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Chloride-induced steel corrosion has been identified as the major reason for the durability deterioration
of reinforced concrete structures in the marine environment. In this paper, the influence of internal
chloride content and the cracking on corrosion behavior of carbon steel in mortar was experimentally
investigated. First, the corrosion behavior of carbon steel embedded in an ordinary mortar containing
different chloride content (ranging from 0 to 0.6% vs. binder mass) below the chloride threshold level
was characterized by electrochemical impedance spectroscopy (EIS) and corrosion potential
measurement. In terms of the cracking, corrosion behavior of carbon steel embedded in cracked mortar
subjected to different exposure environments of air, water dry-wet cycles, and NaCl solution dry-wet
cycles were reflected by corrosion potential measurement. The obtained results indicate that low
chloride content does not influence the final passivation degree and polarization resistance of steel in
mortar. However, when mortar is exposed to a humid environment, the activity of rebar is noticeably
improved. Under the coupled action of cracking and dry-wet cycles, the corrosion rate of carbon steel
in mortar sample increase with the increase of crack width. Once the cracked mortar is exposed to
NaCl solution, even a tiny crack width increases the corrosion risk of Carbon steel.
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1. INTRODUCTION

Chloride-induced steel corrosion has been identified as the main reason for the durability
deterioration of concrete structures in the marine environment. A characteristic feature of chloride
attack, distinguished from other deterioration mechanisms, is that its primary action only acts on the
steel corrosion process rather than the cement-based material matrix [1-3]. Pitting corrosion is a
common result caused by chloride. The cause of pitting corrosion is that chloride ions gather locally on
the surface of steel bars, which will reduce the sectional area of local reinforcing bars, resulting in a
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decrease in the bearing capacity of reinforced concrete members [4, 5]. Moreover, the accumulation of
corrosion products on the steel surface will exert an expansion force acting on the concrete cover,
leading to cracks and spalling of the concrete cover [6-10].

When steel is embedded in cement-based materials, intact passivation layers are formed on the
steel surface. These nano-films adhered to the steel surface are generally composed of FezOs inner
layer and y-Fe>Os outer layer. In the presence of chloride, the passive film is gradually dissolved by the
concrete pore solution by forming soluble FeCls. Once the protective oxide film is disrupted, corrosion
may initiate soon under the action of water and oxygen. Chloride acting as the high-performance
catalyst cannot be consumed during the total corrosion process but remains available for further
corrosion [3].

The main resources of chloride ions in cement-based materials are the raw materials and the
service environment. Generally, the original chloride content in raw materials is low except for using
chloride-contaminated aggregate, seawater, brackish water, or admixtures containing chlorides [3, 11,
12]. To limit chloride content in concrete, standards and specifications in various countries and regions
generally prescribe the ultimate value, e.g., British Standard BS 8110, European Standard ENV 206,
and American code ACI 318-89 [13-15]. It has been shown that steel corrosion will initiate only if the
free chloride content exceeds a certain level, namely the critical chloride [16]. In terms of critical
chloride, researchers have conducted much research work. The critical chloride value is influenced by
different factors, such as water/binder ratio, binder type, and steel surface condition [17, 18].
According to Chen et al. [19], the critical chloride value is generally higher than 1.43% of cementitious
materials. Although many research studies have been conducted to investigate the chloride-induced
corrosion mechanism, very few studies concerning the influence of low chloride content below the
critical chloride on steel corrosion are available. The effect of low concentration chloride ions in
cement-based materials on steel corrosion is still unclear.

In most cases, chloride-induced steel corrosion originates from the outer service environment.
Prediction of chloride penetration and movement process in concrete is a research emphasis and a key
element of durability design [20-22]. Numerous studies corresponding to the chloride movement
mechanism have been conducted to accurately predict the chloride penetration [3, 23, 24]. To get a
truer depiction of the actual situation, the coupling action of different environmental factors should be
considered [25-30]. The coupling action of dry-wet cycles and chloride has been recognized as one of
the most unfavorable conditions [31-33]. This is so because the dry-wet cycles can effectively promote
chloride penetration. On the other hand, if concrete with an initial flaw, such as microcracks, is
exposed to the marine environment or deicing salts, the coupling effect accelerates the chloride
penetration by providing the available transport path [29, 34]. Accordingly, in terms of the durability
design and service life prediction, the actual service life of the concrete structure may be overestimated
without considering the influence of cracks, resulting in premature deterioration of concrete structure
[35, 36].

This paper aims to investigate the effect of internal chloride attack and cracking on the
corrosion behavior of carbon steel in ordinary mortar specimens. First, for the internal chloride attack,
the corrosion behavior of carbon steel was studied after directly adding NaCl into the fresh mortar. The
maximum chloride ion content is 0.6% below the critical chloride content. The corrosion potential and
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polarization resistance of the carbon steel were regularly measured to reflect the state of the carbon
corrosion. The effect of crack width under different exposure conditions on the steel corrosion was
obtained by corrosion potential measurement.

2. MATERIALS AND METHODS

2.1. Mixture and materials

Binder used in this study is Type | Portland cement manufactured by Shanshui Company in
Qingdao, China. The chemical composition of cement is listed in Table 1. Both sand and water used in
the study were locally available in Qingdao. For each mortar sample, two steel bars were embedded —
one is class Q235 plain round carbon steel with 8 mm diameter and 170 mm length, while the other
one was class 305L stainless steel conforming to the GB/13013-1991 standard in China with a 4 mm
diameter and 170 mm length. Carbon steel and stainless steel were used as the working electrode and
the reference electrode for the corrosion potential measurement and EIS testing, respectively. A
polycarboxylic admixture was used as a water reducer in the mix. In this study, two types of mortars
with the water-binder ratios of 0.4 and 0.55 were prepared. Some samples were incorporated with
NaCl during casting to prepare mortar samples containing different chloride content. The chloride
content is 0%, 0.1%, 0.2%, 0.4%, and 0.6% by weight of cement. The mixture proportion of mortar
samples in detail is listed in Table 2.

Table 1. Chemical composition of cement and fly ash(%)

Chemical ) _
composition CaO  SIO; Fe03 CA SOs KO TiOz  NaO
Cement 183 5810 3.76 - 051 151 157 0.36

Table 2. Mixture proportion of mortar samples

W/b Cl vs. Cement  Sand Water  Superplasticizer vs.

binder (%) (kg/m®) (kg/m®) (kg/m®) binder (%)

0%/ 0.1%, .

0.2%. 0.4%. 562 1350 300 0.2%
0.55 0.6% 515 1350 283 -

Samples mixed with NaCl were used to study the influence of internal chloride attack on the
corrosion potential of steel, and some unreinforced samples were used to prepare samples with
different crack widths. The pretreatment, exposure condition, and experiment are shown in Figure 1.
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Figure 1. The pretreatment, exposure condition, and testing of the mortar samples with different
internal chloride content and crack width.

2.2. Pretreatment of steels and preparation of samples

The commonly used steels are always covered by a layer of visible rust or a protective oil
coating, which may interfere with the test results. In order to remove this thin rust or preservative oil
layer, carbon steel and stainless steel were washed with low-concentration sulfuric acid solution and
then polished with emery paper. Then, both the carbon steel and the stainless steel surfaces were
cleaned with ethanol. Following the above steps, wires were separately welded at the end of the carbon
steel and the stainless steel for connecting the corrosion potential measurement device. In order to
avoid the occurrence of corrosion in the welding area, epoxy resin and insulating tape were applied to
seal the welding area. Before the pouring process, carbon steel and stainless steel were symmetrically
placed as longitudinal bars in a steel mold. In terms of fixing position in the sample, the carbon steel
was embedded in a close position 1 cm away from the stainless steel to eliminate the influence of
diffusion current [37, 38].

In this study, all samples with an identical dimension of 160 mm x 40 mm x 25 mm were
prepared. The schematic of the specimen and steel fixing position in detail is shown in Figure 2. After
one day of molding, all samples were placed in the standard curing chamber with a constant curing
temperature of 20 + 3 °C and relative humidity above 95% for 14 days.

.- Sealed

.\ Stainless steel

Connected
with wire

S

Figure 2. Schematic of specimen and installation location of carbon steel and stainless steel (mm)
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2.3. Prefabricated crack

Samples with 0.55 w/b also were used to prefabricate the cracked samples. The cracks were
generated on the back surface of samples (160 mmx25 mm) by three-point bending tests, as shown in
Figure 3. Nominal ‘target’ width of crack was divided into four classes: 0.05 mm, 0.1 mm, 0.2 mm and
0.3 mm. Using a digital microscope, one transverse fissure close to the design width for each sample
was screened out.

@ Three-point bending test

-Excessive cracks
are sealed

= B

ack widths of a mortar samples

(b) The cr

Figure 3. Prefabricated cracks by three-point bending test and crack width of the mortar samples

Later, the other remaining cracks were sealed by epoxy resin. The obtained crack widths in
different exposure environments are listed in Table 3. After the cracks were generated, except for the
surface with cracks and its opposite side, the other four sides of the sample were sealed using
aluminum foil tape. Herein, the group without cracks was designated as the control group.

Table 3. The nominal width and actual crack width of samples in three exposure conditions of NaCl
solution, water, and air. (mm)

Design widths NaCl Water Air
0.049 0.047 0.071
0.05 0.046 0.069 0.060
0.054 0.050 0.072
0.102 0.085 0.087
0.1 0.108 0.121 0.097
0.109 0.127 0.115
0.2 0.247 0.235 0.172

0.228 0.207 0.234
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0.182 0.185 0.169
0.287 0.25 0.289
0.3 0.252 0.294 0.269
0.265 0.421 0.310

2.4. Corrosion potential measurement

The corrosion potential between carbon steel as the working electrode and stainless steel as the
reference electrode was obtained through a voltmeter. During the initial 14 days, the specimens were
cured at 20 £ 3 °C and above 95% relative humidity. Then, until 80 days, the specimens were exposed
to a dry condition at a temperature of 20 = 3 °C and relative humidity around 60 = 3%. The samples
were placed in the curing condition again for the remaining test time. The initial potential was detected
after removing the mold and before putting it into a standard curing chamber. Subsequently, the
potential value was continually tested every day during the initial week. Later, the tested frequency
intervals were 3, 5, and 10 days. For the corrosion potential of steel embedded in cracked specimens,
the test interval was 7 days.

2.5. Polarization resistance by EIS

Electrochemical impedance spectroscopy (EIS) is a reliable method for determining the steel
corrosion rate [39, 40]. According to the simulation results concerning the Nyquist plot date of EIS, the
polarization resistance of carbon steel was obtained [5, 37]. In this investigation, the embedded
stainless steel was used as the counter electrode, and a saturated calomel electrode (SCE) was
employed as the reference electrode. EIS measurement was performed periodically using a sinusoidal
voltage interference signal with an amplitude of 10 mV and a frequency range of 10°Hz ~ 10?Hz. The
specimens were tested at 14 days, 40 days, and 90 days after molding under a constant room
temperature of 20 £ 3 °C.

2.6. Steel corrosion potential in cracked mortar exposed to NaCl solution, water, and air.

Samples with similar nominal crack widths ranging from 0 to 0.3 mm were divided into three
groups. The first group was used for NaCl solution capillary absorption. Before the capillary
absorption test, all other surfaces except for the exposed surface, which was the side face of the
sample, were sealed with epoxy resin to ensure uni-dimensional diffusion. The cracked surface of the
samples was exposed to 3% NaCl solution, and the immersion depth was within 5 £ 1 mm. The dry-
wet cycles test with 6 h of absorption and 18 h of drying were carried out to accelerate the chloride
migration. In this case, the CI°, water, and oxygen were sufficient for corrosion of carbon steel.

The second group of samples was also used for water capillary absorption, for which the
procedure and device were the same as the NaCl solution capillary absorption. Here, water and oxygen
were sufficient for steel corrosion. The NaCl solution or water capillary absorption process is shown in
Figure 4.
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Lastly, the third group of the samples was exposed to a dry environment at 20 °C and 50% RH.

After the initiation of the experiment, corrosion potential of all three groups between the carbon steel
and stainless steel was measured every 7 cycles.

| 160 mm |
. Stainless steel
—————————————— 7 Carb teel
P21 P u arbon stee
5 ——————————————— 3% NaCl solution
< I: _______________ :l or water \,
r_ TI_T LT {J ISﬂmm AI

Figure 4. Schematic diagram of capillary salt or water absorption

3. RESULTS AND DISCUSSION

3.1. The steel corrosion potential in mortar with different chloride content

Corrosion potential is used as the damage index to analyze the steel corrosion degree and rate
of concrete [41]. If the carbon steel is used as corrosion anode and the stainless steel as corrosion
cathode, a more negative potential indicates a higher corrosion risk of the tested carbon steel. In this
study, the corrosion behavior of carbon steel in mortar is evaluated by corrosion potential testing. The
mechanism of chloride altering the steel corrosion potential is shown in Figure 5. With the increase in
chloride concentration on the steel surface, the passive film of steel is continually dissolved into the
pore solution by forming soluble salts.
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Figure 5. Schematic diagram of the steel corrosion process and half-potential test.

At the corrosion initiation, local steel without passive film is relatively active compared to
other passivation areas. This activity difference leads to a potential difference between the local steel
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without passive film and the passive steel in other positions, forming a micro-battery corrosion system.
With the development of the chloride-induced corrosion process, the passive film gradually dissolves,
and the overall steel activity increases progressively. Since stainless steel activity hardly changes, the
activity difference between carbon steel and stainless steel is gradually apparent. The potential
difference between the carbon steel and the stainless steel can be measured by the half-potential
method, namely the corrosion potential, to characterize the gradual corrosion process of steel.

The evolution of the corrosion potential of carbon steel in mortar containing different chloride
contents as a function of time is shown in Figure 6. It shows that at the beginning of the test, the initial
corrosion potential is decreased with the increase of chloride concentration. In addition, less than 0.1%
chloride addition exerts little influence on the initial corrosion potential. As the hydration progresses,
the corrosion potential of all samples increases, which is primarily due to the gradual formation of the
passive film. When the hydration is completed at around 30d, the corrosion potential values are similar
for all samples, indicating that low content chloride in mortars does not affect the passive film.
However, when the samples are placed in a moist environment, the curves of corrosion potential
exhibit a downward trend and, at last, reach a relatively stable level. The higher the chloride content,
the lower the final stable potential. For 0.4 w/b samples, the potential of steel in 0.6% mortar is finally
stabilized at around — 150 mV. When the chloride content is 0.2%, the potential is over -100 mV. In
addition, when the chloride content is lower than 0.1%, the potential is higher than -50 mV. This
phenomenon may be attributed to the change in chloride ion distribution caused by water ingress.
Water carries the chloride ions from the mortar surface to the steel surroundings, increasing the
chloride ion concentration around the reinforcement. Besides, it is observed that when the chloride
content is 0.1% against the binder mass, there is a subtle changing trend in the corrosion potential for
all samples during the entire testing process. A low chloride content, such as 0.1%, does not appear to
induce damage to the steel passive film. This phenomenon may be associated with the chemical
binding and physical absorption of chloride from the cement components and hydration products. The
main chemical binding is via reaction with C3A to form calcium chloroaluminate [3]. A similar
reaction with C4AF will produce calcium chloroferrite. Physical adsorption is highly dependent on the
physical absorption action of CSH, Ca(OH), and calcium chloroaluminate. Moreover, it has been
reported that the aggregates may also reduce free chloride content in the pore solution by physical
adsorption [38, 39].
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Figure 6. The corrosion potential of steel embedded in mortar (0.4, 0.55 w/b) with chloride contents of
0%, 0.1%, 0.2%, 0.4% and 0.6%, respectively.

3.2. The steel corrosion potential in mortar under different exposure conditions

Based on the corrosion exposure environment, the corrosion potential curves in Figure 7 can be
described as three stages. The first stage is till 14 days of humidity condition. The second stage is from
14 to 80 days, with specimens exposed to drying conditions. The last stage is from 80 to 140 days and
is characterized by the moist condition. The first stage involves the hydration process in which the
alkalinity is continually increased, leading to the gradual development of the passivation layer on the
steel surface. It can be observed that the initial potential of two sets of samples at the beginning of the
test is decreased with the increase of the content of chloride ions. This is most likely due to the
competition between chloride and hydroxide ions [40]. Excessive chloride ions suppress the activity of
the hydroxide ions; therefore, the concentration of hydroxide ions in the mortar solution is low. Thus
the activity of steel is relatively high.

When the samples are placed in the drying environment, i.e., the second stage, there are two
reasons for the increased tendency of corrosion potential. First, the resistance and the corrosion
potential increase due to the reduced water content of mortar between the two electrodes. On the other
hand, the passivation layer of steel in ordinary mortar is gradually developed. However, a slightly
decreasing trend is exhibited after the potential value reaches the peak value at around 40 days. This
shows that the steel has initiated to de-blunt, i.e., the protective oxide layer on the steel surface has
started dissolving. Steel corrosion is an electrochemical reaction process, expressed as Equation (1).

Fe — Fe*"+2e (Anode)

O, +2H,0+4e" — 40H " (Cathode) (1)

From Equation (1), it can be seen that oxygen and water are necessary for the cathode reaction.
The diffusion rate of oxygen in mortar increases with the decrease in relative humidity of mortar [41].
It is deduced that the decrease of the potential in the second stage is attributed to the replenishment of
oxygen for the cathode reaction. During corrosion, oxygen is inevitably mixed into the matrix by
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dissolving it in water during the mixing process. However, oxygen is gradually consumed during the
corrosion process [3]. The lack of oxygen suppresses the cathode reaction of steel corrosion.
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Figure 7. The corrosion potential of steel embedded in mortar (0.4, 0.55 w/b) with chloride contents of
0.2%, 0.4% and 0.6% in different exposure environment.

Moreover, the oxygen ingress into cement-based materials is via diffusion, which is a slow
process. When the samples are subjected to a moist condition in the third stage, the corrosion potential
shows a rapid downward trend because the oxygen is supplemented by oxygen-contained water.

3.3. The polarization resistance of steel in the mortar containing different chloride content

EIS results of steel in 0.4 w/b mortar samples containing different chloride content are shown
in Figure 8. The results of the high-frequency stage require higher water content in mortar. However,
in this test, EIS is applied to the unsaturated mortar. So only the data of the impedance spectrum in the
low-frequency stage, such as 1-0.01 Hz, show a good regularity, and it can be used to reflect the
impedance characteristics. The low-frequency phase of the impedance spectrum is controlled by
diffusion. During the polarization reaction, the oxygen around the steel is first consumed. As the
reaction proceeds further, the extra oxygen will reach the steel surface from the nearby area by
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diffusion driven by the electric field. The linear trend of low-frequency phase curves is observed. By
comparison, it can be obtained that with the increase of chloride ion content, the slope of the frequency
phase curve descends regardless of whether the mortar is incomplete-hydrated, dry, or wet. The
primary reason is that extra chloride ions increase the conductivity of mortar, and the addition of
chloride ions in mortar reduces the oxygen diffusion rate to a certain extent. Ideally, the high-
frequency curve slope should be closed to unity. One of the possible reasons for the slope being less
than unity is that the interface between mortar and electrode is rough, so the diffusion process is
somewhat equivalent to a spherical diffusion [42].
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Figure 8. Nyquist plot diagrams of steel embedded in 0.4 w/b mortar containing chloride contents of
0%, 0.1%, 0.2%, 0.4% and 0.6% at 15d, 40d, 90d.

According to the half-potential results, the steel corrosion is not obvious no matter at 15d, 40d,
or 90d. The mortar conditions appear to influence the test of the low-frequency stage of the impedance
spectrum of the steel to some extent, as shown in Figure 9. Regardless of the chloride content, the dry
curve is always at the left, followed by the wet curve and the incomplete hydration curve,
corroborating that the mortar state affects the diffusion of oxygen in mortar.
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Figure 9. Nyquist plot diagrams of steel embedded in 0.4 w/b mortar containing 0%, 0.2%, 0.6%
chloride content at 15d, 40d, 90d.

The accuracy of the obtained results from simulating EIS data depends on adopting a suitable
equivalent electrical circuit. In this study, two hierarchical resistor-capacitance circuits, as shown in
Figure 10, were selected to model the experimental impedance data. In the schematic diagram of the
simple equivalent circuit, Rs denotes the solution resistance between the counter electrode and the
working electrode, which makes the inevitable influence only at the highest frequencies. Qr and Rt
represent the electric behavior of the passive layer, wherein Qr denotes the capacitance between the
passive layer and pore solution, and Rt describes the polarization impedance of the passive layer. Also,
Qai Is used to simulate the capacitive behavior of the double layer in the pits of the steel surface. Rp is
the current transfer resistance in the pits. A Warburg diffusion element Zw is connected to reflect that
the corrosion is determined by the oxygen diffusion efficiency. In the electrochemical reaction process
of steel corrosion, the anode reaction occurs very quickly, while the oxygen required for the cathode
reaches the steel surface through the protective layer of mortar by diffusion. Therefore, the whole
corrosion process is affected by the oxygen diffusion rate. The influence of oxygen diffusion is
reflected in the equivalent circuit as the Warburg impedance element. Based on the equivalent

electrical circuit, the impedance of the steel-mortar system can be expressed as Equation (2).
Rf

Z(w)= R+ 1

1+ (Z(@) /Ry )

+ ( ja)Rfo )al
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Rf
1+( joR Qy)*

Where Z(w) is the impedance of the steel-mortar system and w is the frequency of the input
electrical signal.

Equation (2) can be simplified as Equation (3)

Z(w)=2"-)Z ©)

Where Z" and Z' are the real and imaginary parts of the complex number, respectively.

Theoretically, when the frequency of the sinusoidal voltage signal is from zero to infinity, the
relation curve forms a closed semicircle with the coordinate axis. The intersection between the curve
and the axis is Rs and 2Rp+ Rs, as shown in Figure 11. More information corresponding to this
equivalent circuit can be found in another study [43].

Zy(w)= )

_ Double layer capacity (Qy)
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Figure 10. Equivalent electrical circuit reproducing the impedance data.
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Figure 11. Theoretical Nyquist plot for the simple parallel RC circuit.

Based on Nyquist plots of EIS, the polarization resistances of carbon steel at 15, 40, and 90
days in mortar samples with different chloride content are obtained using ZSimpWin software, as
shown in Figure 12. The effect of chloride decreasing the polarization resistance of steel is influenced
by the mortar conditions. When the mortar is in an incomplete hydration state, chloride ion addition
appears to have little effect on the polarization resistance. Figure 12 shows that when the w/b is 0.4,
the effect of chloride on polarization resistance is less. Combining the result of the half-potential
measurement (in Figure 6) and EIS, it is seen that the passivating film continues to be built up as
hydration progresses, even in the presence of chloride ions. In the case of mortar samples exposed to
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dry or wet conditions, the effects of chloride reducing the polarization resistance of the steel in the
mortar are more significant. When the mortar is in a different state, the polarization resistance of the
internal steel is also different. When the hydration is not completely finished, the polarization
resistance of the steel is small, and the steel has been corroded. When the mortar is completely
hydrated, the polarization resistance in a relatively humid environment is increased compared with that
in the incomplete hydration because the passive film on the mortar surface is more complete with the
increase of hydration alkalinity. When the mortar is in a dry environment, the polarization resistance
further increases, and the corrosion resistance of the steel is further improved.
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Figure 12. The relationship between the polarization resistance and chloride content of 0.4 w/b mortar

3.4. The influence of crack width on steel corrosion potential under different exposure environments

External chloride ions originate from the outer service environment and are taken by water into
the cement-based matrix. Once the chloride to hydroxide concentration ratio in the spatial domains
surrounding the embedded steel is higher than the critical value, the passive film protecting the steel
will be destroyed, leading to steel corrosion [44]. It has been reported earlier that the chloride diffusion
rate in cracked mortar is proportional to crack width [45, 46]. In this paper, steel corrosion is
highlighted by considering the crack width as the main factor influencing the corrosion process.

From Figure 13(a), it can be observed that in the atmospheric environment, even if the surface
of the mortar samples is cracked, the change of potential is small. This is because the mortar around
the steel is still highly alkaline, and the steel surface is still in a passive state. When the surrounding
mortar is gradually carbonized to neutralize, the steel will gradually be blunted. The chloride ions
ingress in the mortar is accelerated by dry-wet cycles. During the dry-wet cyclic process, chloride ions
enter the mortar through the water. When the samples are dry, water migration reverses, and the water
evaporates from the ends of the capillary pores open to the surrounding air. Consequently, the chloride
ion concentration near the mortar surface increases. The difference in chloride ion concentration
between the surface and interior will promote chloride ion diffusion.
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Figure 13. The evolution of corrosion potential of steel with different crack widths exposed to: (a)
ambient air, (b) NaCl solution, and (c) water.

Figure 13 (b) and (c) indicate that with the increase in crack width, the corrosion potential is
decreased under the action of dry-wet cycles. It is also observed from the dry-wet cyclic testing that
the crack width of 0.05 mm has negligible effects on steel corrosion. when the carbon steel in a mortar
with a 0.05 mm crack came in contact with the NaCl solution, the corrosion potential decreased
significantly, as shown in Figure 13 (c). It is deduced that carbon steel in cracking mortar is vulnerable
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to being attacked by chloride, even if the width of the crack is small. Additionally, the crack width
affects the initiation time of corrosion. The NaCl solution reduces the corrosion initiation time more
significantly compared to water. Taking samples with a uniform cracking width of 0.1 mm as an
example, the corrosion potential of the samples contacted with NaCl solution reduced to -200 mV at
about five dry-wet cycles, whereas the samples in contact with water took about 30 dry-wet cycles.

Figure 13 shows that although the corrosion of steel is affected by the crack width, eventually,
the potential reaches equilibrium after 60 cycles. The corrosion potential indicates the corrosion degree
of carbon steel. The relationship between the corrosion potential and crack width is obtained by taking
the average value when the potential is stable, as shown in Figure 14. With the increase of crack width,
the corrosion potential is decreased in the curve. For samples with cracks subjected to dry-wet cycles
by water, the potential decreased with the increase in crack width. However, when water was replaced
by a NaCl solution, the crack width above 0.1mm had a similar effect on the corrosion risk since the
potential level was identical. It shows that when cracked mortar is exposed to NaCl solution, even
small cracks under the action of the dry-wet cycles will expose the carbon steel to a significant risk of
corrosion.
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Figure 14. The relationship between the corrosion potential and crack width.

4. CONCLUSIONS

In this paper, by considering different factors, such as chloride content and crack width, the
influence of chloride attack on the corrosion behavior of steel embedded in the mortar was investigated
through corrosion potential and polarization resistance measurements. The following conclusions have
been drawn from the experimental results and subsequent analysis.

- The chloride concentration lower than the critical chloride value does not affect the rebar
activity after hydration. However, the entry of external water into the mortar promotes the influence of
chloride ions on the rebar activity and polarization resistance, mainly because of the water transport
the surface chloride ions to the surrounding area of the rebar. According to the half potential and
impedance spectra results, the content of chloride ions lower than the critical chloride concentration
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cannot cause steel bars corrosion. Nevertheless, it increases rebar activity and reduces polarization
resistance.

- In terms of the external chloride attack, the coupling of cracking and dry-wet cycles can
significantly promote steel corrosion. Under dry-wet cycles, the corrosion rate of carbon steel in
mortar samples increases with the increase of crack width. When the cracked mortar is exposed to
NaCl solution, even a small crack such as 0.05 mm will expose the carbon steel to a high corrosion
risk. It seems that the NaCl solution reduces the corrosion initiation time.
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