g sustainability

Article

Investigation of Corrosion Rate and Rust Expansion Form of
Segment Reinforcement for Shield Tunnel by Combined
Action of Soil Loading, Chloride Ion and Stray Current

Zheng Li 12, Hao Jin >* and Shuo Yu 12

Citation: Li, Z,; Jin, H.; Yu, S. Inves-
tigation of Corrosion Rate and Rust
Expansion Form of Segment
Reinforcement for Shield Tunnel by
Combined Action of Soil Loading,
Chloride Ion and Stray Current.
Sustainability 2021, 13, 3444.
https://doi.org/10.3390/su13063444

Academic Editor: Emilio

Bastidas-Arteaga

Received: 9 February 2021
Accepted: 18 March 2021
Published: 19 March 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license
(http://creativecommons.org/licenses

/by/4.0)).

1 The Key Laboratory of Road and Traffic Engineering, Ministry of Education, Shanghai 201804, China;
1933317@tongji.edu.cn (Z.L.); 1610735@tongji.edu.cn (5.Y.)

2 Shanghai Key Laboratory of Rail Infrastructure Durability and System Safety, Tongji University, Shanghai
201804, China; 1933317@tongji.edu.cn (Z.L.); 1610735@tongji.edu.cn (S.Y.)

3 School of Transportation, Southeast University, Nanjing 211189, China

* Correspondence: jinhao@seu.edu.cn

Abstract: Segment reinforcement corrosion can cause bearing-capacity degradation of shield tun-
nel, which is unsafe for the metro operation. Therefore, a three-dimensional computational model
was proposed in this paper to study the corrosion rate and rust expansion form of segment rein-
forcement by the combined action of soil loading, chloride ion and stray current. The results show
that the arch waist segment steel corrosion rate in the middle is larger than the ends. The rust ex-
pansion form of segment reinforcement appears be an eccentric circle. The radius size and circular
center are related to the non-uniform corrosion coefficient and the maximum corrosion current
density.

Keywords: subway; segment reinforcement corrosion; rust expansion form; chloride ion; stray
current; external loading

1. Introduction

The metro is one kind of important underground vehicle in the city. As the shield
tunneling method has little impact on the surrounding environment, the shield tunnel
has been widely used in metro construction in places such as Tokyo, Shanghai, London
and other cities [1-4]. The shield tunnel is buried deeply underground; the external
loading may cause cracks on the outer surface of the shield segment [5-8]. The external
erosive medium (such as chloride) can infiltrate the steel bar surface through the crack,
which will induce segment reinforcement corrosion [9-11].

The corrosion of steel bars not only reduces the bonding performance between steel
bars and concrete, but also causes concrete cracking due to corrosion expansion pressure,
which seriously threatens the safety of metro operations. Chloride ions will increase the
rate of electrochemical corrosion in steel bars. According to the survey results of
"Shanghai Geological Environmental Bulletin" in 2014, the chloride ion content of
groundwater in Shanghai is as high as 96.9mg/L, which has an adverse effect on the
structural safety of underground tunnels. Moreover, with the accumulation of leakage
water and dust, the insulation effect of the metro rail to the ground gradually decreases,
and the stray current leaked from the rail will accelerate segment reinforcement corro-
sion [12,13]. As corrosion product volume is 2-7 times that of the initial steel bar [14], the
rust expansion force will easily lead to concrete cracking. During the service period,
many shield tunnel intervals show reinforcement corrosion and even cause concrete
cracking [15,16], which seriously threatens the safety of metro operation. In order to en-
sure the safety of metro operation, when reinforced concrete components have insuffi-
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cient bearing capacity due to corrosion, they need to be repaired or reinforced, resulting
in waste of resources. Therefore, the durability failure of reinforced concrete caused by
chloride salt corrosion not only causes huge economic waste, but also brings huge pres-
sure on resources and the environment. Sustainable development requires that concrete
develops a long-life-cycle and reduces waste of resources. Therefore, in order to evaluate
the safety state of a shield tunnel, it is necessary to study the reinforcement corrosion
characteristic of the shield tunnel segments.

In the last 20 years, shield segment steel’s initial corrosion time and corrosion rate
have been studied through numerical simulation and experiment. For example, Yang [17]
proposed a finite element model for chloride ion transport in a concrete tunnel lining,
setting 0.5% as the critical chloride-concentration-induced steel bar corrosion and stud-
ying the maximum allowable value of chloride diffusion coefficient for different age
factors. Lei [18] analyzed the diffusion coefficient of chloride ion in the segment under
load by test, setting the critical chloride concentration of rebar depassivation as the initial
corrosion time and developing a calculation method for segmented concrete under the
integrative effect of environmental corrosion and structural load. Li [19] designed a test
of model segment to study the corrosion of a segment steel bar in corrosion solution and
stray current; the results show that, for the same segment, the corrosion rate of the stirrup
is bigger than for the main bar. Jin [20] analyzed the effect of a DC stray current on rebar
corrosion in a cracked segment of shield tunnel; the result shows that when the stray
current output locations remain unchanged, the maximum current density in the rebar
under bilateral leakage is approximately from two to three times that under unilateral
leakage. However, although each factor of corrosive medium, stray current and external
load will affect the corrosion of the segment steel bar, only one or two kinds of factor are
considered in the above work; little work has been done on shield segment steel bar
corrosion under the coupling effects of three kinds of factor.

Focusing on other steel concrete structures, such as RC beams, a number of studies
have been carried out on the corrosion characteristic under three kind of factors. Yoon et
al. [21], Ballim and Reid [22], Malumbela et al. [23,24], Hariche [25] found that loading
level has significant effects on both corrosion initiation and the rate of corrosion propa-
gation; in their test, they all consider the effects of external load, impressed current and
sodium chloride solution. In fact, the corrosion characteristics accelerated by impressed
current and sodium chloride are quite different from those only accelerated by sodium
chloride under a sustained load. Ye [26] adopted two accelerated corrosion methods to
study the corrosion characteristics of RC beams under flexural loads; the result shows
that, at the same mass loss ratio of rebar, galvanic method tends to generate lower
amounts of expansive rusts around the rebar than in the artificial climate exposure
method. Looking at addictions, Dong [27] analyzed the corrosion difference between
tension reinforcement and stirrups under sustained loading, impressed current and so-
dium chloride solution; the result shows the corrosion of the tension reinforcement oc-
curs more slowly than that of the stirrups. However, the external environment, external
load and type of shield segment reinforcement are all different from the RC beams, and
therefore these conclusions may not be applicable to analysis of the reinforcement corro-
sion characteristics of shield segment.

The current research on steel corrosion in tunnels is based on one or two factors
[17-20]. The existing three-field calculation models are mostly aimed at the RC beam
structure [21-27]. However, the structure type, external load, and stray current of the RC
beam are completely different from those of the shield tunnel, which causes the rust layer
of the steel bar to be different. Hence, considering the influence of external loading, stray
current and chloride ion on reinforcement corrosion, a three-dimensional segment nu-
merical model coupled with an electric-mechanical-chemical field is established in this
paper, and the corrosion rate and rust expansion form of segment reinforcement are
studied. The results may provide engineers with insight into the design, condition eval-
uation, and crack path prediction of shield tunnel.
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2. Numerical Model of 3D Shield Tunnel
2.1. Segment Details

The segment outer diameter is 6.2m and the thickness is 0.38m. It consists of 1 seal
roof block (K), 2 adjacent blocks (B1 and B2) and 3 standard blocks (A1, A2, A3); the seal
roof block corresponds to the center angle of 21.5°, the adjacent block corresponds to the
center angle of 68°, and the standard block corresponds to the center angle of 67.5°. The
segment of inner steel is composed of main steel, longitudinal steel, stirrup and bolt hand
hole steel. The main steel bar contains two rows; the main steel bar diameter is 16mm, the
longitudinal steel bar diameter is 10mm, the stirrup diameter is 6mm. The bolt hand hole
steel bar consists of the longitudinal joint bolt hand hole steel and the ring joint bolt hand
hole steel. Its diameter is 16mm, as shown in Figure 1 and Figure 2.

Figure 1. the whole ring of shield tunnel.
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Figure 2. Steel composition of segment Al.

2.2. Model Configuration

The standard block A1 is selected as the model analysis object; the joints are simpli-
fied as a flat surface and constrained displacement in the model. As the segment outside
is prone to cracking under the external load, the corrosion of the main steel bars will first
be caused by chloride ion diffusion through concrete cracks, then the outer row of the
main steel bar is analyzed in the model. The number of outer row main steel bars is 8, the
main steel bar is 50mm from the concrete edge. The adjacent steel bars” distance, from left
to right, is: 100mm, 200mm, 150mm, 160mm, 150mm, 200mm, 100mm. Each steel bar is
numbered from #1 to #8, as shown in Figure 3. Both concrete and steel bars are equivalent
to elastic material; the elastic modulus of concrete is 34.5 GPa, Poisson's ratio is 0.2; the
elastic modulus of concrete is 200 GPa, Poisson's ratio is 0.3.
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Figure 3. Calculation model of shield segment.

2.3. Boundary Conditions

The load on the segment outside is calculated by the water and soil load model [28],
as shown in Figure 4, where gi1and g:are the horizontal water and soil pressure, G is the
gravity, gs is the horizontal soil resistance, p is the surface load, and W is the vertical
water and soil pressure. Fixed constraints at both ends of the segment model, without
considering the influence of surface load, the horizontal water and soil pressure and
horizontal soil resistance, are applied on the arc surface of the segment. The buried depth
of the shield tunnel is 12m; the soil parameters and the load are shown in Table 1 and

Table 2.
p
v v v ¥y
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o L1 3 337 q
G
q D 4
segment

W+G

Figure 4. Soil and water load model.

Table 1. Soil parameter.

Layer Density Layer Thick- Lateral Pressure Coef-

Number Soil Name (kg/m?) ness /m ficient
1 Miscellaneous fill 18.1 5.54 0.59
2 mucky silty clay 17.5 6.46 0.65
3 silty clay with fine sand in- 182 8.56 071
terbed
Table 2. Segment external load value.
Load Type Load Value/kN
q1 148.15
g2 223.23
G 8.75
P 24.81
14 0
Wi 211.64

The chloride ion in the groundwater will penetrates into the interior of segment and
corrosion in the steel bar. Assuming that chloride ions are uniformly distributed in the
concrete, the chloride ion content value is 0.4%~0.9%, and the critical chloride content for
steel bar depassivation is chosen as 0.4%, by the weight of cement [29].
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Due to the coupling of the acceleration and deceleration of multiple trains, the
leakage stray current may flow in and out of the steel bar at any position. Aiming to
analysis the change rule of stray current, Ogunsola [30] set up a double-layer resistance
model under single-train operation. Considering that the stray current may cause the
segment steel bar corrosion, a four-layer resistance of the stray current distribution
model, including the segment steer bar, was developed. Taking the train location as the
boundary point, the power supply section is divided into two parts; the single-power
model is shown in Figure 5.
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Figure 5. MTR single power supply circuit model.

In Figure 5, R¢, Ry, Rc and Rp are the longitudinal resistances of track, drainage
network, structural steel bar and earth respectively, The hi, h2and hs are the transitional
conductance of track, drainage network, structural steel bar and earth, respectively. Uc
(x), Up (x) and Uj(x) are the voltages of the track, drainage network, structural steel bar
and earth, respectively. Ic (x), Ir (x), I; (x), Ip (x) is the current of track, drain net, structural
reinforcement and earth, respectively.

According to Kirchhoff's law of voltage and current [31], the relationship of voltage
and current can be expressed as follows.

%:_(RG+RD)"G(")‘Ru(ﬂ'fp(x)—RD(x)-lj(x)+1RD /2

o =R 10~ R0 =R, () IR, 2 (1)

% =Ry (%) 1,(x) = Ry (x)- In(x) = (R, + R,)-1,(x)+ IR, /2
), 0 +h, 0
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%:—%Uj(x)

After simplification, Equation (1) and Equation (2) can be expressed as
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Considering that the subway operation system is controlled by several traction sub-
stations, in order to make the model more realistic, the multi-power model was devel-
oped, as in Figure 6. In the model, a train is equivalent to a current supply, the current
injected by the traction substation is negative and the current injected by the train is pos-
itive. It is assumed that the running line is one-way, and the regenerative braking of
trains is not considered.

steel rail

drain net

segment steel bar

earth

0 d X

Figure 6. MTR multi-power-supply circuit model.

In the Figure 6, Ioi~Ios is the injection current of s substations, Ipi~Ipk is the injection
current of k trains, doi~dosis the distance between the s substations and the starting point,
and dpi~dpk is the distance between k trains and the starting point. Assume that the loca-
tion of the train’s starting point on the line is x=0. Taking the injection current location as
the cut-point, the whole line is divided into several sections, with the Uj expression as

0<x<d,.

U, (%)= Zk:i[cf(lp,) 'b3/ 'el/(dD’ﬂ) + f3 (IDi):|+

s 6
i=1 j=1 i=l j=

Y[CUg) by L) ] @)

1
dp <x<dy

k6

U, ()= 2] €Lp)-byy e+ i) |+ 2D €Uy - 4 £l [+ 2 D € Ug)-by e + i) | (5)
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Followed by analogy dpe <x<L,

s
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The parameters of resistance and conductance in the calculation model are assumed
as follows: Rcis 0.0115 Q/km, Rr is 0.04Q/km, Ry is 0.02Q/km, Rp is 0.002Q/km, H: is 0.125
S/m, H21is 0.3 S/m.

As the aging of insulation devices and the leakage water appear on the ballast bed
during the metro service period, the resistance of individual intervals will change greatly.
It is assumed that the longitudinal resistances of drainage network increased from 0.1255

/m to 50S/m between 18m and 21m, due to the leakage water. Through numerical simu-
lation, the distribution of segment steel potential is shown in Figure 7.
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Figure 7. Potential distribution of segment steel.

From Figure 7, it can be seen that when the resistance is not uniform, the potential of
segment steel will change greatly. Considering the difference in steel bar corrosion rates
under different area ratios of cathode to anode, four types of area ratios can be chosen to
study the main steel bar corrosion of standard block Al, as shown in Table 3. The external
applied voltage of the anode steel is 0.2~0.4V, and the external applied voltage of the
cathode steel is -0.4V~-0.2V.

Table 3. Selection of cathode and anode of the segment steel.

Condition Cathode Steel Anode Steel Area Ratio
1 #1 #2, #3, #4, #5, #6, #7, #8 1:7
2 #1, #2 #3, #4, #5, #6, #7, #8 1:3
3 #1, #2, #3, #4 #5, #6, #7, #8 1:1
4 #1, #2, #3, #4, #5, #6 #7, #8 3:1

2.4. Segment Steel Corrosion Process

When the segment steel reinforcement is depassivated, the corrosion of reinforce-
ment can generally be described by the following reactions:

(a) Dissolution of iron at the anodic sites:

Fe — Fe’ +2e”

(b) Reaction of dissolved oxygen in the pore water with the electrons on the cathode:

0, +2H,0+4¢ —40H"

(c) Transport of hydroxyl ions to the anode, where corrosion products forms:

Fe* +20H~ — Fe(OH ),

4Fe(OH ), +2H,0+0, — 4Fe(OH )

3

2.4.1. Oxygen Diffusion and Consumption

When the segment external load is within the design load range, the external surface
does not show macro-cracks, and the external load mainly affects the diffusion behavior
of oxygen by changing the segment concrete porosity. The diffusion of oxygen can be
expressed by the Fick diffusion law

agt“l = -(D(hVC(b ) )

c . o . D . . .
where ~* is oxygen concentration in pore solution, where ~ * is effective oxygen diffu-
sion coefficient. Note that the convective part is neglected, due to the assumption that the
water saturation of concrete is uniform.

The consumption of oxygen in the cathodic regions of the steel surface is considered
as an internal boundary condition for the oxygen diffusion problem, and is governed by
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oc, i,
on  4FD, 8)

where i, is the cathodic current density, and F is the Faraday’s constant (9.65x10*

C/mol).

The effective oxygen diffusion coefficient is mainly affected by the porosity of con-
crete and relative humidity. Papadakis [32] et al. have proposed the following effective
oxygen diffusion coefficient, which is also used in the present model:

D, =1.92x10° p'* (1- RH /100)"* )

where RH is the relative humidity. IThis is taken as RH =0.7, and p is the porosity of
water-saturated cement paste, as the p will change under external loading. Du [33] ana-
lyzed the relationship between the external loading (i.e., the volumetric strain) and po-
rosity of water-saturated cement paste; the model is:

|, _Gate) @}
@+34-p,

=1- \/7 (10)

K, -K,

3K .

“SN@
Il

where the K and pim mean the bulk and shear modulus of the cement paste matrix,
respectively, which is taken as Kn= 22.5GPa, pn = 11.8GPa [33]. The Kvw means the bulk
modulus of the pore-water, which is taken as Kw = 2.25 Gpa [34], where the ¢ is volu-
metric strain, and the po means the initial porosity, which is taken as po= 0.3 [35].

2.4.2. Polarization of Anode and Cathode

According to Butler-Volmer's kinetics, the model kinetics of the reaction at the an-
ode and cathode on the surface of the steel bar are:

3(D-D,)/ B
iy, = i0 HOPH)/ B (11)
€, 2(®-0)/B,
io, =igz % ezz( 02 )/ﬂh (12)
i Co
where the = and "* mean the anodic current density and cathodic current density,

-0
. l . . .
respectively. The ¥ and '* mean the exchange current density of the anodic reaction

B

and cathodic reaction, respectively. The B and”* mean the Tafel slope for anodic reac-
tion and cathodic reaction, respectively. The ® means the electric potential in the pore

0
q)o

solution near reinforcement surface. The ~* and * are the anodic equilibrium po-

tential and cathodic equilibrium potential, respectively. The Cor i oxygen concentra-
tion at boundary surface of concrete; the inner surface of the segment is connected with
the atmosphere, and the content of oxygen is 0.0085kg/m?[35]. As the oxygen content in
the soil is lower than that of the atmosphere, it is assumed that the content of oxygen at
the outer surface is 0.7 times that of the inner surface, where the content of oxygen at the
outer surface is taken as 0.006kg/m3. The reference concrete resistivity is taken as
140Q-m [35]. Other related parameters used in the analysis are presented in Table 4 [36].
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Table 4. Related parameters used in the analysis.

Parameters Symbol Units Value
@, Vese -0.76
o, Vese 0.189
iy, A/m? 7.1x10°
i, AJm? 7.7x107
B. V/decade 0.41
,BUZ V/decade -0.18

When the segment steel bar electric potential is affected by a stray current, the elec-
tric potential in the pore solution near the reinforcement surface will be shifted, as fol-
lows

=0, -, (13)

where the Pev s the voltage applied on the segment steel bar affect by the stray current,

and P is the potential at the concrete—steel bar interface [35].

The corrosion rate of the steel bar mainly depends on the corrosion current density
of the anode, and the effect of chloride ion on the corrosion current density is reflected in
the anode potential of the steel bar and the Tafel slope of the anode. By analyzing the
experimental data, Hussain [37] gives the relationship between the chlorine ion and the
anode potential and Tafel slope.

After the threshold chloride ion content is reached and the passive layer is com-
pletely destroyed, both the anodic Tafel slope and anodic potential are influenced by
chloride ion content. Hussain [37] presents a model of the free chlorine ion content and
the anodic Tafel slope with anodic potential

2.303RT
ﬂu:(OSZ F]-f,, (14)
N Fe
£, =3.17x107C% (15)
RT
Pre = §Dz +ﬁ'lncpez+ Fy (16)
1.2C,
Foy =143x107In(10*xC,, , + 1)+ ——=L (17)
Coy+1

(€]
where the ?#¢ is a non-standard anodic electrode potential, % is standard anodic
electrode potential, R is gas constant, F is Faradays constant, T is absolute temperature,

. . . . C . . .
Zn is the number of electrons taking part in the reaction, #"is the concentration of Fe?

in moles per liter of electrolyte, and Cans is free chlorine ion content. Substituting [37],
(C]

?

then "*=0:44 V, R =8.314 J/°K, F= 96487 C, T=25°C, “n=2, Crer =1.65x10*mol/L.

3. Corrosion Rate of the Steel Bar Surface
3.1. Corrosion Rate of Steel Bar Under Different Area Ratios of Cathode to Anode

Figure 8 is the corrosion current density distribution of the steel bar under different
area ratios of cathode to anode; the chloride ion content value is 0.4%, and the external
potentials of steel bar at anode and cathode are 0.4V and -0.4V, respectively. The drawing
process is as follows: Use AutoCAD software to establish a geometric model — —>Import
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the geometric model into the COMSOL software for multi-field coupling calcula-
tions — —>Construct three physical fields of solid mechanics, secondary current distribu-
tion, and the transfer of dilute substances in the COMSOL software — —>Perform cou-
pling calculations— —>Obtain the corrosion current density distribution of anodic steel
under different area ratios of cathode to anode— —>Hide the outer contour of the seg-
ment— —>Show the current density of the inner steel bar.

It can be seen from that the closer the cathode to the anode distance, the larger the
corrosion rate of anode steel, and the corrosion current density of the anodic steel bar is
between 0.05 and 0.25A/m?2.

Alm? A/m?

0.2 \ 0.2

(a) 1.7 (b) 1:3

Alm* 2!

0.2

(0)1:1 (d) 3:1

Figure 8. Corrosion current density distribution of anodic steel under different area ratios of
cathode to anode.

Figure 9 is the corrosion current density change curve of the anodic steel bar nearest
the cathode under different area ratios of cathode to anode; the direction of the steel bar
nearest the outer surface of the segment is set as 0°, and the degree is gradually increased
along the clockwise direction. This shows that when the area ratio of the cathode to an-
ode is 1:1, the corrosion current density is the largest, and the follow rate of 3:1, 1:3, 1:7
decreases in turn. It can be found that when the distance between cathode and anode bars
is constant, the smaller the anode area is, and the larger the steel bar corrosion current
density is. When the distance is reduced, the corrosion current density will rise. The
reason for this is that once the distance between the cathode and anode becomes greater,
the resistance of the oxidation-reduction reaction also increases, as shown in Figure 10.
The closer the anode steel bar is, the more oxygen consumption will be seen on the sur-
face of the cathode steel bar.
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Figure 9. Variation curve of corrosion current density along the circumferential direction of anodic
steel that nearest to the cathode under different area ratios of cathode to anode.
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0.25

0.2
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0.12

(0) 1:1 (d)3:1

Figure 10. Distribution of oxygen concentration around steel under different area ratios of cathode
to anode.

Figure 11 is the corrosion current density curve of different steel bars in the cir-
cumferential direction when the area ratio of cathode to cathode is 1:1, and the corrosion
current density in the interval of 90°~270° degrees is less than 0°~90° and 270°~ 360°. It is
shown that the corrosion rate near the outside of the segment is greater than the corro-
sion rate near the inside of the segment, and the closer the distance from the cathode steel
bar, the larger the anode steel bar corrosion current density. The angle of the maximum
corrosion current density is concentrated between 308° and ~360°, and the angle of the
minimum corrosion current density is concentrated between 128° and ~180°.
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0.10 .

Corrosion current density(A/m?)

0.08 |-

0.06 Lt L L L L
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Figure 11. Corrosion current density variation curve along the circumferential direction of differ-
ent steel.

In order to characterize the difference in different steel bar corrosion forms on the
cross-section, using the non-uniform corrosion coefficient k and the corrosion deflection 0
to measure steel bar shape change. The k is the ratio of the minimum corrosion current
density to the maximum corrosion current density in the steel bar circumferential direc-
tion. The vertical line is defined as the shortest distance through the center of
non-corroded main steel bar and segment outer surface, the slant line is defined as the
connection line of the maximum corrosion current density point and the steel bar center,
and the 6 is the deflection between the vertical line and slant line.

Table 5, Table 6 and Table 7, respectively, show the k, 6 and the maximum corrosion
current density of different steel bars at different area ratios of cathode to anode; it can be
seen from the table that the k nearest to the anode steel bar is the minimum, the k of dif-
ferent steel bar is mainly distributed between 0.81 and 0.87, and the maximum non uni-
form corrosion coefficient is 1.07 times the minimum non-uniform corrosion coefficient.
The maximum corrosion current density of steel bar is distributed between approxi-
mately 0.1 and 0.2A/m? the minimum corrosion current density is 0.5 times the maxi-
mum corrosion current density, and the maximum corrosion current density and 6 are all
distributed between approximately 0° and 52°.

Table 5. Non-uniform corrosion coefficient of steel under different area ratios of cathode to cath-
ode.

Area Ratios Steel Bar Number
#2 #3 #4 #5 #6 #7 #8
1:7 0.81 0.86 0.87 0.86 0.86 0.85 0.84
1:3 / 0.82 0.83 0.86 0.87 0.84 0.84
1:1 / / / 0.82 0.87 0.85 0.84
3:1 / / / / / 0.82 0.86

Table 6. Maximum corrosion current density of different steels under different area ratios of
cathode to cathode (A/m?).

Area Ratios Steel Bar Number
#2 #3 #4 #5 #6 #7 #8
1.7 0.17 0.14 0.13 0.12 0.12 0.11 0.10
1:3 / 0.18 0.12 0.12 0.13 0.11 0.10
1:1 / / / 0.21 0.15 0.12 0.10

3:1 / / / / / 0.19 0.13
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Table 7. Deflection of different steels under different area ratios of cathode to cathode (°) .
Area Ratios Steel Bar Number

#2 #3 #4 #5 #6 #7 #8
1:7 0 30 0 0 0 30 0
1:3 / / 52 0 0 30 0
1:1 / / / 52 0 30 0
3:1 / / / / / 52 0

As the rate of oxygen diffusion is related to concrete volumetric strain, it is can be
seen from Figure 12 that the corrosion current density at the middle segment of the steel
is the largest, while the corrosion current density at the end of the steel is smaller. The
current density in the cross-section C is 1.22 times the cross-section A and 1.16 times the
cross-section E. Due to the volume strain, the segment under external load was changed,
as shown in Figure 13, and the volume strain in middle of the inner arc is slightly larger
than the two ends, but the volume strain in the middle of the segment’s outer arc is less
obvious than the two ends. Therefore, the oxygen diffusion rate at the end of the segment
is smaller than the middle part, and the corrosion rate at the end of the segment is rela-
tively low.

0.28 >c

—=— Cross section A of steel #5 \\B
—e— Cross section B of steel #5 A o
0.26 - Cross section C of steel #5 PR VAR
Cross section D of steel #5
—&— Cross section E of steel #5
024 | oo
e

022 -

Corrosion current density(A/m?)

T /
-

. g

o oo?

0.16 L v . .
0 9 180 270 360

Circumferential angle/®

Figure 12. Corrosion current density variation curves of different sections of #5 steel along arc
length direction.

x10°
40 -

outer arc —a. 4

0r ¢

20 - \ inner arc
.

Volumetric strain

—=— Inner arc
10} |—®— Outerarc
L L L L L L L )

0.0 0.5 1.0 15 2.0 25 3.0 35
Arc length of segment /m

Figure 13. Corrosion current density variation curve of inner and outer edges of segment along the
arc length direction.

3.2. Corrosion Rate of Steel Bar Under Different Content of Chloride Ion

Figure 14 shows the relationship between the chloride ion content and corrosion
current density of a # 5 steel bar at different angles when the area ratio of cathode to



Sustainability 2021, 13, 3444

14 of 19

cathode is 1:1, the external potential of anode steel bar is 0.4V, and the cathode steel bar is
—0.4V. Figure 14 shows that the steel bar corrosion current density become larger non-
linearly as the chloride ion content increases, but the angle of the maximum corrosion
current density does not change, which indicates that an increasing chloride ion content
will not change deflection 0. Taking # 5 steel bars as an example, through fitting, the re-
lationship between the maximum corrosion current density and chloride ion content are
as follows

y=0.12/n(x)+0.32 (18)

where x is the content of chloride ion in the segment, >0.4%; y is the maximum corrosion
current density of the segment steel bar. The R? value of Equation (18) is 0.989.

— - 0°
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. *
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£ . " e 14s0
< o028} o
< = 180°
@ 026 I 216°
g e 252°
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5 o022}
° .
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S o020} —*
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© ¥

0.16 |-

044 L1 . . . . . )

04 05 06 07 0.8 09 1.0

Chloride ion content/%

Figure 14. Relationship between corrosion current density of #5 steel at different circumferential
angles and chloride contents.

With the increase in the chloride ion content in the segment, the non-uniform corro-
sion coefficient of each steel bar will decrease, as shown in Figure 15, where the mini-
mum corrosion coefficient is the #5 steel bar. Taking # 5 steel bars as an example, through
fitting, the relationship between the non-uniform corrosion coefficient and thechloride
ion content is as follows

y=-0.16/n(x)+0.67 (19)

where x is the content of chloride ion in the segment, x>0.4%; y is the non-uniform corro-
sion coefficient of segment steel bar. The R? value of equation 19 is 0.998.

0.90

0.88 |- —m— #5 steel

—o— #6 steel
0.86 |- #7 steel
0.84 - #8 steel

0.82
0.80
0.78 -
0.76
0.74

non uniform corrosion coefficient

0.72

0.70 -

0.68 1 1 1 1 1 1 I
0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

Chloride ion content/%

Figure 15. Relationship between non-uniform corrosion coefficient of different steel and chloride
contents.
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3.3. Corrosion Rate of Steel Bar Under Different Potential Differences Between Cathode and
Anode

Figure 16 shows the #5 steel bar corrosion current density under different potential
difference when the area ratio of cathode to cathode is 1:1, and the chloride ion content is
0.8%. It can be seen from this that, with the increase in the electric potential difference, the
corrosion current density at different angles of the segment steel bar increases linearly,
and the slope of increase is equal. This illustrates that the change in the potential differ-
ence does not affect the non-uniform corrosion k coefficient and deflection 6.
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Potential difference between cathode and anode

Figure 16. Variation curves of corrosion current density of #5 steel under different potential dif-
ferences between anode and cathode.

Taking # 5 steel bars as an example, through fitting, the relationship between the
maximum corrosion current density and the potential difference are as follows

y=022x+0.12 (20)

where the x is the potential difference between the cathode and anode of the reinforcing
bar, and y is the maximum corrosion current density of the segment steel bar. The R?
value of Equation (20) is 1.

4. Rust Expansion Form of Segment Steel Bar

Assuming that icor is the total corrosion current density that flows through the cor-
roding steel, according to Faraday’s law, the reduction radius along the circumferential
direction of the steel bar can be written as [38]

J.; ooy (O, 1)dE - 4,

lcorr
1

i(6,0)= (21)

ZF:’ : F : p:
where the & is the circumferential angle, the angle ranges from 0°to 360°, 4, is the
atomic weight of the iron corroded, 4,,=55.85g/mol, ¢ is the corrosion initiation time,
z,, is the valency of anodic reaction, z, =2, F is the Faraday constant, p, is the density
of reinforcement, and p, =7800kg/m?3.

The volumetric expansion rates of different corrosion products are different; the
corrosion products volume expansive rate J is taken as 3.0 [39,40]. The compression
deformation between the corrosion product and the steel bar is neglected. The thickness
of the corrosion rust can be written as

r(0,)=6-1(6:1) (22)

The rust expansion thickness of the corrosion products can be written as
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u, (6,1)=u,(0,t)—u, (6,)= (5D, (23)

It is assumed that the corrosion time of the segment bar is 10 years, and Figure 17 is
the rust expansion distribution of the steel bar under different area ratios of cathode to
anode. The content of the free chloride ion is 0.4%, and the voltage in the positive and
negative pole is 0.4V and -0.4V. It can be seen that the maximum rust expansion thick-
ness of the steel closest to the cathode is concentrated on the upper left region of the
steel, and the maximum rust expansion thickness of the steel far away from the cathode
is concentrated on the top region of the steel. Among these, the largest rust expansion
thickness is 0.28mm, which is located in the #5 steel when the area ratio is 1:1, and the
deflection is 52°. The smallest rust expansion thickness is 0.13mm, which is located in
the #8 steel when the area ratio is 1:3, and the deflection is 170°.

Rust expansion/mm o —m— #2 steel Rust expansion/mm o —m— #3 steel
#3 steel #4 steel
#4 steel #5 steel
—v— #5 steel —v— #6 steel
#6 steel #7 steel
° | —4—#7 steel| o | —4— #8 steel
#8 steel

90

—m— #5 steel
#6 steel
#17 steel
—v— #8 steel

180°

(o) 1:1 (d) 3:1

Figure 17. Rust expansion distribution of segment steel under different area ratios of cathode to
anode.

At present, most studies assume that the steel rust expansion form is a concentric
circle model [40] and elliptical model [41,42]. Through analysis of the rust expansion
form in Figure 18, it is found that the rust expansion form of the segment steel bar is
similar to the eccentric circle. As is shown in Figure 18, point A is the circle center of the
initial steel, point A" is the circle center of the steel after rust expansion, “#is the maxi-

mum expansion thickness of the segment steel, Bis the minimum expansion thickness
of the segment steel, and 0 is the deflection.



Sustainability 2021, 13, 3444

17 of 19
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Corrosion expansion form
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Figure 18. Non-uniform rust layer shape curve of eccentric circle.

From Figure 18, it can be seen that the central coordinate of the eccentric circular

. . a_’H~sin6’ —a_'g-costg . . +a+ﬂ
rust expansion form is ( 2 , 2 ), the radius is 2, and the
eccentric circular rust expansion form equation could be expressed as follows
2 2 2
(xfa;ﬁ-sinﬂj +(y+a;’ﬂ-cos¢9] :£r+a;ﬂ] (24)

Analysis of Table 7 shows the range of deflection is from 0° to 52°, @ and Bare
closely related to the external loading, chloride ion content and stray current intensity.
Assuming that the area ratio of cathode to anode is the four cases in Table 3, the rust
expansion model of the segment steel bar under the influence of multiple factors would
be established as

J.l l.lnaxdt' AF(J
a=(51) 24—
ZFE'F'px
B=k-a=W_f(C)-a
I =Wy Wi f(D)- f,(CD) (25)

£.(Cly==0.16In(C,,) +0.67
£(Cly=0.12In(C,,)+0.32
£(D)=0.22D, +0.12

where W, is the load influence coefficient for « . When the steel bar is at the end part of

segment, the value is 1; when the steel bar in the middle part, the value is 1.16~1.22.
W, is the area ratio of cathode to the anode influence coefficient fork, the anode steel

nearest to cathode steel is 1, and the other is 1~1.07. W,, is the area ratio of cathode to the

anode influence coefficient for¢; the anode steel nearest to cathode steel is 1 and the
other is 0.5~1. f,(Cl)and f,(CI) are, respectively, the chloride ion content influence func-

tions fork and«. f(D)is the stray current intensity influence function fora. Cis the
chloride content in segment, C.> 0.4%. D;is the potential difference between cathode
and anode.

5. Conclusions

This paper analyzes the corrosion rate and rust expansion forms of segment rein-
forcement. The results show that:
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1.  The steel corrosion rate near the outside of the segment is larger than that inside; the
deflection between the vertical line and slant line is approximately 0°~52°;

2. The segment steel corrosion rate is related to volumetric strain under loading, and
the segment steel corrosion rate in the middle is larger than that at the two ends;

3. When the steel experiences depassivation, it increases logarithmically with the free
chloride ion content, and the steel corrosion rate increases linearly with the potential
difference between the cathode and anode;

4. Under the joint action of three factors, the segment steel rust layer form appears as
an eccentric circle.
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