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The tensile behaviors of corroded steel bars are important in the capacity evaluation of corroded reinforced concrete structures.
The present paper studies the mechanical behavior of the corroded high strength reinforcing steel bars under static and dynamic
loading. High strength reinforcing steel bars were corroded by using accelerated corrosion methods and the tensile tests were
carried out under different strain rates.The results showed that the mechanical properties of corroded high strength steel bars were
strain rate dependent, and the strain rate effect decreased with the increase of corrosion degree. The decreased nominal yield and
ultimate strengths were mainly caused by the reduction of cross-sectional areas, and the decreased ultimate deformation and the
shortened yield plateau resulted from the intensified stress concentration at the nonuniform reduction. Based on the test results,
reduction factors were proposed to relate the tensile behaviors with the corrosion degree and strain rate for corroded bars. A
modified Johnson-Cook strength model of corroded high strength steel bars under dynamic loading was proposed by taking into
account the influence of corrosion degree. Comparison between the model and test results showed that proposed model properly
describes the dynamic response of the corroded high strength rebars.

1. Introduction

Structure deterioration induced by corrosion of reinforcing
bars is one of the major problems in civil engineering. The
corrosion of reinforcing bars (rebars) not only leads to the
cracking of the concrete cover, but also causes the serious
damage of Reinforced concrete (RC) structures. Therefore,
investigation of the deterioration of mechanical properties of
corroded steel bars is crucial for predicting the serviceability
and durability of RC structures [1]. The static tensile test
results of corroded rebars have shown that, with the develop-
ment of the corrosion degree, the nominal yield and ultimate
strengths and the ultimate strain of a corroded rebar decrease.
Meanwhile, the yield plateau shortens or even disappears
[2, 3]. Empirical formulas have been proposed to evaluate the
yield and ultimate strengths of corroded reinforcing bars [4,
5], and the mathematical models of stress-strain relationship
for corroded rebars in different environment condition have
also been established [6–10].

RC structures may suffer impact or explosion loads
during their service life, such as bridge and underground
protective structures [11].The strain rate of rebars in concrete
structures may reach 10 s−1 under impact loading. Evident
effects of strain rates on the mechanical properties of rebars
are found in their tensile tests under a high strain rate [12].
Both their yield and ultimate strengths increase when the
strain rate is increased, but the yield strength has a more
obvious increment than the ultimate strength [13, 14].The test
results of corroded medium and low strength rebars under
dynamic loadings have indicated that the strain rate effect
decreasedwith the increase of corrosion degree [15]. In recent
years, more and more high strength steel bars are being used
in modern RC structure because of their good strength and
ductility combination. However, the effect of corrosion and
strain rate on the mechanical properties of high strength
rebars has not been discussed.

With the development of computer technology, finite
element simulation has played a key role, especially in the
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Table 1: Chemical composition (by massa) of steel bar HRB500 (%).

C Si Mn P S Cr Mo V Ni Cu
0.24 0.27 1.44 0.03 0.02 0.08 <0.02 0.10 0.022 0.02
aThe balance was Fe.

engineering area. An ideal constitutive model should be able
to precisely predict the behaviors of materials under different
loading conditions, such as static and dynamic modes and
low and high strains, as many engineering materials behave
significantly different under different loading conditions. A
variety of rate dependent constitutive models have been pro-
posed for high strain rate metal materials, such as Johnson-
Cook (J-C) model and Cowper-Symonds model. Among
them, The J-C constitutive model is one of the most widely
used models because it performs in a simple yet effective
manner [16]. As a semiempirical model, it describes the
behaviors of plasticmaterials at high strains, high strain rates,
and high temperatures. However, the existing J-C constitutive
model does not consider the coupled effect of strain rate and
corrosion degree on flow stress, causing limited capability of
predicting material properties.

The intention of this paper is to experimentally investigate
the effect of corrosion on mechanical properties of corroded
high strength steel. A comprehensive test program is designed
to observe, monitor, and evaluate corrosion behavior of
corroded high steel bars and its effect on their mechanical
properties in concrete under static and dynamic loading.The
high strength rebars with different corrosion degrees were got
by the impressed current method in concrete. To investigate
the impact of corrosion degree on its mechanical properties
under dynamic loading, tensile tests were conducted on the
corroded high strength rebars by using a high strain rate test
system. The mechanical performance characteristics (yield
strength, ultimate strength and ultimate strain, etc.) were
examined. Based on the test results, reduction factors were
proposed to relate the tensile behaviors with the corrosion
degree and strain rate for corroded bars and amodifiedmodel
of Johnson-Cook strength for corroded high strength steel
bars under dynamic loading was proposed by taking into
account the influence of corrosion.The results produced from
the tests can contribute to the body of knowledge of corrosion
behavior and its effect on mechanical properties of corroded
rebars under dynamic loading, which can be used to predict
mechanical behavior of corrodedRC structures under impact
loading.

2. Experimental Program

2.1. Materials and Specimens. The high strength rebars
HRB500 commonly used in China were used to investigate
the impact of strain rate and corrosion on the mechanical
behavior of rebars under static anddynamic loading.HRB500
rebars refer to the hot rolled ribbed rebar with the yield
strength not less than 500MPa.Their original diameters were
25mm.

As is well known, the mechanical properties of metal
are affected by its chemical composition, morphology, and
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Figure 1: Dimension of specimens (Unit: mm, not to scale).

Figure 2: Preparation of RC slabs for the accelerated corrosion
process.

microstructure which vary significantly. The chemical com-
position of HRB500 steel bar was tested before accelerated
corrosion test, and the results are shown in Table 1. The
standard specimens were made according to the ASTM-E8-
09 standard [17] as shown in Figure 1, the reduced section
was 5mm in diameter and 60mm in length, and the section
of grip part was 12mm in diameter. The length of grip part
for strain rates ranging from 0.0002 s−1 to 0.1 s−1 was 70mm
and for strain rates ranging from 2 s−1∼50 s−1 was 250mm
and 120mm at two ends, respectively. Both ends of each
rebar were extended 50mmbeyond the desired length for the
connection with electric wires.

The grip parts of the specimens, which would not be
expected to corroded, were wrapped by epoxy. Then, rebar
specimens were embedded in concrete as shown in Figure 2,
and the reduced sections of specimens were corroded by the
impressed current method. The constituents of the concrete
used for the preparation of the corroded high strength
specimens consisted of ordinary Portland cement, sand with
a maximum diameter of 5mm, coarse aggregate with a
maximum diameter of 15mm, and tap water. Cubic samples
with the dimension of 150 × 150 × 150mm3 were prepared.
Mix proportion of the concrete mixtures is shown in Table 2.
The 28-day axial compressive strength of concrete was found
to be 29.5MPa on an average.

2.2. Accelerated Corrosion Test. The concrete slab specimens
of high strength rebars were cured in a natural indoor
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Table 2: Mix proportion of the concrete mixtures.

w/c Cement/kg/m3 Sand/kg/m3 Coarse aggregate/kg/m3 Water/kg/m3

0.50 674 506 1031 337

High strength
rebars 

Glass
tank

5% NaCl
solution

Copper slice

Mood cushion block

Positive electrode

Negative electrode

Power supply

(a) Accelerated corrosion test setup (b) Accelerated corrosion test site

Figure 3: Accelerated corrosion test.

environment and room temperature for 28 days after cast-
ing. Then they were placed into glass tanks and partially
immersed in 5% NaCl solution. The solution level in the
tanks was controlled to be about 30mm lower than the
lower surface of the rebars, as shown in Figure 3. In the
previous studies onmechanical properties of corroded rebars,
accelerated corrosion by means of the impressed current
technique is widely used to obtain corroded rebars because
of its advantages in terms of time and cost, and its feasibility
to control the rate of corrosion [18, 19]. There are some dif-
ferences between accelerated corrosion and natural corrosion
in corrosion products, distribution of corrosion expansion
force, and distribution of bond stress [20]. However, when
the implied current density is less than 200 𝜇A/cm2, the
differences between naturally corroded rebars and artificially
corroded rebars could be neglected [15].The rebars subject to
both natural corrosion and accelerated corrosion showed the
similar degradation of mechanical properties [3]. A constant
current was applied during the corrosion process to generate
a constant current density of 100 𝜇A/cm2. Based on Faraday’s
law, the total current required was calculated based on the
respective steel surface area and was checked regularly to
adjust for any drift. The targeted average corrosion degrees
of the specimens were listed in Table 3. Based on Faraday’s
law of induction [21], as given in (1), the required time for
the prescribed corrosion degrees of 0.05, 0.10, 0.15, 0.20, and
0.25 was 25 days, 50 days, 75 days, 100 days, and 125 days,
respectively. Corrosion current was measured every day in
the first week of the test and thenweekly until the end of tests:

𝑡c = 𝑍𝐹 ⋅ 𝑟 ⋅ 𝜌𝜂sp
86400 ⋅ 2𝐴Fe ⋅ 𝑖 , (1)

where𝐴Fe is the atomicmass of iron (𝐴= 56 g), 𝑡c is corrosion
duration (days), 𝑍 is the valence of iron, which is 2 in this
case (iron),𝐹 is Faraday’s constant (96500A⋅s), 𝑖 is the density
of impressed current (A/cm2), 𝜌 is the mass density of iron
(g/cm3), 𝑟 is the radius of to-be-corroded rebars (mm), and𝜂sp is the targeted average corrosion degree.

Table 3: Test results of corroded high strength steel bars.

Specimen 𝜂s 𝜂s,max
𝑓yc 𝑓uc

(MPa) (MPa)
HS00-00 0 0 499.11 639.16
HS05-00 0.05 0.064 469.06 597.91
HS15-00 0.14 0.171 412.53 516.93
HS20-00 0.19 0.231 395.21 496.05
HS25-00 0.25 0.288 361.60 463.97
HS00-0.01 0 0 528.65 666.67
HS00-0.1 0 0 541.89 676.85
HS00-2 0 0 573.47 696.21
HS00-10 0 0 592.31 706.90
HS00-50 0 0 611.66 727.78
HS05-10 0.054 0.064 562.26 664.63
HS15-10 0.145 0.174 503.18 580.09
HS20-10 0.201 0.241 479.25 557.17
HS25-10 0.247 0.296 444.10 519.99
HS10-00 0.098 0.118 439.01 564.81
HS10-0.01 0.095 0.114 470.59 589.76
HS10-0.1 0.097 0.116 472.12 609.12
HS10-2 0.104 0.124 496.56 611.66
HS10-10 0.096 0.115 522.54 625.92
HS10-50 0.105 0.126 528.14 644.77
Notes. (1) The number of a specimen, HSAA-BB, represents high strength
steel rebar HRB500 with the targeted amount of corrosion, 𝜂sp = 0. AA
under strain rate of BBs−1; (2) 𝜂s is the average corrosion degree. 𝜂s,max is
the maximum corrosion degree. 𝑓yc and 𝑓uc are the corresponding yielding
and ultimate loads measured during the tensile tests of the corroded high
strength rebars (MPa), respectively.

After the completion of each corrosion test, the slab
was broken, and the corresponding rebars were then col-
lected. The accelerated corroded rebars were cleaned using
a hydrochloric acid solution and dried according to ASTM
G1-03 standard [22], as shown in Figure 4.
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Figure 4: Corroded rebars after the accelerated corrosion process.
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Figure 5: Three-dimensional laser scanner.

2.3. Measurement of Corrosion Degree. After acid cleaning
and drying, geometric models of all corroded rebars were
built using a 3D laser scanner (Creaform) with high measur-
ing accuracy, convenient operation, automatic reconstruction
of 3D objective shapes, and high repeatability, as shown in
Figure 5. Figure 6 shows a comparison between a photo of a
corroded rebar after acid cleaning and the corresponding 3D
geometric model, which indicates that the accuracy of the 3D
laser scanning (i.e., 0.04mm) was satisfactory.

Through observation of the virtual models, it was clear
that the corrosion was not evenly distributed circumferen-
tially and longitudinally, as seen in Figure 6. ProEngineer
software was used to obtain the areas of the discrete cross
sections along the longitudinal axis of each corroded rebar at
intervals of 1mm. Accordingly, the average corrosion degree
and the maximum corrosion degree were shown in Table 3.

Figures 7(a) and 7(b) indicate some typical profiles at
different corrosion levels. The profiles of these cross sections
were obtained from the orthographic projections of the inter-
section line between the cutting plane and the rebar surface.
The inner irregular curve represents the profile of corroded
cross sections, while the external thin circle indicates the
outline of the sound steel bars. The corrosion degree was
marked in the figures. The numbers on the top and below
in Figures 7(a) and 7(b) represent the maximum corrosion

Actual morphology

Geometric model

Actual morphology

Geometric model

Figure 6: Actual corroded rebar and its 3D geometric model.

degree and the average corrosion degree, respectively. The
maximum corrosion degree ranged from 0.064 to 0.296 for
corrosion pit. From Figure 7, it can be seen that the corrosion
penetration is far from circumferentially uniform. Through
visual observation, the different pit shapes could be wide and
shallow, elliptical, or even undercutting.

2.4. Tensile Tests of Corroded High Strength Rebars under
Static and Dynamic Loading. After evaluating corrosion
levels, the corroded bars were subjected to displacement-
controlled tensile testing.The tensile tests for specimens were
completed on an Instron VHS160/100-20 testing machine
with strain rates of 2 s−1∼50 s−1, in which the deformation
of a rebar was measured by using laser displacement meters
with a data acquisition frequency of 1000Hz, as shown in
Figure 8(a). The tensile tests for specimens were completed
on a Zwick electronic testing machine with strain rates of
0.0002 s−1∼0.1 s−1. An extensometer with a data acquisition
frequency of 100Hz was installed in the middle of a rebar
specimen, with the gauge length of 50mm, as shown in Fig-
ure 8(b). The static and dynamic loading material properties
(elastic modulus, nominal yield stress, and ultimate tensile
stress) were measured according to the ASTM E8 standard
on tensile testing equipment. The yield and ultimate loads of
the specimens are shown in Table 3.

3. Experimental Results and Discussion

3.1. FailureModes. Thetypical failuremodes of the specimens
are shown in Figure 9; by comparing the broken section of
corroded rebars, it was found that there were no obvious
differences in the necking zones among the specimens with
the same corrosion degree under the static and dynamic
loading. However, most of the corroded rebars broke in the
minimum cross section. The necking phenomenon disap-
peared gradually with the increase of the corrosion degree,
whichmeans that the deformation ability of the high strength
rebar decreased.

3.2. Stress-Strain Curves. The strain of the test bar was
determined by dividing the increase of the gauge length
by the initial gauge length. Three methods were mainly
used in earlier studies to calculate the stress of a corroded
steel bar from the measured force, which are based on
the average reduced cross-sectional area [3, 5], the original
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Figure 7: Typical cross-sectional profiles of bars under accelerated corrosion.
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Figure 8: Tensile test stand and dimension of specimens.
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(b)

Figure 9: Failuremodes of corroded rebars (a) Specimens ofHRB 500with corrosion degree of 0.10 under different strain rates. (b) Specimens
of HRB 500 with different corrosion degree under static loads.

cross-sectional area [6], and the smallest cross-sectional area
of the bar, respectively [15]. There is no consensus among
researchers regarding which method is more appropriate
than the others. However, the method based on the original
cross-sectional area was used in most of the previous studies.
This research adopted it to calculate the stress of corroded
bars.

The measured engineering nominal stress-strain curves
are presented in Figure 10 and the resulting average true
stress-strain curve was got and determined with (2) and (3):

𝜀 = ln (1 + 𝜀) ,
�̃� = ln (1 + 𝜎) , (2)
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Figure 10: The nominal stress-strain curves.

where 𝜀 and 𝜎 were the corresponding average engineering
strain and stress (MPa), respectively. 𝜀 and �̃� were the true
strain and stress (MPa), respectively.

The typical nominal stress-strain curves for specimens
with different corrosion degrees are shown in Figures
10(a)–10(d). The number near a curve in Figures 10(a) and
10(b) stands for the strain rate; and the numbers near a curve
in Figures 10(c) and 10(d) represent the average corrosion
degree, respectively. The yield and ultimate strengths of the
specimens are given in Table 3. The results showed that
the mechanical properties of corroded high strength steel
bars were strain rate dependent. Both the yield and ultimate
load increased as the strain rate increased. It can be seen
that, with the development of corrosion degree, the nominal
yield strength, ultimate strength, and ultimate deformation
decreased under dynamic loading, and the yield plateau
shortened or even disappeared completely. Both the nom-
inal strength and deformation capacities of corroded high
strength bars tended to decrease with increasing corrosion
degree. However, the trend was less clear for the deformation
capacity than for the nominal strength. This is due to
the fact that the nominal yield and strength capacity was
mainly related to theminimum cross-sectional area while the
deformation capacity was not only related to the minimum
cross-sectional area but also related to the shape change along
the bar, as shown in Figure 11, which shows the distribution
of cross-sectional areas along the length of the bar obtained
from the 3D scan for corroded rebars HS15-00 and HS20-00.
This is consistent with the findings from Zhang et al. [3, 15]
that the decreased nominal yield and ultimate strengths of
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Figure 11: Distribution of cross-sectional areas for corroded rebars
HS15-00 and HS20-00.

the corroded rebars were mainly caused by the reduction of
cross-sectional areas for rebars, and the decreased ultimate
deformation and the shortened yield plateau resulted from
the intensified stress concentration at the corrosion pitting.

4. Development of the Modified J-C Model for
Corroded High Strength Rebars

4.1. Original J-CModel. The normal equation of J-Cmodel is
as follows [16]:

𝜎s = [𝐴 + 𝐵 (𝜀𝑝)𝑛] [1 + 𝐶 ln ̇𝜀𝑝
̇𝜀1 ] [1 − 𝑇

∗𝑚] , (3)

where 𝜎s is the Von Mises equivalent flow stress (MPa),𝐴 is the yield stress at a given reference temperature and
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a given reference strain rate, 𝐵 is the coefficient of strain
hardening, 𝐶 is the coefficient of strain rate hardening, 𝑛 is
the strain hardening exponent, 𝜀𝑝 is the equivalent plastic
strain, and ̇𝜀∗ = ̇𝜀/ ̇𝜀0 is the dimensionless strain rate with ̇𝜀
being the strain rate and ̇𝜀0 the reference strain rate. 𝑇∗ =(𝑇 − 𝑇r)/(𝑇 − 𝑇r)(𝑇m − 𝑇r). (𝑇m − 𝑇r) is the dimensionless
temperature,𝑇 is the experimental temperature (∘C),𝑇r is the
room temperature (∘C), and 𝑇m is the melting temperature of
the materials (∘C).

In (3), the items [𝐴 + 𝐵(𝜀𝑝)𝑛], [1 + 𝐶 ln( ̇𝜀𝑝/ ̇𝜀1)], and[1 − 𝑇∗𝑚] are used to describe the work hardening effect,
the strain rate effect, and the temperature effect, respectively.
The parameter 𝐴 is a material constant, 𝐵 is a preexponential
factor, 𝑛 is a strain hardening coefficient, and 𝐶 and 𝑚 are
strain rate effective factor and temperature effective factor,
respectively.

4.2. Development of the Modified J-C Model. Based on the
test results of the mechanical properties of corroded high
strength rebars under dynamic loading, the nominal stress-
strain relationship of the J-Cmodel for corroded rebars under
dynamic loading was proposed, as shown in Figure 12. In
the proposed model, the average corrosion degree 𝜂s was
used, because it can be measured easily in practice and
reflect overall corrosion of rebars. The nominal stress of the
corroded rebar is the ratio of the applied load and the average
corrosion degree, which can be calculated using the average
corrosion degree and the original cross-sectional area before
corrosion. When the corrosion degree is relatively small, the
yield plateau does not disappear, and the J-C model is used.
When the corrosion degree exceeds a critical value, the yield
plateau 𝜂s,cr disappears, and the nonlinear model is used.
Meanwhile, as the strain rate increases, the yield and ultimate
strengths of corroded rebars increase, and the ultimate strain
may be assumed to remain unchanged.

Based on the J-C model stress-strain relationship of
uncorroded rebars, the stress-strain relationship of J-Cmodel
for corroded high strength rebars under dynamic loading can
be expressed as

𝜎sc,d

=
{{{{{{{{{{{

𝐸𝜀sc,d 0 < 𝜀sc,d ≤ 𝜀syc,d
𝑓syc,d 𝜀syc,d < 𝜀sc,d ≤ 𝜀shc,d
[𝐴 + 𝐵 (𝜀𝑝)𝑛] [1 + 𝐶 ln ̇𝜀𝑝

̇𝜀1 ] 𝜀shc,d < 𝜀sc,d ≤ 𝜀suc,d,
(4)

where 𝜎sc,d is the Von Mises equivalent flow stress of the
corroded rebars (MPa), 𝐴 is the yield stress at a given
reference strain rate (MPa), 𝐵 is the coefficient of strain
hardening,𝐶 is the coefficient of strain rate hardening, 𝑛 is the
strain hardening exponent, 𝜀 is the equivalent plastic strain,
and ̇𝜀∗ = ̇𝜀/ ̇𝜀0 is the dimension less strain rate with ̇𝜀 being the
strain rate and ̇𝜀0 the reference strain rate. Here, ̇𝜀0 = 10−3 s−1.𝐸sc,d is Young’smodulus for corroded rebars under high strain
rates; 𝜀syc,d is the yielding strain; 𝜀shc,d is the hardening strain;𝜀suc,d is the ultimate strain, which is assumed to be equal to
the ultimate strain under static load, 𝜀suc,d = 𝜀suc,st; 𝑓yc,d and

sc
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Figure 12: Johnson-Cook model of corroded high strength rebars
under dynamic loading.
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Figure 13: Influence of strain rate and corrosion degree on Young’s
modulus.

𝑓uc,d are the yield and ultimate strengths of corroded rebars
under dynamic loading (MPa), respectively.

4.3. Characteristic Parameters of Development of the Modified
J-CModel. Therelationships of the characteristic parameters,
such as Young’smodulus, the yield strength𝐴,𝐵,𝐶, 𝑛, and the
ultimate strain, with the degree of corrosion and the strain
rate, can be obtained through appropriate analysis of the test
results, which is discussed in the following section.

4.3.1. Young’s Modulus. Figure 13 shows the dependence of
the relative Young’s modulus for rebars on the strain rate and
the average corrosion degree. The relative Young’s modulus
is the ratio of Young’s modulus of a corroded rebar to that
of a corresponding uncorroded rebar. It can be seen from
Figure 13 that Young’s modulus was not sensitive to the strain
rate or the corrosion degree. For simplicity, it is assumed
that Young’s modulus keeps constant for corroded rebars
under static and dynamic loading. Ignoring the influence
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Figure 14: Influence of corrosion degree on 𝐴, 𝐵, 𝐶, and 𝑛 for corroded rebars.

Table 4: Parameters for J-C model.

Steel 𝜂s 𝐴 (MPa) 𝐵 (MPa) 𝐶 𝑛

HRB500

0.00 558.49 6.788 0.0113 5.455
0.05 536.58 6.287 0.0121 5.493
0.10 494.63 6.469 0.0116 5.479
0.15 478.34 5.527 0.0132 5.551
0.20 456.46 5.489 0.0131 5.554
0.25 421.11 5.477 0.0133 5.555

of corrosion degree and strain rate on the elastic modulus,
HRB500 steel bar takes 𝐸 = 2.0 × 105MPa.

4.3.2. Plastic Stage Model Parameters. According to the
nominal yield strength, ultimate strength, the strain of the
corroded steel measured under different strain rates, and the
same corrosion degree from the strain rate of 0.0002 s−1,
0.1 s−1, and 10 s−1 the parameters of Johnson-Cook constitu-
tive model of 𝐴, 𝐵, 𝐶, and 𝑛 were got by using multivariate
nonlinear least squares regression analysis, as shown in
Table 4.

The impacts of corrosion degree on the relative value of
the parameters of 𝐴, 𝐵, 𝐶, and 𝑛 in the J-C model under
dynamic loading are shown in Figure 14. It can be found
that 𝐴 and 𝐵 decreased linearly with increases in the average
corrosion degree as shown in (5a) and (5b); while the value

of𝐵 increased linearly with increases in the average corrosion
degree and 𝑛was not obvious. It can be expressed as (5a), (5b),
and (5c). It is concluded that the strain rate effect of corroded
steel bars decreases with the increase of corrosion degree

𝛼𝐴 = 𝐴𝐴0 = 1 − 𝑘𝐴𝜂s, (5a)

𝛼𝐵 = 𝐵𝐵0 = 1 − 𝑘𝐵𝜂s (5b)

𝛼𝐶 = 𝐶𝐶0 = 1 + 𝑘𝐶𝜂s, (5c)

where 𝐴, 𝐵, and 𝐶 are the basic parameters of corroded steel
bars and 𝐴0, 𝐵0, and 𝐶0 are parameters of the J-C model of
the uncorroded steel bars; see Table 4. And the relative values
of the parameters𝐴,𝐵, and𝐶, respectively, 𝑘𝐴, 𝑘𝐵, and 𝑘𝐶, are
the relative coefficients of corrosion degree of each parameter.

Equations (4), (5a), (5b), and (5c) can be used to deter-
mine the parameters 𝐴, 𝐵, 𝐶, and 𝑛, and the corresponding
yield strength and ultimate strength can be obtained accord-
ing to (4) according to the strain and ultimate strain of the
corroded steel bar under dynamic loading.

4.3.3.Hardening Strain. With corrosion degree increased, the
yield plateaus of corroded high strength rebars shortened.
When the corrosion degree reached a critical value, 𝜂s,cr, the
yield plateaus of corroded high strength rebars disappeared. If
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the influence of the strain rate on the deformability of rebars
was ignored and the yield plateau shortens linearly in length

with the development of corrosion degree, the hardening
strain of corroded rebars can be calculated by using

𝜀shc,d =
{{{{{{{{{{{

𝜀syc,d + (𝜀sh0,d − 𝜀sy0,d) ⋅ (1 − 𝜂s𝜂s,cr) =
𝑓yc,d
𝐸sc,d + (𝜀sh0 −

𝑓y0,d
𝐸s0,d) ⋅ (1 −

𝜂s𝜂s,cr) (𝜂s ≤ 𝜂s,cr)

𝜀syc,d = 𝑓yc,d𝐸sc,d (𝜂s > 𝜂s,cr) ,
(6)

where 𝜀sy0,d and 𝜀sh0,d are the yielding strain and hardening
strain for uncorroded rebars, respectively; 𝑓y0,d and 𝑓yc,d are
the yielding strengths of the uncorroded and corroded rebar
specimens, respectively; and, 𝐸s0,d is Young’s modulus for
uncorroded rebars.

4.3.4. Ductility. The ultimate strains for specimens under
dynamic loading are presented in Figure 15(a). As shown in
the figure, no significant dependence of the ultimate strain
was observed on the strain rate. Ignoring the effect of the
strain rate, the ultimate strain of corroded rebars decreased
significantly with the increasing corrosion degree, as shown
in Figure 15(b). It can be expressed as

𝜀suc = 𝛼𝛿c ⋅ 𝜀su0, (7)

where 𝜀su0 is the ultimate strain of the uncorroded rebars,
which can be chosen as 0.15 for HRB500 rebars based on the
test results; 𝜀suc is the ultimate strain of the corroded rebars;𝛼𝛿c is the ratio of the ultimate strain of corroded rebars to
that of uncorroded rebars. Using regression analysis, it was
determined that 𝛼𝛿c = 𝑒−2.586𝜂s for corroded HRB500 rebars.

5. Comparison of J-C Model Results and
Experimental Results

5.1. Comparison with Test Results. Table 5 shows the com-
parisons between the predicted values of the nominal yield
strength 𝑓syc and ultimate strength 𝑓suc for the corroded high
strength rebars of the modified J-C model with experiments.
It can be seen that the predicted value and experimental value
were in good agreement, which showed that the modified J-
C model was effective. As can be seen from Table 5, most of
the errors of high strength rebars under strain rates 2 to 50 s−1
were no more than 5%.

5.2. Comparison with the Existing Models. The predicted
values of DIF (dynamic increase factor) based on the above
modified J-C model were compared with the dynamic con-
stitutive model of the yield strength and ultimate strength
for uncorroded rebars with existing model in literature [23]
and CEB model [24]. As shown in Figure 16, the DIF of
yield strength and ultimate strength were slightly larger than
the literature value. This may be caused by the difference of
steel chemical composition and manufacturing process. The
plastic strain rate is 0.0002 s−1 in the modified J-Cmodel; the
DIF of the static loading converges to 1; the J-C model can be

used for description of the mechanical behavior of HRB500
rebars with strain rates 0.0002–50 s−1.

6. Conclusions

Corrosion has been found to be the most predominant cause
for failures of RC structure.The tensile behaviors of corroded
steel bars are important in the capacity evaluation of corroded
reinforced concrete structures. High strength corroded steel
bars were tested in this study to investigate their tensile
behaviors under dynamic loading. The dynamic tensile test-
ing system was used to study the mechanical behavior of the
corroded high strength steel bars under dynamic loading, and
the modified J-C Model was established based on Johnson-
Cook equation. The following conclusions can be drawn.

(1) From the nominal stress-strain curves of corroded
high strength steel bars, it was observed that both strength
and deformation capacities decreased with increasing corro-
sion. However, this trend was less clear for the deformation
capacity than for the strength capacity. As supported by
3D scan results, this is due to the fact that the strength
capacity was affectedmainly by theminimum cross-sectional
area, while the deformation capacity was affected by more
factors, including the minimum cross-sectional area and the
distribution of cross-sectional areas along the bar.

(2) With increasing strain rates, the nominal yield and
ultimate strengths increase, while its effects on the yield
plateau and the ultimate deformation are not obvious. Based
on the analysis of Johnson-Cook model parameters 𝐴, 𝐵, 𝐶,
and 𝑛 under different corrosion degrees, it is found that the
strain rate effect of the yield strength and ultimate strength
decreases with the increase of corrosion rate.

(3) The modified J-C model was used to describe the
corroded high strength rebars under dynamic loading. The
modified model fits well with experiments, and the max
average relative error is 5%. Therefore, this modified J-
C model provides a new modeling idea and approach for
the corroded high steel under dynamic loading involving
corrosion degree and strain rate.

Abbreviations

𝐴Fe: The atomic mass of iron (𝐴 = 56 g)𝑡c: The corrosion duration (days)𝑍: The valence of iron, which is 2 in this case
(iron)𝐹: Faraday’s constant (96500A⋅s)
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Figure 16: Comparison of yield strength and ultimate strength between modified and existing models.

Table 5: Comparison of the results from J-C model and values from test.

Specimen Test J-C Error Test J-C Error
(MPa) (MPa) (%) (Mpa) (MPa) %

HS00-2 573.47 599.62 4.6 696.21 687.68 −1.2
HS00-10 592.31 620.77 4.8 706.9 699.01 −1.1
HS00-50 611.66 636.93 4.1 727.78 710.34 −2.4
HS05-10 562.26 558.49 −0.7 664.63 622.86 −6.3
HS15-10 503.18 478.34 −4.9 580.09 591.58 2.0
HS20-10 479.25 456.46 −4.8 557.17 552.93 −0.8
HS25-10 444.1 456.46 2.8 519.99 521.10 0.2
HS10-2 496.56 517.48 4.3 611.66 612.01 0.1
HS10-10 522.54 546.05 4.5 625.92 622.33 −0.6
HS10-50 528.14 565.95 7.2 644.77 632.65 −1.9
Note. (1) Error = (Value from the model − value from tests)/value from tests.
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𝑖: The density of impressed current (A/cm2)𝜌: The mass density of iron (g/cm3)𝑟: The radius of to-be-corroded rebars (mm)𝜂sp: The targeted average corrosion degree𝜂s: The average corrosion degree𝜂s,max: The maximum corrosion degree𝜂s,cr: The critical average degree of corrosion𝐸s0: Young’s modulus for an uncorroded rebar
under static loading (MPa)𝐸s0,d: Young’s modulus for an uncorroded rebar
under dynamic loading (MPa)𝐹y0: The yielding load of an uncorroded rebar
or a corroded rebar (kN)𝐹u0: The ultimate load of an uncorroded rebar
or a corroded rebar (kN)𝑓yc: The nominal yield strength of a corroded
rebar (MPa)𝑓uc: The nominal ultimate strength of a
corroded rebar (MPa)𝑓yc,st: The yielding strength of a corroded rebar
under static load (MPa)𝑓uc,st: The ultimate strength of a corroded rebar
under static load (MPa)𝑓y0,st: The yield strength of uncorroded rebar
under static load (MPa)𝜎: The corresponding average engineering
stress (MPa)�̃�: The true stress (MPa)𝜎s: The Von Mises equivalent flow stress
(MPa)𝜎sc,d: The Von Mises equivalent flow stress of
the corroded rebars (MPa)𝐴: The yield stress at a given reference
temperature and a given reference strain
rate (MPa)𝐵: The coefficient of strain hardening𝐶: The coefficient of strain rate hardening𝑛: The strain hardening exponent𝐴0: The parameter of the J-C model of the
uncorroded steel bars (MPa)𝐵0: The parameter of the J-C model of the
uncorroded steel bars𝐶0: The parameter of the J-C model of the
uncorroded steel bars𝑘𝐴: The relative coefficient of corrosion degree
of 𝐴𝑘𝐵: The relative coefficient of corrosion degree
of 𝐵𝑘𝐶: The relative coefficient of corrosion degree
of 𝐶̇𝜀sc,st: The strain rate of a rebar under static load𝜀𝑝: The equivalent plastic straiṅ𝜀∗0 : The dimensionless strain rate with ̇𝜀 being
the strain rate and ̇𝜀0 the reference strain
rate𝜀: The corresponding average engineering
strain𝜀: The true strain

𝜀su0: The ultimate strain of the uncorroded
rebar𝜀suc: The ultimate strain of the corroded rebar𝛼𝛿c: The ratio of the ultimate strain of corroded
rebars to that of uncorroded rebars𝑇: The experimental temperature (∘C)𝑇r: The room temperature (∘C)𝑇m: The melting temperature of the materials
(∘C).
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