2

SR-B-2 694.8 (1.532) 678.4 (1.496) 2.4 2.2

SR-C-2 693.4 (1.529) 680.8 (1.500) 1.8 1.9

Fig. 10—Average corrosion level and corrosion rate at
process phases.

Fig. 11—Effects of concrete grades on corrosion rate.

Fig. 12—Pattern model for time-variant process.

Fig. 13—Pattern model for corrosion rate at process phases.
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3. The w/c is a main factor influencing the porosity of the
ITZ. The microstructure at the ITZ in Specimen C20 shows
more porous than at the ITZ in Specimen C30.

4. The corrosion loss accumulation in the full lifetime can
be estimated based on the process of corrosion current
density. The estimation method is presented. The corrosion
rate can be simplified by constant values k2, k3, and k4 from
Phase TP-2 to TP-5.

5. The pattern model can be used to improve the existing
prediction model. The accurate prediction model is an
important part of predicting the service life of a reinforced
concrete structure.
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