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As with the leakage of stray current in the surrounding medium, the chloride transport in concrete is influenced by the stray
current and loading of the subway structure. This paper presents the results of the experimental study on the chloride transport
properties of concrete under the combined action of stray current and sustained compressive loading. First, an experiment was
setup to explore the chloride transport in the subway structure as the concrete specimen embedded with steel under test current
and study the influence of the existence of steel on the chloride transport profiles in concrete under stray current. Then, to
investigate the combined effect of stray current and loading on the chloride transport properties, an improved experiment was
designed with stray current and sustained compressive loading. The chloride transport profiles were measured, respectively,
subjected to different stray currents and compressive stress levels. The experimental results indicated that stray current and
sustained compressive loading have a significant influence on the chloride transport properties of concrete, and the loading
threshold existed as the turning point of the chloride transport rate. Based on the experimental data and migration theory, the
prediction model of chloride transport in concrete under stray current and sustained compressive loading was established and
verified by the experimental measurements, and the steel corrosion-induced cover cracking was studied, and the comparison

indicated that the numerical results were consistent with the experimental results.

1. Introduction

During the operation of subways, the insulation between the
rail and the track bed is reduced, and the protective measures
become invalid over time. Thus, the leakage of stray current to
the surrounding medium is increased in the subway struc-
tures, especially for the DC (direct current) power supply
system [1, 2]. As we know, the presence of chlorides and their
transport is a critical factor affecting the durability of rein-
forced concrete (RC) structures, which are increasingly de-
cisive for the life cycle design of structures. For the subway
structures, the chloride transport in concrete may be affected
by stray current, which causes the steel corrosion in advance
[3, 4], resulting in durability failure of the subway structure. In
addition, the compressive loading on the structure may cause
the occurrence and development of cracks in concrete, which
also affect the chloride transport in concrete. Therefore, to

evaluate the durability of the subway structures accurately, it
is essential to consider the coupling effect of stray current and
external loading on chloride transport in concrete.

Much work so far has focused on the chloride transport
properties of concrete by using experimental, analytical, and
numerical methods [5]. It was found that the transport
properties of chloride in concrete depend largely on the
transport channels (pore structure and micro cracks) [6].
Several reviews described Friedel's salt will be formed and
precipitated in macropores when the chloride penetrates into
the cement, thus reducing the number of macropores and
changing the pore structure and distribution [7-9]. The bound
chlorides in concrete could be released under the electric field,
which significantly increased the concentration of the free
chlorides [10, 11], and the external electric field accelerated the
dissolution of Ca*" in the pore solution of concrete [12]. The
consequence of this chemical change was the decrease in
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macropores and changes in the pore distribution [13], resulting 2, Materials and Methods

in the degradation of concrete strength and elastic modulus at
the macrolevel [14]. The effects of different water-cement ratios
and admixtures on the pore structure and chloride transport
properties of concrete were discussed [15].

In recent decades, extensive work has been carried on the
prediction models of chloride transport under loading.
However, there were few studies on chloride transport under
sustained loading. As the damage of concrete under loading,
the cracks developed in concrete, which caused the change of
chloride diffusion in concrete [16, 17]. The chloride trans-
port properties were influenced by the crack performance of
the concrete [18]. The ions’ transport speed in the damage
zones were much larger than those in the nondamage bulk
mortar, and the chloride migration may be disrupted by
dense array of multiple cracks [19]. Some authors pointed
out that the change of chloride diffusion in concrete ob-
tained by compressive loading showed a significant
threshold effect on the experiments of the transport prop-
erties and cracks in concrete [19, 20]. Other authors pro-
posed that there was no significant threshold obtained in the
experiments [21, 22]. Through detecting the instrument for
concrete damage, some researchers evaluated the damage in
concrete under uniaxial compressive loading and proposed
the relationship between the loading and the chloride dif-
fusion coeflicient of concrete [23, 24].

Considerable research efforts have been devoted to the
chloride penetration in concrete under the action of stray
current and load, respectively. However, most corrosion
tests did not consider the fact that the steel in the concrete as
a carrier to transmit the current, which could attract the
chloride ions to accumulate quickly near the anode. The
mechanism of chloride transport in concrete under the
combined action of stray current and compressive load is
rarely studied. Specifically, in the absence of experimental
data, the explanation for the chloride transport in subway
structures has not yet been made clear.

The major objective of this study is to fill the gap by
correlating the change in the chloride transport properties in
concrete with stray current and sustained compressive
loading. By the current test, considering the stray current flow
in the steel in concrete, the changes of pore structure and
chloride distribution of the concrete samples under different
stray current conditions will be presented. Then, based on the
test considering the coupling of compressive loading and stray
current, the chloride distribution of the samples under dif-
ferent stray current and loading conditions will be presented,
and the empirical quantitative relationship between chloride
diffusivity and compressive stress levels will be developed. The
model of chloride transport and cracking in concrete under
stray current and compressive loading will be proposed,
which can be used to illustrate the synergistic effect of stray
current and loading on chloride transport in concrete.

2.1. Materials and Specimens. The cement used in this study
was Ordinary Portland Cement (PO.42.5), which was
produced in Shandong, China. The water/cement ratio was
0.5. The fine aggregate used was a locally available sand
with a fineness modulus of 2.40, and the coarse aggregate
used was a locally available crushed gravel with the
maximum size of 20 mm and density of 1355kg/m’. The
details of concrete mixture proportions are presented in
Table 1.

The mixtures were cast into a mold with the dimensions
of 150 mm x 150 mm x 150 mm, and a steel with the di-
ameter of 16 mm and the length of 300 mm was precast at the
centre of the cross section. The specimens were cured under
the condition that the temperature was 20°C and the relative
humidity was over 90%. After curing, five surfaces of the
concrete specimens were sealed with epoxy resin to im-
plement the one-dimensional penetration of chloride ions.
The specimens were divided into series S and series L. Series
S was used to investigate the influence of stray current
through the steel on the chloride transport, and series L was
used to investigate the influence of loading and stray current
on the chloride transport.

2.2. Corrosion Test under Stray Current. The corrosion pool
with a size of 2000 mm x 2000 mm x 300 mm was made by
board. The waterproof cloth was placed in the pool to avoid
the solution leakage. The temperature of the laboratory was
set to 20°C to eliminate the influence of the temperature.
According to GB/T 50082-2009 [25], the 5% NacCl solution
was used as the corrosion solution in the pool. Since the
range of stray current in the subway was generally between
50 mA and 100 mA [26, 27], the corrosion current used in
this test was set as 50 mA and 100 mA. The corrosion time
used in this test was set as 1 d, 7 d, and 14 d. For the design of
the corrosion test under stray current specimens, a group of
five concrete specimens without current were placed in the
corrosion pool as the reference group. The details of the
corrosion test under stray current for the specimens are
listed in Table 2.

The concrete specimens of Series S were divided into 6
groups, as shown in Table 2. Each group was connected in
series with the DC power. The power positive was connected
to the steel bar, and the power negative was connected to the
galvanized steel in the solution. The exposed steel of the
specimen was wrapped with insulation tape to avoid the re-
action to the external environment. The digital multimeter was
used to check the continuity of the circuit. After the specimens
were placed, the chloride solution was injected into the pool
with the solution height of 40 mm to avoid direct contact with
the steel. The experimental setup is shown in Figure 1.
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TaBLE 2: Design of the corrosion test under stray current.

Groups Concentration (%) Current (mA) Test time (day)
S1-1 50 1
S1-2 50 7
S1-3 5 50 14
S2-1 100 1
S2-2 100 7
S2-3 100 14
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FIGURE 1: Setup for the corrosion test under stray current. (a) Test schematic. (b) Test process.

2.3. Corrosion Test under Stray Current and Compressive
Loading. The test setup for the chloride transport under the
combined action of compressive loading and stray current is
shown in Figure 2. The device was composed of four parts:
the corrosion box, the water-absorbing sponge, the con-
ductive sheet, and the DC power. The application of the test
load was controlled by a servo hydraulic loader. Five cube
specimens were used to measure the average compressive
ultimate strength as 23.56 MPa. The loading levels were
designed as 0, 10%, 30%, and 50% of the compressive loading
capacity of the cube specimen, respectively (A=o./f.). The
corrosion current was set as 0 mA, 50 mA, and 100 mA, and
the corrosion time was 1 day. The details of the corrosion test
under stray current and compressive loading for the spec-
imens for the specimens are shown in Table 3.

The test operation was briefly described as follows: the
water-absorbent sponge in the test device was filled with
5% NaCl solution. One side of the sponge was close to the
specimen, and the other side was close to the conductive
sheet. The power positive was connected to the steel in the
concrete specimen, and the power negative was connected
to the conductive sheet in the device. After the circuit was
connected, the specimen was progressively loaded to reach
the target stress level by the servo hydraulic loader. Then,
the DC power was turned on to maintain the current at the
target value. The specimens of Series L were tested under
axial compressive loading and current conditions for 1
day.

2.4. Chloride Content Measurement. After the corrosion test,
the concrete specimens were powdered by the grinding
machine layer by layer from the exposed surface, and the

thickness of each layer was controlled at 5 mm, as shown in
Figure 3. Then, the powder was passed through a sieve
(160 ym) and dried to a constant weight in a vacuum drying
oven. After chemical titration with AgNQO3, the chloride ion
concentration was measured with the automatic potentio-
metric titrator (CT-1). According to GB/T 176-2017 [28], the
mass percentage of chloride ion can be obtained by

Tor % (V,-V,)x0.1
War- = >

(1)
m

where wc- is the mass fraction of chloride ion (%), Tq- is the
titer of the silver nitrate standard titration solution with
chloride ion (mg/mL), V; is the volume of the silver nitrate
standard titration solution consumed during titration (mL),
V, is the volume of the silver nitrate standard titration
solution consumed when titrating blank (mL), and m is the
quality of the sample (g). The Materials and Methods section
should contain sufficient detail so that all procedures can be
repeated. It may be divided into headed subsections if several
methods are described.

2.5. Measurement of Corrosion-Induced Crack and Steel Mass
Loss. Before the test, the specimen should be clean and
checked whether there are initial cracks. After the test, the
width and length of the crack can be measured with a crack
observer and a ruler, and the crack parameters should be
recorded step by step. Then, the steels were cleaned of
corrosion and loosely-attached cement paste using a brush.
The steels were dipped in a 10% ammonium citrate solution
for 24 h to remove the corrosion products. The mass of steel
was then measured to determine the final mass. The dif-
ference between the initial (before corrosion) and final (after
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FIGURE 2: Setup for the corrosion test under stray current and compressive loading.
TaBLE 3: Design of the corrosion test under stray current and compressive loading.
Groups Current (mA) Stress value (MPa) Stress level (%)
L1-0 0 0 0
L1-1 0 2.36 10
L1-2 0 7.07 30
L1-3 0 11.80 50
L2-0 50 0 0
L2-1 50 2.36 10
L2-2 50 7.07 30
L2-3 50 11.80 50
L3-0 100 0 0
L3-1 100 2.36 10
L3-2 100 7.07 30
L3-3 100 11.80 50

6x5mm

Test layer

Concrete

Powdered

FiGure 3: Concrete sampling for chloride content measurement.

corrosion) mass of the reinforcing steel bars was evaluated to
establish the corrosion rate p as

Am
= 2
p=-- (2)
where Am is mass loss of the steel and m is original mass of
the steel.

3. Results and Discussion

3.1. Effect of Stray Current on Chloride Transport.
Figure 4 shows the concentration of chloride ions under the
stray current. The influence of stray current on the

distribution of the chloride ion concentration in concrete
can be observed. The chloride ion content of the concrete
specimen under stray current on 1 d is shown in Figure 4(a).
As with the increase of the stray current, the chloride ion
content in concrete increased significantly. Then, the release
and destabilization of bound chlorides were attributed to the
stray current in the concrete, gradually resulting in an in-
crease of the chloride ion content of concrete. Since the
tortuosity of pores in the concrete, the impediment of
chloride transport was enhanced with the increase of the
depth, which caused the decrease of the chloride ion content.

The chloride ion content of the specimen under stray
current in 7 d is shown in Figure 4(b). As compared with the
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FiGure 4: Chloride profiles for concrete under stray current with different test times: (a) 1d and (b) 14d.

measurements shown in Figure 4(a), the chloride transport
to the depth of concrete increased surely with 7d, and the
rate of chloride ion content growth is gradually accelerated
until the distribution of chloride in concrete tends to be
balanced.

3.2. Effect of Stray Current and Compressive Loading on
Chloride Transport. To investigate the effect of stray current
and sustained compressive loading on the chloride transport
in concrete, the corrosion test of concrete under the com-
bined action of stray current and sustained compressive
loading was carried out. The observations of the front depth
of chloride ion content in the concrete specimens under the
action of sustained compressive loading and stray current
are presented, as shown in Figure 5.

It can be seen from Figure 5 that if the stray current was
constant, the chloride ion content in the concrete decreased
with the increase of the stress level A, when the stress level
A <30%, although the degree of change was not obvious. On
the contrary, the chloride ion content increases significantly
with the increase of stress level A when stress level A > 30%. If
the compressive stress level A is constant, the chloride ion
content of concrete increased with the increase of stray
current. According to the experimental data presented in
Figure 5, the measured relationship between the apparent
chloride ion diffusion coefficient D, and the stress level A was
obtained by the least squares method, and the fitting curves
are plotted in Figure 6.

In Figure 6, the apparent chloride transport coefficient at
a given current initially decreased with the increase of the
compressive stress level (0% <A <30%) and, on the contrary,
began to increase beyond the stress level threshold (A > 30%).
It was mainly because the concrete was in the elastic stage
under compressive stress lower than the threshold, and some
pores and microcracks in concrete may be closed under

compressive stress, which caused the decrease of porosity in
concrete. When the compressive stress level was higher than
the threshold, the damage of concrete began to increase
rapidly with the developing microcracks and inter-
connecting pore systems, which result in an increase of the
chloride transport in concrete. In our study, the compressive
stress level A of approximately 30% was regarded as the stress
level threshold at which the apparent chloride ion diffusion
coefficient in the concrete unusually varied, corresponding
to the development of microcracks in concrete. As the stray
current was coupled with compressive loading, the apparent
chloride ion diffusion in concrete was clearly increased, and
the degree of increase was further more for the compressive
stress level higher than 30%. It was due to the acceleration
effect of stray current on chloride which was amplified by the
rapid cracking and interconnecting pores of concrete under
compressive stress. It can be found that, for the short-term
corrosion process, the influence of stray current on chloride
transport in the concrete was more obvious than that of
compressive stress levels. However, the synergism of them
should not be ignored, as the change of pore structure and
microcracks of concrete affected the acceleration of current
to chloride transport.

3.3. Model Establishment and Verification of Chloride
Transport. Generally, three main driving forces of ion
transport are convection, diffusion, and migration [29, 30].
Therefore, the total chloride ion flux density can be
expressed in the following form:

J=J.+Ji+]T, (3)

where J. is the chloride ion flux density by convection, Jy is
the chloride ion flux density by diffusion, and J. is the
chloride ion flux density by electro migration.
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FiGgure 5: Chloride profiles for concrete under stray current with different stress levels: (a) A=0. (b) A =10%. (c) A =30%. (d) A =50%.

Based on Fick’s law, the chloride ion flux density can be
described as

J4 =-DVC, (4)

where C is the total chloride ion content in concrete and D is
the chloride diffusion coefficient in concrete (m?/s).

Based on the Nernst-Planck equation, the chloride ion
flux density by migration can be described as

_ —zFDC

RT vé (5

Je
where C is the total chloride content in concrete, D is the
chloride diffusion coefficient in concrete (m?%/s), z is the
valence of ions, T is the temperature (K), F is the Faraday
constant (96,487 C/mol), R is the molar gas constant (8.314 ]/

K/mol), and ¢ is the electric potential (V). For the electric
potential, Ohm’s law is employed to analyse the electric
potential ¢ by the current according to

i=-rV¢. (6)

As considering the action of stray current and com-
pressive loading with the other conditions (water-cement
ratio, temperature, humidity, etc.) unchanged, the simplified
model of the chloride diffusion coefficient in concrete based
on the several studies [31-33] can be established as

Dg;=D- f(). (7)

In this paper, as the rate of chloride ions is greatly
accelerated by stray current, the influence of convection on
the chloride transport can be ignored [34]. Therefore, the
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FIGURE 6: Apparent chloride transport coeflicient in concrete with/without stray current: (a) 0 mA. (b) 100 mA.

total chloride ion flux density with the combined action of
stray current and compressive loading can be described as

Jep=Ua+T)- f Q. (8)

Substitution of equations (5)-(7) to (8) results in the
following form:

zFDC
- v¢>) ), 9)

JeL = {DVC +

where f(A) is the influence function on the chloride diffusion
coeflicient in concrete. According to the experimental data
presented, it can be described as

fA)=1+a-A+a,-17 (10)

where «; and a, are fitted parameters and A is the com-
pressive stress level.

As various ions exist in the concrete pore solution and
can exert effect on the chloride transport [35], by using the
assumption that the concrete is a saturated pore medium
and there are no chemical reactions between ionic species
occurring in both liquid and solid phases, the following mass
conservation for each individual ionic species involved in the
concrete can be described as

—k = vJ,,

=1,..,N, 11
= k N (11)

where Cy is the concentration of the kth ionic species, t is the
time, J; is the flux of the k ionic species, and N is the total
number of the ionic species contained in the concrete.
Diffusion and migration are treated as the major reason for
ionic transport in this study; therefore, the ionic flux
equation can be expressed as

7
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In reference to existing studies, the proposed model of
chloride transport considering the effect of stray current and
sustained compressive loading was solved by using the
Galerkin ~ weighted  residual method and the
Crank-Nicholson method [36-38]. Thus, the proposed
model was validated by experimental data from the chloride
transport in concrete for 1 day under stray current (0,
50 mA, and 100 mA) and sustained compressive stress level A
(10% and 50%).

Figure 7 shows the comparison between experimental
data and numerical results by the chloride content in
concrete. The experimental data and numerical result for L1-
1 and L1-3 were regarded as a reference to the effect of stray
current on chloride transport. It can be found that the
numerical result of the proposed model was in good
agreement with the experimental data of the chloride
transport in concrete with the effect of stray current and
sustained compressive loading. If the loading is other types
or long-term loading, the model should be modified and
verified to consider the damage of concrete with different
loadings.

3.4. Model of Corrosion-Induced Crack. Considering that the
chloride ion diffusion coefficient and corrosion rate in
concrete are time-varying, the steel in the concrete will be
undergo corrosion when the chloride ion concentration
reaches a critical concentration. This paper chooses 1% as
the critical chloride ion concentration C, [39], so the initial
corrosion time f, can be described as
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FiGure 7: Comparison between the predicted and experimental chloride transport profiles under different compressive stress levels: (a)

A=10%. (b) A =50%.

TaBLE 4: Comparison between experimental and calculation values of average corrosion-induced cracking width (w; is the test result and w,

is the calculated result).

i (mA) t (day) d (mm) ¢ (mm) p (%) w; (mm) w, (mm)
50 7 16 67 3.543 0.31 0.287
50 14 16 67 5.626 0.61 0.592
50 28 16 67 9.165 0.95 0.931
100 7 16 67 4.042 0.49 0.454
100 14 16 67 6.947 0.78 0.759
100 28 16 67 11.855 1.14 1.118

e The cracks of specimens in the corrosion test were

Lo a, (13) observed and counted; then, the corroded steel was cleaned

~ 4Derf ! (1-C,/C,)

where x is the distance from the reinforcement surface to
concrete surface and C; is the chloride ion concentration on
the concrete surface.

After corrosion time t, the average loss of diameter of the
steel Ad can be described as [40]

Ad (t) = 0.0232(t — t,)i. (14)
The corrosion rate of steel p can be expressed as
.12
.0232 (¢t -
p(t)=1— 1_2w (15)

d >

where d is diameter of steel.

Considering the cracking mode and the crack width on
the surface of the protective layer under steel corrosion rust
expansion, the relationship between crack width w and
corrosion rate p is proposed as [41]

w = —0.002 + (0.165 — 0.006¢ + 0.007d)p, (16)

where c is thickness of the concrete cover.

and weighed to calculate the corrosion rate. The results are
shown in Table 4.

Combined with the calculation model in this paper, the
crack width of the test specimen was theoretically analysed.
Table 4 shows the comparison between experimental results
and numerical results of corrosion-induced cracking width.
When the test current was 50 mA, the maximum relative
error between the theoretical value and the experimental
value was 9.24%, and the average relative error was 4.32%.
When the test current was 100 mA, the maximum relative
error between the theoretical value and the experimental
value was 11.75%, and the average relative error was 5.68%.
There was an error between the theoretical value and the
experimental value, which may be caused by the uncertainty
of the properties of concrete and the error in the mea-
surement process of corrosion rate and crack width. On the
whole, the error between the theoretical value and the ex-
perimental value was acceptable.

The fitting relationship between corrosion rate and crack
width can be obtained from Figure 8. It can be seen that, with
the increase of stray current, the cracking time of concrete
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will be advanced and the cracking speed will be accelerated.
This may be due to the existence of stray current, which
accelerates the steel corrosion in the concrete and the
precipitation of calcium ions in concrete, resulting in
cracking of concrete more easily.

4. Conclusions

Considering the corrosion characteristics of the subway
structure, two experiments were conducted in this study to
investigate the effects of stray current and sustained com-
pressive loading on the chloride transport in concrete. From
the experimental results of this work, the following con-
clusions can be drawn:

(1) The experimental results for the specimens indicated
that chloride transport in concrete embedded with
steel was more efficient than that in plain concrete. It
was mainly because of the accumulation of chloride
ions near the steel, resulting in Ca(OH), and C-S-H
to decompose faster near the steel to maintain the
balance of the ion concentration under the action of
stray current.

(2) As with the acceleration effect of stray current and
the threshold effect of chloride transport under
compressive loading on chloride transport, it can be
found that if the compressive loading was higher
than the loading threshold, the chloride transport
increased with the combined action was higher than
that of any single action.

(3) Based on the experimental results, a numerical
model for chloride transport in concrete with the
effect of stray current and compressive loading was
proposed and verified. The comparison indicated
that the chloride distribution predicted by the pro-
posed model was in good agreement with the ex-
perimental results.
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