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Abstract

The erosion of chloride ions in concrete bridges will accelerate the corrosion of reinforcement, which is an
important reason for the decline of bridge durability. The erosion process of chloride ion, especially deicing

salt solution in cold regions, is complex and has many influencing factors. It is very important to use accurate
and effective methods to analyze the chloride ion erosion process in concrete. In this study, the pre-stressed
concrete bridge retired in the cold region was taken as the research object, and the specimens from the whole
bridge are obtained by the method of core drilling sampling. The concentration of chloride ion was measured

at different depths of the specimens. The process of chloride ion erosion was simulated in two-dimensional
space through COMSOL multi-physical field simulation, and compared with the measured results. The simulation
method proposed in this paper has good reliability and accuracy.
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Introduction

Bridges, as one of the most important infrastructure for
national socio-economic development, are a major com-
ponent of urban three-dimensional transportation con-
struction [1-3]. It is also an important reflection of the
comprehensive national strength or regional economic
development level of the country [4—6]. Compared with
other system bridges, pre-stressed concrete bridges
have the advantages of short construction period, low
construct and maintenance costs [7]. It has become the
main bridge form in urban, highway and railway projects.
Pre-stressed concrete bridges are mostly of medium and
small span, and subjected to repeated action of environ-
ment and vehicle load in normal service life [8]. With
the passage of time, pre-stressed concrete bridges will
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inevitably experience material degradation and insuffi-
cient ultimate durability, leading to safety hazards.

Compared with other regions, pre-stressed concrete
bridges in cold regions are also affected by freeze—thaw
cycles and deicing salt solutions [9]. According to the
investigation, deicing salt can cause serious erosion to
concrete bridges in a short period of 10 to 20 years. The
erosion of harmful ions in deicing salt is an important
reason for the destruction of bridges in cold regions [10,
11]. At present, chlorine salt is the main component of
deicing salt used in cold regions. With the joint action
of freeze—thaw cycle and vehicle load on the bridge, the
concrete micro-pore increases [12], the carbonation
depth deepens [13], and the reinforcement accelerates
corrosion [14]. As a result, the deterioration of various
diseases continues to worsen. Therefore, it is particularly
important to study the diffusion of chloride ions in pre-
stressed concrete in cold regions.

The ways of external harmful ions penetrating into con-
crete can be divided into many forms, including diffu-
sion, migration, convection, etc. Among them, diffusion
is the main mode, which obeys Fick’s second diffusion
law [15]. Lambert [16] explained the damage mechanism
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of chloride ion to concrete structure. Once chloride ion
penetrates in the surface of steel bar up to the threshold
value, it will destroy the passivation film on the surface of
steel material and accelerate the electrochemical corro-
sion of steel bar under the combination of water and oxy-
gen. Chiker et al. [17] conducted immersion experiments
with sodium sulfate and sodium chloride under the con-
ditions of different types of concrete, water cement ratio
and mineral admixtures. The changes of microstructure
and mechanical properties of concrete were studied
based on scanning electron microscopy.

In terms of the impact of freeze—thaw cycle, Kessler
et al. [18] proposed a test method to test the resistance of
concrete to freeze—thaw action and chloride ion erosion,
and obtained that the service life of concrete structures is
accelerated and shortened during the freeze—thaw cycle
and chloride ion coupling erosion. Li et al. [19] studied
the mesoscopic characteristics of concrete such as pore
size, pore distribution, pore structure of interface layer,
and concluded that the pore structure of concrete has
changed greatly under the action of chloride and freeze—
thaw cycles. Jiang [20] et al. studied the corrosion of
chloride under the action of freeze—thaw cycles, and also
reached the conclusion that the corrosion of concrete
is accelerated under the action of freeze—thaw cycles.
Suzuki [21], Chen [22], Tian [23] and others studied and
analyzed the microstructure changes of concrete samples
under freeze—thaw damage based on different test meth-
ods, and finally reached a similar experimental conclu-
sion that the freeze—thaw cycle will increase the pore size
and porosity of concrete.

In terms of the influence of carbonation, Liu et al. [24]
proposed that carbonation would lead to changes in the
pore structure of concrete materials and thus inhibit
chloride ion transmission based on the alternating car-
bonation and salt spray accelerated corrosion test. Ye
et al. [25] pointed out that the carbonation of concrete
will cause the chloride ion to re-combine and distribute,
making the chloride ion move from the carbonated area
to the non-carbonated area. Xiao et al. [26] studied the
interaction between carbonation and chloride ion of con-
crete, and established the interaction model of carbona-
tion and chloride ion erosion of concrete of test type. In
addition, Andrade [27] pointed out in his work that the
impact of carbonation on the transport of chloride ions
was very complex. It involved many factors, such as the
saturation degree of solution, the tortuous degree of pore
size, and the binding capacity of cement to chloride. At
present, quantitative researched on these factors are not
sufficient.

In terms of chloride ion erosion simulation, Wang
et al. [28] proposed a simplified chloride ion diffusion
empirical model considering the time dependence of
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surface chloride ion concentration based on the results
of concrete specimens exposed at different times within
600 days in the tidal zone. Chidiac et al. [29] established
the direct relationship between the macroscopic material
mechanical properties of concrete and the chloride ion
diffusion properties, and proposed a phenomenological
model for the analytical expression of chloride ion diffu-
sion with multiple factors. Shafikhani et al. [30] invented
a phenomenological multi-scale model to calculate the
effective diffusion coefficient of chloride ions in cement
mortar and concrete.

Based on the above, the current research generally
adopts the accelerated erosion test method in the labo-
ratory. However, due to the huge difference between the
laboratory simulation environment and the natural ser-
vice environment of the bridge, the conclusions obtained
by these methods are difficult to be directly applied to
concrete bridge structures under real environment. The
problems of scarcity of experimental materials, long test
period and high cost exist in the physical test of existing
bridges, which is currently restricting scholars in various
countries to adopt the research method of chloride ion
erosion physical test under the real environment.

This paper takes the pre-stressed concrete bridge ser-
viced in the natural cold environment as the research
object, and studies the chloride ion erosion mechanism
and process from three aspects of theory, experiment and
numerical simulation. The meso-structure of concrete
was tested and analyzed by X-ray CT scanning technol-
ogy. Based on the test method of solution titration, the
spatial distribution of chloride ion concentration was
analyzed, and the key parameters required in the chlo-
ride ion erosion simulation of concrete were determined.
COMSOL multi-physical field was employed to simulate
chloride ion diffusion, and the influence of multiple fac-
tors were analyzed on chloride ion erosion.

Chloride ion erosion theory

Chloride ion transport mechanism

Generally, chloride ions in concrete mainly include two
types: mixed type and penetrating type. Mixed type
refers to the concrete composite material wearing chlo-
ride ion components, such as mixing water and additives.
However, at present, the specification has strictly limited
the content of chloride ions in materials, and the harmful
ions entering the concrete by this way are relatively small.
Another way for chloride ions to enter the bridge con-
crete structure is that chloride ions in the atmospheric
environment, deicing salt and other environments gradu-
ally enter the concrete with the increase of the age of the
structure. This kind of erosion is the main way of chloride
ion corrosion in concrete and cannot be avoided during
the service of bridge concrete structures.
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As a composite material, concrete will produce cap-
illary pores due to the uneven hydration during the
molding process. These pores provide an effective trans-
mission channel for chloride ions in the external ser-
vice environment of concrete to enter the interior of
the structure. For the superstructure of bridges in cold
regions, deicing salt solution mainly enters the concrete
by diffusion. The diffusion of chloride ions in concrete
bridge structures mainly refers to the concentration dif-
ference between the outside and the inside of concrete
pore solution caused by environmental effects. There-
fore, chloride ions will be transported from relatively
high concentration to low concentration along the direc-
tion of concentration gradient. Because ions as a sub-
stance will always conform to the law of conservation
of matter, Fick’s second law, which has been adopted by
most of the chloride ion models which mainly focus on
diffusion at present.

Influential factors of chloride ion transport

The erosion of concrete is affected by many factors. This
paper analysed the influence of the concrete’s own het-
erogeneity and the climate characteristics in cold regions
on the concrete bridges. The aggregate, interface layer,
temperature, freeze—thaw cycle, time effect, carbonation
effect and other factors of concrete are summarized and
analyzed, and the parameters of different factors were fit-
ted and established.

Retardation of coarse aggregate

Coarse aggregate is one of the main components of
multiphase composite materials in concrete bridges,
which has an important impact on the chloride ion ero-
sion process in concrete. Because coarse aggregate can
be regarded as a medium that does not transmit chlo-
ride ions, the greater the compactness of aggregate, the
greater the retarding effect of chloride ion erosion [31,
32]. At the same time, the larger the volume fraction of
aggregate in concrete, the less the content of concrete
mortar will be under the same volume, which will play
a certain role in inhibiting the diffusion of chloride ions.
Based on the aggregate model reconstructed by CT, this
paper considers the influence of coarse aggregate on
chloride ion transport by directly simulating the volume
and shape of aggregate in the finite element method.

Influence of interface transition zone (ITZ)

ITZ refers to a thin layer area between the aggregate
and cement mortar in the concrete. The porosity of ITZ
is higher than that of the adjacent cement mortar. This
pore structure, on the one hand, makes the mechani-
cal strength of this region far lower than that of other
regions, and is the region where micro-cracks first occur
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in concrete; On the other hand, ITZ promotes the propa-
gation of harmful substances such as carbon dioxide and
chloride ions in concrete. Because the distribution of ITZ
is very uneven and it is a decreasing process towards the
mortar area, it is difficult to define the boundary between
the mortar and ITZ. The thickness of ITZ is about
10 um ~ 50 um. The influence on chloride diffusion coef-
ficient is generally about 1.3 ~ 16 times [33].

Temperature effect

In terms of temperature effect of chloride ion, the influ-
ence model considering the initial temperature and acti-
vation energy of concrete is generally adopted. In this
study, the influence coefficient expression of temperature
on chloride diffusion fitted by Stephen [34] is adopted,
and the calculation formula of the influence coefficient is
as follows:

kp = () 175 (1)
To
where T is average absolute temperature of the environ-
ment (unit: K); 7, is reference initial absolute tempera-
ture (293 K) and ¢ is the activation constant which related
to water-cement ratio and can be calculated according to
the following formula:

q = 10475 — 10750 x w/c )

where w/c is water-cement ratio.

Carbonation

Concrete carbonation is one of the common phenomena
in various types of concrete failure. Cement hydration
products contain many strong alkaline substances such
as C-S—-H, Ca(OH),, etc. The environment created by
these alkaline substances can produce a dense and stable
passivation film on the surface of steel bars, and protect
the steel bars from corrosion. However, there are a large
number of acidic gas substances dominated by CO, in
the air environment. With the increase of exposure time
in the environment, acid gas will continuously enter the
pores of concrete and react with alkaline substances in
concrete. It will change the alkaline state in the concrete,
accelerate the corrosion of steel and reduce the durability
of the structure.

In addition, carbonation also has positive and negative
effects on the transport of chloride ion: on the one hand,
carbonation reaction reduces the content of Ca(OH),
in concrete, which weakens the binding ability of con-
crete and chloride ion. The relative proportion of free
chloride ion increases, which promotes the transport
of chloride ion. On the other hand, due to carbonation,
CaCO; which is difficult to be dissolved in water will be
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generated, which blocks the transport path of chloride
ions in concrete, and thus hinders the transport of chlo-
ride ions.

At present, many prediction models of carbonation
depth have been proposed, and these models have certain
differences in the factors, theory and experimental data.
However, at present, most of scholars generally agree that
the relationship between the depth of concrete carbona-
tion and the square root of time is proportional [35], and
the relationship formula is as follows:

xe = kea/te (3)

where x, is the carbonation depth (mm); &, is the car-
bonation coefficient and ¢, is carbonation time (year).
Cheng et al. [36] tested the chloride diffusion coefficient
of concrete at different carbonation depths through rapid
carbonation test. In this study, the carbonation influence
coefficient of chloride ion diffusion is obtained by poly-
nomial fitting method [36] as shown in Fig. 1, and the fit-
ting formula is as follows:

k, = 4.8109 X 107%x> + 2.3841 x 10™*x* — 1.4439 x 10~2x + 1.6339
(4)

where x represents the depth of specimens (unit: mm).

Freeze-thaw cycle

Freeze—thaw cycle is a unique influence factor in cold
regions relative to other regions, and is an important
reason for accelerated damage of concrete bridges. The
freeze—thaw cycle will significantly increase the inter-
nal pores of concrete, and even cause the concrete sur-
face to fall off. These damages caused by freeze—thaw
cycles will promote the erosion of chloride ions in con-
crete bridges. Most of the current research is based
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on the laws summarized by the rapid freeze—thaw test
in the laboratory. These test results cannot be directly
applied to the concrete bridge in the real natural envi-
ronment. Therefore, establishing the conversion rela-
tionship between the freeze—thaw cycles in the natural
environment is an important prerequisite for the use of
laboratory data.

The conversion relationship in this paper is based
on the average annual negative temperature days pro-
posed by Wu [37] to calculate the number of freeze—
thaw cycles in natural environment, and the calculation
results are as follows:

Ngct = }J/lf (5)

where n,,, is conversion times of freeze—thaw cycle in
natural environment; 7, is annual average negative tem-
perature days and A is correction factor, taken as 0.7. In
fact, the freeze—thaw conditions simulated by the labora-
tory are more severe than the natural environment. The
laboratory conditions can be linked to the natural envi-
ronment through further conversion. The conversion for-
mula is as follows:

Hin = Kwhaer /S 6)

where #;, is times of freeze—thaw cycle in laboratory; k,,
is water content ratio coefficient and S represents dam-
age ratio coefficient between laboratory and natural
environment.

Hong [38] fitted the relationship between the num-
ber of freeze—thaw cycles and the diffusion coefficient
through the test data as follows:

D = 0.1064#n + 5.4044 (7)

1.7
k.= 4.8109x10°x*+2.3841x10"x*-1.4439x107x+1.6339
O
R*=0.86
1.6
'&U
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Fig. 1 Carbonation influence coefficient in different depth
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where D represents diffusion coefficient of concrete.
Combined with the above formula, the conversion rela-
tionship between the freeze—thaw influence coefficient in
natural environment and the times of freeze—thaw cycles
can be established:

kr =1+ 0.0196876n;, (8)

Time effect

The diffusion of chloride ion has a strong dependence
on the time effect. The main performance is that the
concrete will continue to harden with the completion of
hydration reaction, and the cement gel will continue to
harden, and the internal pores of the concrete will con-
tinue to be dense. Thus, the diffusion of chloride ion is
hindered. The influence model of time effect is generally
established in the form of exponential function [39], and
its diffusion model is as follows:

D(t) = Do(tf)’" )

where D(t) means diffusion coefficient at ¢ moment; D,
is initial diffusion coefficient; ¢, is initial reference time,
generally 28d and m is time-dependent decay index,
taken as 0.264 [40, 41].

Concrete binding effect

Not all chloride ions in concrete exist in the form of free
state, and concrete materials will have binding effect on
chloride ions penetrating into concrete. The adsorbed
and combined chloride ions will not have a corrosive
effect on steel. The chemical binding effect of concrete
is mainly to react with 3Ca0-Al,O4 to form Friedel’s salt.
The chemical reaction is as follows:

Ca(OH), + 2NaCl = CaCl, + 2Na*+20H"~

CaCl, + 3Ca0 - Al,Oy + 10H,0 — 3Ca0 - Al,O, - CaCl, - 10H,0 (10)

In order to express and calculate the effect of chloride
ion conveniently, scholars take the content ratio of chlo-
ride ion bound state to free state as the binding capacity
R, and the calculation formula of R can be expressed as:

1

Cr=—C
TT1+R" (1)

where C; is free chloride concentration (unit: %); C, is
total chloride ion concentration (unit: %) and R repre-
sents concrete binding capacity, taken between 2 to 4.

Construction technique effect
Concrete will have some initial defects due to a variety
of uncontrollable factors during the construction and

Page 5 of 15

maintenance stage. During the service of the bridge,
the concrete material will be subject to shrinkage, edge
creep, load and other factors, which will still affect the
concrete structure. In order to comprehensively consider
these factors into the chloride ion diffusion model, the
degradation effect influence coefficient constant is intro-
duced. The value of this coefficient refers to the formula
fitted by Wei et al. [42] as follows:

2 -
k= { [1000(w/c)* — 1050(w/c) +287] /3 w/c < 0.5 (12)

4 w/c> 0.5

where k; is deterioration effect influence coefficient.

Theoretical model of chloride ion transport

As a kind of multiphase composite material, concrete
itself has certain pore structure. Under the action of the
environment, various defects will be produced, such as
cracks, voids, pits, etc. Chlorine ions are mainly trans-
ported based on these defects and pores. Fick’s second
law is widely used to describe the diffusion process of
chloride ions. The expression of this law is as follows:

_ _ _ Xcl
Cx,t = CO + (Cs CO) |:1 e'f(z\/ﬁ):|

where C is initial concentration of chloride ion (unit:
%); C, is chloride ion concentration on concrete surface
(unit: %); erf represents error function; x,; means diffu-
sion distance (unit: mm); D is chloride diffusion coeffi-
cient and ¢ means diffusion time (unit: year).

The surface chloride ion concentration refers to the ini-
tial value of the concentration of the chloride deposited
from the surface of the structure to the interior of the
structure. The greater the concentration of chloride ions
accumulated on the concrete surface, the stronger the
concentration gradient effect and the faster the diffusion
rate of chloride ions. In order to fit the surface chloride
ion concentration of concrete structures in the real ser-
vice environment, the modified exponential model estab-
lished by Kassir [43] test data is used as the expression in
this study, and its calculation formula is as follows:

(13)

Cs(£) = Cs0 + Cymax(1 — e_Ct) (14)

where C/(t) means surface chloride ion concentration
at t moment (unit: %). C,, is initial surface chloride ion
concentration (unit: %); C,,., is final surface chloride ion
concentration (unit: %) and C means fitting coefficient.
The Dirichlet boundary condition was used in numeri-
cal simulation. When setting boundary conditions, it is
assumed that the initial concentration of surface chloride
ions is Cy,, and the derivative of the initial value is set to
0.
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The relationship between chloride diffusion coefficient
and multi-factor influence coefficient can be established
by comprehensively considering the above influence fac-
tors as follows [44]:

D(t) =

1 t
RkaTkkchO(?O)m (15)

1+
where D, is effective diffusion coefficient of chlo-

ride ion at initial time, which can be calculated as:
DO — 10—12.06+2.4(W/C) [45]

Materials and methodology

Materials

In order to obtain the actual chloride ion erosion and
material deterioration damage of concrete bridge struc-
tures in cold regions, the core drilling samples from
the superstructure of a retired pre-stressed concrete
bridge in cold regions were taken as the test objects.
The pre-stressed concrete bridge is a simply-supported
slab beam, with a total length of 15.96 m and a calcu-
lated span of 15.40 m. The thickness of the structural
protective layer is 35 mm. The vertical and cross sec-
tion are shown in Fig. 2. The service life of the bridge
is 27 years. The concrete grade is C40 with the water-
cement ratio (w/c) of 0.45 and ordinary Portland
cement P.O 42.5 is used. The pre-stressed steel tendon
is 6 @ 15.2. The diameter of corrugated pipe is 60 mm,
and the embedded depth of pre-stressed steel tendon is
140 mm. The annual average temperature in this region
was around 5 °C, and the annual average minimum and
maximum temperature were -1 °C and 11 °C respec-
tively. The minimum temperature reached below zero
for more than 180 days each year, and the number of
days between positive and negative temperatures was
about 70 days.

Methodology

Mesoscopic structure analysis

In order to study the internal micro-structure of concrete
specimens, the X-ray Computed tomography (CT) made
in Germany with the model of Phonix v|tom|x S was used
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for non-destructive scanning of the specimens. When the
X-ray penetrates the test sample, it will be absorbed by
the material on the scanning path, resulting in the attenu-
ation of the intensity of the ray. This phenomenon can be
explained by the Beer principle. For heterogeneous phys-
ics, it is assumed that the object is divided into multiple
thin layers. The intensity of X-ray after penetrating the
object is as follows:

— [ ntx

I=Ie ! (16)

where I, represents the initial intensity of X-ray; u, is
attenuation coefficient of thin layer material to X-ray; L
is material thickness along the ray direction and Ax rep-
resents the thickness of thin layer. Working principle of
X-ray CT can be seen in Fig. 3.

Six concrete specimens were selected in this paper,
and the test voltage and current were 200 kV and
110pA, respectively. After the RGB image was con-
verted into a grayscale image, the irrelevant areas such
as the external air background of the concrete specimen
were removed. The macro-pores and aggregates of CT
image were segmented by image threshold segmenta-
tion method, and the rest was mortar. The image seg-
mentation process and threshold are shown in Fig. 4.
According to the 3D reconstruction results of CT after
threshold segmentation, the volume account of macro-
pores (aperture > 100 um) was 0.82%, the average volume
ratio of aggregate was 54.03%, and the average volume
ratio of mortar was 45.15%. The test results can provide
parameters for the subsequent establishment of concrete
models.

Carbonation depth test

In the natural atmospheric environment, pre-stressed
concrete bridges will inevitably carbonize with CO, in
the air. In this study, phenolphthalein alcohol reagent was
used to spray the sample at the coring site. The carbona-
tion depth of concrete was tested at 10 locations of the
girder, and the test results are shown in Fig. 5. According
to the test results, the average carbonation depth of con-
crete members is 19.00 mm.

. .

75
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l o
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Fig. 2 Diagram of the girder: (a) vertical section; (b) cross section

| -l !
T2x23 73277 2x23



Cui et al. J Infrastruct Preserv Resil (2023) 4:12 Page 7 of 15

Rotary table

X-ray detector

workstation
X-ray source ¢

Fig. 3 Working principle of X-ray CT
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Chloride ion concentration test
Silver nitrate solution titration method was used to titrate
the chloride ion concentration of concrete. The experi-
mental principle is to calculate the content of chloride
ion through the reaction between chloride ion and silver
ion in the titration solution, and indicate the end point of
the reaction through potassium chromate indicator.
Calculate the content of free chloride ion in concrete
powder according to the volume of titrated silver nitrate
solution:

Cagno, X V1 X V3
Ca =

x 100% 17)

m X V3
where Cagno, is the titer of silver nitrate solution; V; is
the volume of silver nitrate solution; V, is the volume of
distilled water; V; is the volume of extracting solution
and m represents the quality of mortar powder.

Chloride ion erosion model of mesoscopic concrete
Establishment of 2D random aggregate background
In this paper, when simulating the diffusion process of
chloride ion in concrete, it is considered that chloride
ion will not be transmitted inside the aggregate. Fuller
ideal grading curve is adopted to add different graded
coarse aggregate in proportion to meet the require-
ments of volume content of coarse aggregate. The con-
tent and particle size range of coarse aggregate in real
concrete structures are obtained from the aforemen-
tioned X-ray CT scanning test results. The aggregate
is single graded and the particle size is between 5 and
20 mm.

Before generating random polygonal aggregate, ran-
domly generated circular aggregate within the frame
of the specimen. Then complete random release.

(a) 25

arevage

|

— )
9 S
1 1

Carbonization depth (mm)
S
1

i
1

0 T T T T T T T T
1 2 3 4 5 6 7 8 9 10
Spenciment number
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Aggregate coordinates (v, y) and radius R were gener-
ated by the “uniform” function in Python. Each time a
new aggregate was generated, it was judged whether
it interferes with the original aggregate. The judgment
basis is as follows:

Ve +0n=n) = nlmtr) 09
where (x,, y,) is coordinate of new aggregates; (x; y)) is
coordinate of old aggregates; r, and r; are radius of new
and old aggregates, respectively. # is range influence coef-
ficient, taken as 1.05. The section transition zone can be
obtained by extending the circular aggregate outward.
The circular aggregate rendering was shown in Fig. 6(a).

The polygon random aggregate background model
was generated based on the circular aggregate. The ver-
tex coordinates of the convex deformation aggregate
were determined according to the randomly generated
internal angles that meet the angle requirements on the
circumference. Then connected each vertex in turn to
form the required inscribed convex polygon. As shown
in Fig. 6(b). The interference of the newly generated
polygon aggregate was judged according to the interfer-
ence of the outer circle. If interference occur, it will be
regenerated until the generated polygon area met the
occupied area of the grading. The polygonal aggregate
is generated as shown in Fig. 6(c).

Finite element model

In this paper, the dilute substance transport module
in COMSOL Multiphysics was used to simulate the
transport process of chloride ion. Import the three-
phase aggregate background of concrete generated in

Fig. 5 Carbonation depth: (a) test results of specimens; (b) photos of the testing site
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Fig. 6 Aggregate generation process: (a) circular aggregate; (b) polygon generation algorithm; (c) polygonal aggregate

Python into COMSOL software. Create the classifica-
tion selection of concrete aggregate, mortar, interface
layer and prestressed steel strand of each material. As
shown in Fig. 7.

The accuracy and running time of numerical simu-
lation results are closely related to the setting of grid
division. Therefore, the calculation time should be
reduced as much as possible while the required accu-
racy is met. Because the concrete aggregate does not
participate in the diffusion and transportation of chlo-
ride ions, the corresponding domain of the concrete
aggregate was removed when dividing the grid. In this
study, the free triangular network was used to divide
the diffusion area of the remaining chloride ions into
grids, as shown in Fig. 8.

According to the theoretical model and test data of
chloride diffusion mentioned above, the parameters
entered in the finite element model are determined as
Table 1:

The service life of pre-stressed concrete bridge in this
study was 27 years. Therefore, the simulation results of
the 27th year of the model were extracted for verification.
Compare the theoretical value simulated by the finite
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element erosion model with the measured value, and
the results are shown in the Fig. 9. Due to the environ-
mental effects such as scouring on the concrete surface
during service, the tested concentration of chloride ion
was lower. When chloride ion diffuses in concrete, the
theoretical value of chloride ion finite element simula-
tion proposed in this study was in good agreement with
the measured value. It is proved that the concrete erosion
model and simulation method proposed in this study
have good accuracy and reliability.

The concentration distribution of chloride ion in the
erosion time of 5 years, 10 years, 20 years, 30 years,
40 years and 50 years was simulated in COMSOL soft-
ware, as shown in Fig. 10. It can be clearly seen that the
chloride ion diffuses unevenly locally. The phenomenon
of chloride ion gathering, stacking and diffusion path
change was obvious due to the direct retardation effect
of concrete aggregate and pre-stressed steel strand. These
phenomena can also reflect the good simulation effect of
the two-dimensional chloride ion erosion finite element
model established in this paper.

Take the maximum value of two-dimensional section at
different depths as the most adverse effect of chloride ion
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Fig. 7 Division of regions of finite element model: (a) coarse aggregate; (b) ITZ; (c) mortar; (d) pre-stressed tendon
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Fig. 8 Model meshing: (a) global meshing; (b) local zoom

Table 1 Parameters entered in FEM
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due to the non-uniformity of concrete. The calculation
results are shown in Fig. 11. It can be seen that the maxi-
mum chloride ion at different depths caused by the het-
erogeneity of concrete was not uniformly and smoothly
decreased. In this paper, 0.06% (as cement wt %) is taken
as the critical concentration of chloride ion for steel
strand corrosion [46—50]. From the chloride ion erosion
curve in the 27th year, the chloride ion concentration on
the surface of pre-stressed tendon has reached the criti-
cal concentration of chloride ion during the service life.
If factors such as concrete surface peeling and cracks
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are considered, the actual corrosion of pre-stressed steel
strand will be more serious. This is consistent with the
phenomenon that the bearing capacity of the pre-stressed
concrete bridge is insufficient and it is retired in advance.
From the predicted results of chloride ion concentration
in the 50th year, it can be seen that the chloride ion con-
centration at the deepest position of the steel strand also
exceeds the critical chloride ion concentration. The con-
centration at the shallowest position of the steel strand
reaches more than 3 times of the critical concentration.
Therefore, the impermeability of the bridge concrete can-
not meet the expected design life.

In order to study the impact of different parameters
on chloride ion erosion, the chloride ion concentration
was calculated with a single parameter changed. The
basic parameters used in the calculation process were:
cycle times n,,=4, temperature T=20 °C, carboniza-
tion depth d=20 mm, and water cement ratio w/c=0.5.
The selected calculation result is with 50 years of erosion
and a location depth of 3 cm (close to the thickness of
the protective layer). Based on this, make corresponding
changes and select common numerical values in practi-
cal engineering. It can be seen in Fig. 12 that when the
carbonization depth ranges from 0-20 mm, there is a sig-
nificant change in chloride ion erosion, but it is worth
noting that the extracted results were at a depth of 3 cm.

When the water cement ratio changes from 0.4 to 0.5,
the change in chloride ion erosion is significant, indi-
cating that the properties of concrete itself have a sig-
nificant impact on chloride ion erosion. When the water
cement ratio changes from 0.5 to 0.6, the change in chlo-
ride ion erosion is relatively small. This is because when
the water cement ratio is greater than 0.5, the value of
parameter k; is fixed. In addition, the effects of carboni-
zation and temperature changes on chloride ion erosion
are relatively small.

As is well known, the presence of steel bars and
coarse aggregates in concrete can effectively inhibit the
transport of chloride ions. Many scholars [51-54] have
made breakthrough research in this area, and they have
made corresponding modifications to the transport of
chloride ions based on laboratory models and numeri-
cal simulations. The research in this article is based
on practical engineering. In order to make the results
closer to the actual situation, polygonal aggregates and
pre-stressed tendon are used in the simulation and
assumed to have no ability to transport chloride ions.
The simulation method used in this article is similar to
the widely used method, but the boundary conditions
simulated in this article are based on retired bridges,
and the calculated results can be more directly applied
to practical engineering.
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Conclusion

In this paper, the chloride ion erosion mechanism and
related influencing factors of pre-stressed concrete
bridges in cold regions were analyzed, and a multi-
parameter chloride ion erosion theoretical model of
chloride ion changing with time in concrete was estab-
lished. The deterioration of factors related to chloride
ion corrosion of pre-stressed concrete bridges in real
service environment was tested. Under the condition of
considering the change of various influencing factors,
the chloride ion erosion condition of different years
was simulated and predicted using COMSOL software.
The conclusions are as follows:

(1) It was tested that the volume ratio of macro-pores
(aperture>100 pm) was 0.82%, the average volume
ratio of aggregate was 54.03%, and the average vol-
ume ratio of mortar was 45.15%. The carbonation
depth of the concrete cover of the bridge is about
1.90 cm in the servicing time of 27 years.

The distribution of free chloride ion concentra-
tion was tested by silver nitrate solution titration
method, and the depth change rule of free chlo-
ride ion was obtained. From the tested concentra-
tion change curve, it can be seen that the impact

of the environmental effect of chloride ion in the
cold regions had a relatively serious erosion effect
on the bridge.

Combined with the measured concrete bridge data,
the chloride ion concentration erosion distribution
of the bridge was simulated by COMSOL software.
The correctness of the erosion model was verified
by comparison, and the conclusion that the chloride
ion concentration on the surface of the steel strand
has reached its critical chloride ion concentration
was obtained. Based on this model, the distribution
of chloride ion erosion in 50 years was predicted.
In the 50th year, the maximum concentration on
the surface of steel strand has reached more than 3
times of the critical concentration. The bridge beam
cannot meet the design service life requirements.
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