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Abstract: The combined action of freeze-thaw cycles and chloride-induced corrosion are generally
recognized as one of the main causes of the degradation of the mechanical properties and seismic per-
formance of reinforced concrete (RC) structures in the northern frozen coastal regions. To investigate
the degradation mechanisms of the seismic performance of RC columns subjected to the combined
action of freeze-thaw cycles and chloride-induced corrosion, the impact of freeze—thaw cycles on the
chloride diffusion coefficient of concrete was studied through concrete deterioration tests and theoret-
ical analysis. This paper proposed a time-dependent deterioration model for RC columns, which is
suitable to consider the combined action of freeze-thaw cycles and chloride-induced deterioration.
The proposed deterioration model could be applied to the investigations of time-dependent seismic
performance and the seismic fragility of RC columns. Based on the established deterioration model,
this paper proposed a time-dependent seismic fragility analysis framework for the aging RC columns,
considering the combined action of freeze—-thaw cycles and chloride-induced corrosion. In addition, a
representative three-span RC continuous T-shaped girder bridge that is located in the high-latitude
northern frozen coastal regions of China was taken as the case study, and the time-dependent seismic
fragility analysis of RC columns was conducted considering the involved uncertainties in geometric
parameters, the deterioration mechanisms of the materials, and ground motions. The time-dependent
seismic fragility curves of RC columns were obtained at different service time points. The results
indicated that the combined action of freeze—thaw cycles and chloride-induced deterioration had
a significant influence on the time-dependent seismic responses of the deteriorating RC columns.
Under the combined action of freeze-thaw cycles and chloride-induced corrosion, when the RC
bridge was in service for 75 years, the stirrup strength decreased by 3.88% and the cross-sectional area
decreased by 30.03%. The peak stress of the confined concrete decreased by 52.1% and its peak strain
increased by 12.2 times, respectively. Moreover, the time-dependent seismic fragilities of the aging
RC columns under different damage states exhibited a nonlinear increase as the service life increased.

Keywords: seismic performance; RC columns; the combined action of freeze-thaw cycles and
chloride-induced corrosion; deterioration model; material degradation mechanisms; time-dependent
seismic fragility curves

1. Introduction

For the reinforced concrete (RC) highway bridges that are located in the northern
high-latitude frozen coastal regions, their service conditions, such as the freezing weather
conditions and harsh marine environment, are very complicated. As the critical structural
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components of these RC highway bridges that are working in the northern frozen coastal ar-
eas, RC columns are extremely prone to long-term freeze—thaw cycles and chloride-induced
deterioration during their service life. Due to the combined action of long-term freeze-thaw
cycles and chloride-induced corrosion, RC columns could be severely damaged, as shown
in Figure 1, and the mechanical properties of the concrete and reinforcing steel, as well as
the structural resistance and load-carrying capacity of the RC columns could be degraded.
This would further impair the durability and long-term service ability of RC highway
bridges that are located in northern high-latitude frozen coastal regions [1-3]. Meanwhile,
if such highway bridges are also located in seismic-prone areas, the combined effects of
freeze—thaw cycles and chloride-induced corrosion may not only deteriorate the seismic
capacity of RC columns, but also lead to the relevant modifications in their structural
stiffness and damping. These deteriorations and modifications would further result in
changes in the dynamic characteristics and the seismic performance of RC columns under
earthquake excitations. Therefore, it is necessary to investigate the time-variant seismic
performance of RC columns for the highway bridges that are located in the northern high-
latitude frozen coastal regions, considering the combined action of freeze-thaw cycles and
chloride-induced deterioration [4,5].

Figure 1. Damage modes of RC columns due to the combined action of freeze-thaw cycles and
chloride-induced corrosion.

To make a relatively accurate evaluation of the time-dependent seismic performance
and seismic fragility of RC columns in the northern frozen coastal regions over their service
period, it is necessary to consider the combined effects of freeze-thaw cycles and chloride-
induced deterioration. To date, many scholars have studied the effects of freeze-thaw
cycles and chloride-induced corrosion on the time-dependent seismic performance of RC
structures. Firstly, for studies focused on freeze-thaw damage on the mechanical properties
of concrete, Cao et al. [6] investigated the mechanical properties of the freeze-thawing
damage to concrete based on the freshwater freeze—thaw conditions, and they found that
the mechanical features of freeze-thawing-damaged concrete decreased gradually with the
increase in freeze—thaw cycles. Liu et al. [7] analyzed the seismic performance of concrete
columns after freeze-thaw cycles according to the damage modes, load-displacement
relationships, ductility, and stiffness degradation of the concrete columns. Xu et al. [8]
investigated the seismic performance of RC columns after freeze-thaw cycles, and they
found that the cumulative energy dissipation capacity of RC columns continued to decrease
due to the coupling effects of material degradation and bond loosening. Hanjari [9] also
suggested that the mechanical properties and seismic performance of RC members would
deteriorate over time due to the gradual deterioration of the durability of concrete and
steel reinforcements. Subsequently, based on the aforementioned studies, Zheng et al. [10]
proposed a law describing the degradation of the seismic performance of RC columns under
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different freeze-thaw cycles through quasi-static loading tests. Hasan et al. [11] investigated
the changes in the mechanical properties of concrete after freeze-thaw cycles, and they also
proposed a concrete constitutive relationship for freeze-thaw-damaged concrete based on
the plastic strain behavior of concrete. Berto et al. [12] suggested a freeze-thaw mechanical
damage model that considered the effects of freeze—thaw cycles on the degradation of the
structural behavior of RC structures.

Moreover, many studies also investigated the effect of chloride-induced corrosion on
the mechanical properties of RC structures. For instance, Shen et al. [13] investigated the
combined effects of chloride-induced corrosion and carbonization on RC structures in the
marine environment, and they found that both chloride-induced corrosion and carboniza-
tion could lead to the deterioration of steel reinforcements and concrete. Guo et al. [14] stud-
ied the effect of chloride-induced corrosion on the seismic behavior of RC columns. They
demonstrated that the degradation of the seismic performance of RC columns increased
significantly with the corrosion degree of chloride-induced deterioration. Ou et al. [15] pro-
posed a seismic evaluation method for corroded RC bridges based on the nonlinear static
pushover analysis, considering the corrosion of steel caused by chloride-induced deteriora-
tion. On the other hand, according to several previous studies [16-21], it has been found
that the probability of steel reinforcement deterioration caused by the chloride-induced
corrosion of RC columns was also as higher than that of concrete deterioration. Thus, the
effect of chloride-induced corrosion on the degradation of the mechanical properties and
seismic fragility estimates of RC columns should be carefully considered.

In summary, based on the above-mentioned comprehensive literature review, most of
the previous studies mainly focused on the effects of single freeze-thaw cycles or chloride-
induced corrosion only on the deterioration of the mechanical properties and seismic
performance of the aging RC columns or other RC structures, whereas relatively very rare
studies focused on investigating the combined action of freeze—thaw cycles and chloride-
induced corrosion on the mechanical characteristics, seismic responses, and seismic fragility
assessments of the aging RC structures. Furthermore, there are still very few available
analytical models applied in the field of seismic analysis for deteriorating RC columns,
considering the combined action of freeze-thaw cycles and chloride-induced corrosion.
Therefore, the question of how to establish and propose a general time-dependent dete-
rioration model taking into consideration the combined action of freeze—thaw cycles and
chloride-induced corrosion is an important matter to investigate, and it could provide
certain potential value in engineering applications and be of great importance for the as-
sessment of seismic responses and time-dependent seismic fragility estimates for the aging
RC columns of highway bridges that are located in the northern frozen coastal regions.

In the present study, mechanical and permeability resistance tests, as well as the
microscopic structure analysis of a series of concrete specimens were first performed to
study the combined action of freeze-thaw cycles and chloride-induced corrosion on RC
structures. The conversion relationship between the number of freeze-thaw cycles in
laboratory conditions and the average annual freeze-thaw cycles of practical regions that
the concrete specimens were located in was also considered. Then, based on the existing
deterioration model, the time-dependent deterioration model of RC structures under the
combined action of freeze-thaw cycles and chloride-induced corrosion was developed.
Subsequently, to verify the effectiveness and feasibility of the proposed deterioration
model of RC structures, this paper proposed a time-dependent seismic fragility assessment
framework, considering the uncertainties involved in the degradation of material properties,
structural geometries, and ground motions. In addition, by taking a typical three-span
RC continuous T-shaped girder bridge that is located in the high-latitude northern frozen
coastal regions of China as a case study, the time-dependent seismic fragility estimates
of RC columns under the combined action of freeze-thaw cycles and chloride-induced
deterioration were carried out. Finally, the time-dependent seismic fragility curves of
RC columns were developed at different service times. The results obtained from this
paper may provide certain possible references for those studying the degradation of the
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mechanical properties and seismic performance of, and carrying out time-dependent
seismic vulnerability assessments on the aging RC columns that are located in the northern
coastal regions or in service in complicated freeze-thaw marine environments, where
the combined action of long-term freeze—thaw cycles and chloride-induced corrosion are
often involved.

2. Deterioration Model of RC Structures under the Combined Action of Freeze-Thaw
Cycles and Chloride-Induced Corrosion

2.1. Concrete Deterioration Test Results and Analysis
2.1.1. Test Scheme

To investigate the mechanical properties of concrete under the combined action of
freeze—thaw cycles and chloride-induced corrosion, mechanical tests on a series of concrete
specimens were carried out. In addition, to study the influence of freeze-thaw cycles on
the chloride ion diffusion coefficient in concrete, the chloride ion permeability test was
also performed. According to the Standard for Test Methods for Long-Term Performance
and Durability of Ordinary Concrete [22], several standard coupon test specimens of the
C40 concrete with the dimensions of 100 mm x 100 mm x 400 mm were prepared. After
the standard curing of these specimens for 28 days until they reached a standard com-
pressive strength, the rapid freeze—thaw testing of the concrete specimens was conducted
in a 3.5% NaCl solution. After 0, 50, 100, 150, and 200 freeze-thaw cycles, respectively,
the mechanical property tests and chloride ion permeability tests of the specimens were
conducted, respectively.

2.1.2. Materials and Work Method

In this paper, the C40 concrete is used in the concrete deterioration test. Its composition
includes Portland cement, mineral powder, fly ash, fine aggregate, coarse aggregate, water,
and water-reducing agent. Fine aggregate is river sand, coarse aggregate is granite gravel,
and the coarse aggregate particle size ranges are 5-10 mm and 10-20 mm, respectively. The
mixture proportion of the C40 concrete is shown in Table 1.

Table 1. Mixture proportion of the C40 concrete.

Portland Mineral Fly Ash Fine Coarse Aggregate Water Water Reducing
Cement Powder Aggregate 5-10 mm 10-20 mm Agent
8.5% 3.65% 8.1% 30.45% 13% 30.3% 5.5% 0.5%

A forced concrete mixer (HJW-60, produced by Cangzhou Ouhai Testing Instruments
Co., Cangzhou, China) was used for concrete mixing, and the concrete was loaded into
the cast iron mold after the mixing was completed. A concrete rapid freeze—thaw testing
machine (HC-HDK, produced by Jianyan Huace Instrument and Equipment Co., Bei-
jing, China) was used for the freeze—thaw tests. The freeze-thaw temperature range was
5~—18 °C, the time of a single freeze—thaw cycle was 3.2 h, and the cooling rate was 15 °C/h.
The peak stress, peak strain, and modulus of elasticity of the concrete were obtained from
the stress—strain curves measured by the electro-hydraulic servo pressure-testing machine
(CTS-P5000, produced by Jinan Quanli Testing Technology Co., Jinan, China). Chloride ion
permeation tests were performed by using the chloride ions migration coefficient gauge
(RCM-6T, produced by Beijing Shuzhi Yilong Instrument Co., Beijing, China), according
to the rapid chloride migration (RCM) method, to measure the chloride ion diffusion
coefficient of concrete.

The concrete specimens were tested for 0, 50, 100, 150, and 200 freeze—thaw cy-
cles, of which 4 specimens were tested for each group of freeze-thaw cycles. After the
freeze-thaw cycle test, the specimens were made into 100 mm x 100 mm x 100 mm cubic
and 100 mm x 50 mm cylindrical specimens. The three cubic specimens were taken for the
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mechanical property tests, and the three cylindrical specimens were taken for the chloride
ion penetration tests, respectively. The test process is shown in Figure 2.

0 50 | 100 | 150 | 200

(a) freeze-thaw test (b) number of the freeze-thaw cycles

(c) permeability test (d) compression test

Figure 2. Procedures of the concrete deterioration tests. (a) freeze-thaw test; (b) number of the
freeze—thaw cycles; (c) permeability test; (d) compression test.

2.1.3. Test Results of the Macro-Structures

The peak stress, peak strain, and elastic modulus of the concrete specimens under the
combined action of freeze-thaw cycles and chloride-induced corrosion were measured.
Meanwhile, the diffusion coefficients of chloride ions were also obtained for different
freeze-thaw cycles, which lays a foundation for the construction of the deterioration model
of RC structures subjected to the combined action of freeze-thaw cycles and chloride-
induced deterioration. The corresponding test results are shown in Table 2.

Table 2. Experimental test results of the concrete deterioration tests.

Number of Peak Stress Standard . Standard Modulus of Standard Chl‘o nd? Ton Standard
Freeze- A Peak Strain A .. A Diffusion A
feo Deviation Deviation Elasticity E. Deviation . . Deviation
Thaw (MPa) £ Eco £ (10* MPa) for E Coefficients D for D
Cycles a or feo Or £co a or E. (10-12 m?/s) or
0 45 1.755 0.002 0.000094 3.25 0.1495 1.003 0.0481
50 36.4 1.529 0.0058 0.000282 2.65 0.1272 1.664 0.0865
100 28.7 1.263 0.0065 0.000345 2.41 0.1253 2.247 0.1258
150 25.6 1.229 0.010 0.00055 2.20 0.1188 2.669 0.1655
200 20.3 1.035 0.017 0.00102 1.95 0.1151 4.433 0.2926

Note: The coefficients of variation in the table are from three sets of test samples.

As seen from Table 2, with the increase in freeze-thaw cycles, the mechanical properties
of the concrete and its resistance to chloride-induced corrosion continued to decrease. After
many freeze—thaw cycles, small cracks inside the concrete began to expand, increasing the
porosity inside the concrete. Therefore, the peak stress and elastic modulus of concrete
decreased with the increase in freeze-thaw cycles, whereas the peak strain increased as
the number of freeze-thaw cycles increased. After 100 freeze—thaw cycles, the peak stress
of concrete decreased by 36%, the elastic modulus decreased by 26%, and the peak strain
increased by 8.5 times, respectively. Moreover, due to the gradual removal of the concrete
skin and external aggregate, an accelerated rate of chloride-induced corrosion on the
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concrete was also observed during the tests. After 100 Freeze—thaw cycles, the diffusion
coefficient of chloride ions increased by 2.24 times, while it increased by 4.42 times after
200 freeze—thaw cycles.

2.1.4. Test Results of the Micro-Structures

To explore the influence mechanism of the combined action of freeze-thaw cycles and
chloride-induced corrosion on the internal crack change and mechanical properties of the
concrete, the cement slurry peeled from the concrete specimens after freeze—thaw cycles
was ground into powder and then scanned by using the Scanning Electron Microscope
(SEM), as shown in Figure 3.

« T =
EHT= 3.00 kY ignal A= fe:
WD = 8.5mm Mag= 500KX Time: 9:03:13 WD = 6.7 mm Mag= 500 KX Time: 9:45:66

(a) (b)

Figure 3. Internal micro-structure of the concrete specimens after 0 (a) and 150 (b) freeze—thaw cycles.

EHT= 3004V Signal A = SE2 Date: 30 Aug 2022 W

The internal micro-structure of the concrete specimens was observed by a 5000x SEM,
as shown in Figure 3. With the increase in the number of freeze-thaw cycles, the number
width of cracks increased rapidly. As seen in Figure 3a, there were many micro-cracks and
pores inside the micro-structure of the unfreeze-thawing concrete after solidification. These
microscopic cracks and pores were parts of the initial damage, and they did not affect the
deterioration performance of the concrete. However, when the number of freeze-thaw
cycles reached 150, the crack width became larger, the micro-cracks gathered, and the
hydration products were relatively loose, as seen in Figure 3b. Thus, it is demonstrated
that the mechanical properties of the concrete under the combined action of freeze—thaw
cycles and chloride-induced corrosion continued to decrease with the increase in the
number of freeze—thaw cycles. Meanwhile, the resistance to chloride ion attacks was also
gradually degraded.

2.2. Corrosion Initiation Time of Steel

Many previous studies [23-29] have shown that the diffusion process of chloride ions
in concrete structures can usually be expressed by using Fick’s second law, which can be
expressed as

Clx,t) 0 [Dac(x,t)] "

ot ox ot

where C(x,t) is the chloride concentration of the concrete at the depth of x at time ¢; D is
the chloride ion diffusion coefficient; x is the depth from the concrete surface; and t is the
chloride ion diffusion time. Given the boundary conditions of C(x,t) = Cy, C(oo,t) = Cp,
and the initial condition of C(x, t) = Cy, the chloride concentration can be determined by

X

C(x,t) = Co+ (Cs — Cp)(1 —erfz\/ﬁ

) @
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where Cj is the initial chloride concentration; C; is the chloride concentration on the
concrete surface; and erf(-) is the Gaussian error function, which can be expressed as

erf(z) = \/2%/02 e du (©)]

The diffusion coefficient of chloride ions is closely related to time. With the increase in
time, the cementitious material in concrete is continuously hydrated and the total porosity
decreases, leading to a gradual decrease in the chloride ion diffusion coefficient. According
to the Life-365 model suggested in [30], the influence of age on the chloride ion diffusion
coefficient can be expressed as D,, f(t'Tef)m, and the diffusion coefficients related to time ¢
and temperature T can be expressed as

t m

D() = Drg (%) -exp @

u,1 1
R'T, 7

where D, is the chloride ion diffusion coefficient at time #,,¢ (the default value is 28 days)
and temperature t,,¢ (the default value is 293 K); m is the diffusion coefficient attenuation
index; U is the activation energy (35000 ] /mol); R is the gas constant (8.314 ] /mol-K); and T
is the temperature. By substituting Equation (4) into Equation (2), we can further obtain
the chloride concentration as

X

©)
2\/Dreftrefmt1m'exp[1L{l(Trlgf - %)}

C(X, t) =Cy+ (Cs — Co) 1—erf

The Life-365 model suggested in [30] does not consider the effect of freeze—thaw cycles
on the diffusion rate of chloride ions in concrete structures. The acquired test results in
Section 2.1 indicated that the rate of chloride ion diffusion increased with the increase in
freeze-thaw cycles. Therefore, a freeze-thaw influence parameter was introduced into the
Life-365 model [30] to establish the chloride ion diffusion coefficient model under cyclic
freeze-thaw damage. According to the experimental data of the chloride ion diffusion
coefficient in the concrete specimens after freeze-thaw cycles, variations in the chloride
ion diffusion coefficient of the concrete versus the number of freezing-thawing cycles were
obtained through data fitting, as shown in Figure 4.

5
=
g m Test data »
& 41 | —Fitting curve
S _ (R*=0.975)
= »
2 31
72}
£
T o2
g <
Q
o
=T
=
O
0 T

0 50 100 150 200
Freeze-thaw cycles (times)

Figure 4. Fitting results for the chloride ion diffusion coefficient of the concrete under freeze—thaw cycles.

At present, a large number of scholars have carried out relevant freeze-thaw tests to ex-
plore the variation laws of the chloride ion diffusion coefficient under different freeze—thaw
cycles [31-33]. There are many uncertain factors involved in the test process, such as
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C(x,t) =Co+ (Cs —Cp) - | 1 —erf

different test conditions, different equipment performance, and personnel operation errors.
Therefore, it is not reasonable to establish a fitting model using the test data collected from
the other literature directly. However, it can be seen from Figure 4 that the law of the
fitting results fits well with the laws suggested in other studies [31-33]. The peak stress
of the concrete increases with the increase in freeze-thaw cycles in an exponential way,
which further verifies the rationality and reliability of the fitting results. According to the
data fitting results, the variation law of the concrete chloride ion diffusion coefficient, as a
function of fp (-), with the freeze-thaw cycles, N, was obtained as

N
fD — 80.0073011 (6)

According to [34], the conversion relationship between the number of laboratory
freeze-thaw cycles (N) and the actual annual average ([N]) could be expressed as N = 12[N].
To establish the function of fp (t) reflecting the effect of freeze—thaw cycles on concrete
structures under practical conditions, the function fp (t) can be determined by

[Nt
fD(t) — 80'0073011 Vi (7)

Then the impact of freeze-thaw damage on the chloride ion diffusion coefficient of the
concrete structures can be expressed as

D= Dref'fD(t) 8
Finally, a new model of the chloride diffusion coefficient of the concrete structures

under freeze-thaw cycles was established, which can be expressed as

X

Nt
2\/Dreftrefmtlm .exp[%( 1 %)] . 00073011 [

©)

Tre f

Moreover, according to [35], steel surface corrosion occurs when the chloride concen-
tration on the surface of steel reaches a critical value of C., and this specific time point is
known as the corrosion initiation time of steel (fcor). Since trr is implied in the chloride
ion diffusion coefficient model, it should be solved by using numerical methods.

2.3. Time-Dependent Corrosion Mechanisms of Steel Rebar
2.3.1. Corrosion Rate of Steel Rebar
For a given RC structure subjected to the combined action of freeze—thaw cycles and
chloride-induced corrosion, the time-dependent corrosion rate of steel (1) can be expressed
as [36,37]
A(t) = 0.0115 - icopr () (10)

where icorr () is the time-dependent corrosion current density, which can be written as [38]
icorr(t) = 0'85icorr,0(t - tcorr)/t > fteorr (11)

where iy o is the corrosion current density at the initial corrosion (f = 0) [38], and its value
is related to the water—cement ratio (w/b) of concrete and the protective layer thickness d..
It can be calculated by the following formula.

. 37.8(1—w/b)
Leorr 0 = ( d ) (12)
c
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2.3.2. Residual Cross-Sectional Area of Steel

The uniform corrosion depth of steel can be determined by the integration of the
corrosion rate of steel, so the residual diameter of steel bars, ds(f), at time point ¢ can be
computed as [38]

dy(t) = deo — 2/: A(t)dt (13)

where dy is the initial diameter of steel rebar prior to the corrosion initiation time of
steel in mm, and A(t) is the corrosion rate of steel at time point ¢ in pA/ cm?. Thus, the
residual cross-sectional area of steel bars under the case of uniform corrosion can be further
expressed as

At) = — (14)

2.3.3. Steel Strength

Steel strength is an important indicator of the mechanical properties of steel rebar.
Chloride-induced corrosion can cause the degradation of steel strength. According to the
experimental results in Du et al. [39], the reduction in the yield strength of steel rebar along
the service life of RC structures can be expressed as

fy(t) = (1 —0.005 - chrr(t))fyo (15)

where fyo is the initial yield strength of steel rebar; Qo+ (t) is the time-dependent corrosion
percentage of steel rebar in terms of the cross-sectional area loss, which can be written as

Ag — Ay(t)

Qcorr =
AsO

% 100 (16)

2.3.4. Steel Ductility

Chloride-induced corrosion could also deteriorate the ductility of steel rebar, which
can be expressed as the ratio of the ultimate strain (e,) to the yield strain (g, ) of steel rebar,
which can in turn be expressed as [40,41]

Eu

() = [1 — 0.0136 - Quopr ()] - 22 (17)
&y 8y()

where ¢, and gy are the initial ultimate and yield strains of steel rebar, respectively.

2.4. The Proposed Time-Dependent Deterioration Model of RC Structures under the Combined
Action of Freeze—Thaw Cycles and Chloride-Induced Corrosion

2.4.1. Traditional Mander Constitutive Model

The Mander constitutive model is often used in the numerical simulations of concrete
structures (i.e., the confined concrete) [42,43], which can be represented by

_ fc/c'x'r
fc_r—1+xr (18)
Ec
€cc = Ecc - {1+5~<£€2— )} (20)
po L Ee (21)

Ec—Ew (&)
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[ 79af  2f
flo=flo- | —1.254+2.254¢ /1 + fc’ol —fT,i (22)

where f; is the compressive strength of concrete; f/, is the peak stress of the confined
concrete; f/, is the peak stress of the cover concrete; f] is the effective lateral confining
stress provided by the stirrups to concrete; . is the compressive strain of concrete; . is the
compressive strain of concrete corresponding to the peak stress of the confined concrete; E.
is the elastic modulus of concrete; and Es,, is the secant modulus of concrete, respectively,
according to [44]. Then, based on Equations (18)—(22), the traditional Mander constitutive
model can be expressed as

€cc

According to Sun et al. [45], the combined action of freeze-thaw cycles and chloride-
induced corrosion may lead to the deterioration of the structural performance of RC
structures. In addition, the traditional Mander constitutive model is only applicable to the
stress—strain relationship of concrete under monotonic loading at slow strain rates [42].
However, for these RC structures under the combined action of freeze-thaw cycles and
chloride-induced deterioration, the traditional Mander constitutive model could not be di-
rectly used to simulate these RC members under such combined action. Thus, to accurately
simulate the mechanical and structural responses of RC structures under the combined
action of freeze—thaw cycles and chloride-induced corrosion, it is necessary to modify the
conventional Mander constitutive model and establish an improved constitutive model
considering the combined action of freeze—thaw cycles and chloride-induced deterioration.

2.4.2. The Modified Mander Constitutive Model

In this paper, the combined action of freeze—thaw cycles and chloride-induced cor-
rosion on RC structures was introduced into the widely utilized traditional Mander con-
stitutive model according to the change in the parameter as a function of time. Thus, the
relationship between the proposed modified Mander constitutive model and the traditional
one of RC structures could be expressed as

f/ . Eem r
_ ce,m Ece,m m
f cm =

rep — T (22)

Ecc,m

(24)

where f; , is the modified compressive strength of concrete; f/.  is the modified peak stress
of the confined concrete; ¢, is the modified compressive strain of the unconfined concrete;
€cc,m 1s the modified compressive strain of concrete corresponding to the modified peak
stress of the confined concrete; and r;, is the modified member shape parameter, respectively.
The derivations of these modified parameters were introduced in the following subsections.

(1) The modified peak stress of the confined concrete (f/. )

Based on the obtained experimental results, the variations of the peak stress of the
concrete under different freeze-thaw cycles were fitted, as shown in Figure 5.

To date, many previous studies have carried out different freeze-thaw damage tests
to explore the change law of the peak stress of concrete under different freeze—thaw
cycles [3,11,46]. There are many uncertain factors in the test process, such as the dif-
ference in concrete raw materials, the size and shape of the specimens, different material
ratios, different performance of the equipment, and the operation error of the personnel.
Therefore, it is not reasonable to establish a fitting model using the test data collected
from the other literature directly. However, it can be seen from Figure 5 that, the law of
fitting results has a good match with the laws shown in other studies [3,11,46]. The peak
stress of concrete decreases with the increase in freeze-thaw cycles in an exponential form,
which further verifies the rationality and reliability of the fitting results. Based on the
fitting results of the experimental results in Figure 5, a function reflecting the influence of
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freeze—thaw cycles on the concrete peak stress under realistic conditions as a function of
time £ (years) is expressed as

12

fc/o,m =446-¢ (25)
50
45 - m Test data
—Fitting curve
40 1 (R>=0.992)

N () (98
W (e} W
1 1 1

Concrete peak stress (MPa)
o}
(=)

—_
(9]

0 50 100 150 200
Freeze-thaw cycles (times)

Figure 5. Fitting results for the peak stress of the concrete considering the combined action of
freeze—thaw and chloride-induced corrosion.

The Mander constitutive model considers the constraint effect of the stirrups on the
concrete, which can be represented by f] as given in Equation (22) [45]. Once the stirrups
were corroded, the cross-sectional area and strength of the stirrups would be reduced, and
the restraining effect of the stirrups on the concrete (i.e., the contribution of f/) would also
be impaired. For those RC structures under the combined effects of freeze—thaw cycles and
chloride-induced deterioration, the effective confining compressive stress provided by the
stirrups to concrete could be expressed as

b 2f(t)-A)
fl,corr =Ke- d s (26)

where K, is the effective restraint factor; d’ is the diameter of the stirrups; and s is the
longitudinal spacing of the stirrups, respectively. By substituting Equations (25) and (26)
into Equation (22), the formula of the modified peak stress of the confined concrete under
the combined action of freeze-thaw cycles and chloride-induced corrosion as given in
Equation (27) can be obtained.

749! 4
From = fom(—1.254 42254, /1 + ,f Leorr _ o1 Leorr 27)
f co,m f co,m

(2) The modified peak strain of the confined concrete (e )

In the Mander constitutive model, the peak strain of the confined concrete is derived
from that of the unconfined concrete. Hence, the change in the peak strain of the unconfined
concrete would affect that of the confined concrete. According to the test results, the
variations of the peak strain of the unconfined concrete under different freeze—thaw cycles
were fitted, as shown in Figure 6.
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Figure 6. Fitting results for the peak strain of the concrete considering the combined action of
Freeze-thaw and chloride-induced corrosion.

It can be seen from Figure 6 that the laws of the fitting results have a good match
with the law of the test results of many previous studies [3,12,47]. The peak strain of the
concrete increases with the increase in the number of Freeze—-thaw cycles in an exponential
form, which further verifies the reliability of the fitting results. Based on the fitting results
in Figure 6, a function reflecting the effect of freeze-thaw cycles on the peak strain of
the unconfined concrete under realistic conditions as a function of time ¢ (years) can be

expressed as
.009017-[N] -+

eem = 00002755 ¢ T (28)

By substituting Equations (25), (27) and (28) into Equation (20), the formula of the

modified peak strain of the confined concrete under the combined action of freeze-thaw
cycles and chloride-induced corrosion as shown in Equation (29) can be determined.

f c/c,m
f c,o,m

(3) The modified member shape parameter (r;;)

According to the test results, the variations of the elastic modulus of the unconfined
concrete under different freeze-thaw cycles were fitted, as shown in Figure 7. As seen in
Figure 7, the law of the fitting results has a good matching with the law of the test results of
many other scholars [46,48-50]. The elastic modulus of concrete decreases with the increase
in the number of freeze-thaw cycles, and exhibits an exponential decreasing trend, which
further verifies the rationality of the fitting results. Based on the fitting results in Figure 7, a
function reflecting the effect of freeze—thaw cycles on the elastic modulus of the unconfined
concrete under realistic conditions as a function of time f (years) is expressed as

€cem = €cm - |1+ 5+ ( —-1) (29)

—0.002515-[N] ¢

Eom=3153-¢7 1 (30)

By substituting Equations (27), (29) and (30) into Equation (21), the formula of the
modified elastic modulus of the confined concrete under the combined action of freeze—
thaw cycles and chloride-induced corrosion as shown in Equation (31) can be acquired.

E E
tm = il = c,m ; (31)
Ec,m - Esec,m Ecm — (M)

Ece,m
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Figure 7. Fitting results for the elastic modulus of concrete considering the combined action of
Freeze—thaw and chloride-induced corrosion.

3. Time-Dependent Seismic Fragility Function

Many scholars have studied the seismic fragility of RC structures [4,5,17-19,35,40,51].
Seismic fragility is usually defined as the conditional probability of the structural demand
(D) exceeding the structural capacity (C) under the given ground motion intensity measure
(IM), which can be expressed as

In(D) —In(C)
2 2
Vbt B
where ®(-) is the standard normal cumulative distribution function; B, is the dispersion of
the seismic demand; and - is the logarithmic standard deviation of the seismic capacity,
respectively. It is generally known that Equation (32) represents the traditional time-
invariant seismic fragility function. However, in practical engineering applications, the
mechanical properties of concrete and steel rebar, and the seismic performance of RC
structures may deteriorate due to the long-term freeze—thaw cycles and chloride-induced
corrosion throughout their service life. As a consequence, the seismic demand and seismic

capacity may vary at different service time points. Thus, the relevant time-dependent
seismic fragility function can be expressed as

P[D > C|IM] = (32)

In(D(t)) — In(C(t))

VBbo t B

This paper used the “cloud” approach to develop the probabilistic seismic demand
models (PSDMs) and seismic fragility functions of RC columns. In the “cloud” approach,
the seismic demand and seismic capacity are often assumed to follow the lognormal
distributions [4,5,17-19,35,38,51-53]. A typical PSDM can be represented by

P[D(t) > C(1)|IM] = ® (33)

In(D(t)) = a(t) + b(t) - In(IM) (34)

where a(t) and b(t) are the unknown regression parameters at different time points. By
substituting Equation (34) into Equation (33), the time-dependent seismic fragility function
can be further expressed as

a(t) +b(t) - In(IM) —InC(t)

NCEORE0

P[D(t) > C(t)|IM] = @

(35)
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Based on the above-mentioned time-dependent seismic fragility function and the
proposed deterioration model of RC structures, some reasonable seismic records were
selected, a full consideration of the time-dependent changes in the material properties was
made, and several nonlinear time history analyses (NTHAs) were conducted. As a result,
the time-dependent seismic fragility curves of RC columns under the combined action of
freeze—thaw cycles and chloride-induced corrosion could be obtained accordingly, which
would be discussed in detail in the following subsections.

4. Time-Dependent Seismic Fragility Analysis: Case-Study
4.1. Bridge Description and FE Modeling

To investigate the combined action of freeze—thaw cycles and chloride-induced cor-
rosion on the time-variant mechanical properties and time-dependent seismic fragility of
RC columns, a typical three-span RC continuous T-shaped girder bridge that is located in
the high-latitude northern frozen coastal regions of China (i.e., Yantai city) was taken as a
case study. The schematic information of the bridge is shown in Figure 8. The bridge su-
perstructure was a 1.5 m high T-shaped girder made using C50 concrete. The substructure
consisted of four double-column RC columns (made using C40 concrete) with a height of
10 m, a diameter of 1.2 m, and a steel volume ratio of approximately 7%, respectively. Both
the longitudinal bars and stirrups were made from HRB335 grade steel. The bridge sub-
structure was supported by pile foundations which were 15.6 m high. The superstructure
and substructure were connected by the plate-type elastomeric bearings (PTEBs).
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Figure 8. Schematic information of the case-study bridge. (a) Beam Bent Bearing; (b) Pier; (c) Pile-soil interation.

OpenSEES was used to establish the nonlinear finite element (FE) model of the
case-study bridge. The bridge superstructure was simulated using the elastic beam-
column element because the superstructure generally maintains elasticity during seismic
events [4,5,17-19,35] according to the guidelines for the seismic design of Chinese highway
bridges [54]. RC columns could be simulated using the distributed plasticity fiber element
model, considering the axial force-moment interactions and nonlinear material constitutive
properties (e.g., material models concrete 04 and steel 02 were used in this paper). Hence,
RC columns were simulated by using the nonlinear beam-column element [4,5,17-19,35].
The fiber cross-section-based model in OpenSEES, which incorporates the nonlinear mate-
rial constitutive models, was used in the plastic-hinge zones of the RC columns to simulate
the plastic behaviors of RC columns under earthquake excitations [55]. In addition, the
decrease in bond strength between the steel bars and concrete was not considered. The
bearings (i.e., PTEBs) were simulated using the elastomeric bearing (plasticity) elements
available in the OpenSEES database. In addition, to simplify the FE modeling of the bridge,
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the linear elastic beam-column elements were used to simulate the pile foundation, and the
equivalent elastic soil springs were used to model the interaction between the soil and piles.
The stiffnesses of these soil springs were determined using the “m” method according to
the guidelines for the seismic design of Chinese highway bridges [54].

For those RC bridges that are located in high-latitude northern frozen coastal areas,
the deterioration of RC columns caused by the combined action of freeze—thaw cycles and
chloride-induced corrosion is the main factor leading to the significant reduction in their
structural performance. Therefore, to simplify the analysis, this paper mainly considered
the deterioration effects on the seismic performance of RC columns. Moreover, to consider
the uncertainties involved in structural geometry, material performance, damping, and
structural modeling, this paper considered 15 random variables to generate the seismic
demand models under the combined effects of freeze—thaw cycles and chloride-induced
corrosion. The statistical information of these considered random variables is summarized
in Table 3.

4.2. Selection of the Ground Motions

The selection of the ground motions is integral to accurately predict the seismic
response and analyzing the seismic fragility of bridge structures. According to the site
conditions of the case-study bridge, this paper selected 50 natural ground motions from
the PEER Ground Motion Database [56,57]. Figure 9a shows the acceleration response
spectrum of the selected ground motions corresponding to a structural Rayleigh damping
ratio of 5%.
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Figure 9. Acceleration spectra and PGA distribution of the selected ground motions: (a) acceleration
spectra and (b) distribution of the PGA values.

As seen in Figure 9a, the mean acceleration spectrum of the selected ground motions
agreed really well with the design spectrum according to the guidelines for the seismic
design of Chinese highway bridges [54]. Moreover, during the seismic fragility analysis
of RC structures, the selection of the appropriate intensity measure (IM) is also critical.
According to [58-60], the peak ground acceleration (PGA) could effectively reflect the
probabilistic seismic response of RC girder bridges. Hence, this study used PGA as the
seismic IM to investigate the time-dependent seismic fragility of RC columns under the
combined action of freeze-thaw cycles and chloride-induced deterioration. Figure 9b
shows the frequency distribution of the PGA of the selected ground motions. As observed
from Figure 9b, the selected ground motions covered a relatively broad range of PGA
values. The moment magnitudes of the selected ground motions were between 5.7 and
7.2 and their source distances were between 15 and 100 km. This indicated that the selected
ground motions could well represent both small and large earthquakes with different
epicenter distances.
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Table 3. Statistical information of the random variables considered in the FE modeling of the case-

study bridge.
Parameter (Units) Distribution Mean Stal}d%rd Reference
Deviation
Compressive strength of the unconfined
concrete (MPa) Lognormal 30.8 6.16 [61]
Compressive strength of the confined .
concrete (MPa) Lognormal Equation (27) 0.2 mean [62]
Peak strain of the unconfined concrete Lognormal 0.002 0.0004 [61]
Peak strain of the confined concrete Lognormal Equation (29) 0.008 [62]
Ultimate compressive strain of the Lognormal 0.005 0.001 [61]
unconfined concrete
Ultimate compressive strain of the confined Lognormal 0.085 0.017 [63]
concrete

Elastic modulus of concrete (MPa) Normal 3.24 x 10* 3840 [38]
Elastic modulus of steel (MPa) Normal 2.0 x 10° 4000 [35]
Concrete cover depth (mm) Normal 50 6 [35]
Yield strength of steel (MPa) Lognormal Equation (15) 0.07 mean [61]
Bearing shear modulus (MPa) Uniform 1.365 0.407 [40]

Rotational stiffness of the foundation . 7 6
(kN m/rad) Uniform 1.8 x 10 5.2 x 10 [63]
Translation stiffness of foundation (kN/m) Uniform 6.2 x 10° 1.5 x 10° [63]
Deck mass ratios Uniform 1.0 0.058 [40]
Damping ratio Normal 0.045 0.0125 [40]

4.3. Time-Dependent Seismic Fragility Analysis of the Aging RC Columns
4.3.1. Corrosion Initiation Time of Steel Rebar (¢.or)

In this section, the proposed deterioration model of RC structures and time-dependent
seismic fragility function were used to study the timed-dependent seismic fragility of the
aging RC columns exposed to the combined action of freeze—thaw cycles and chloride-
induced corrosion. Firstly, the corrosion initiation time of the steel reinforcements can
be determined by using Equation (9) in Section 2.3. For the RC columns of the case-
study bridge, the concrete protective layer thickness was 50 mm; the measured number of
freeze—thaw cycles in the marine splash zone was 2.9 per year; the measured concentration
of chloride ion on the concrete surface (Cs) was 0.548%; the measured concrete chloride ion
diffusion coefficient (D) at the default 28 days was 2.69 x 10-12 m? /s; the critical chloride
concentration (C¢) was 0.05%; and the decaying parameter (1) was 0.2, respectively. By
substituting these parameters into Equation (9), the following equation (Equation (36))
could be obtained. Solving this equation through the numerical iterations, the corrosion
initiation time of steel rebar (f.r) was approximately 11.02 years of their service period
under the combined action of freeze-thaw cycles and chloride-induced deterioration.

0.05% = 0.548% x (1 —erf 0.05 (36)
21/0.51 x 104 - £y, 08 - 002117 tcory

4.3.2. Time-Dependent Mechanical Properties of the Steel Rebar

Based on the proposed deterioration model of RC structures under the combined
action of freeze—thaw cycles and chloride-induced corrosion, the time-variant mechanical
properties of steel rebar could be obtained. Since the effective confining stress of the
confined concrete is mainly contributed by the stirrups, the time-dependent cross-sectional
area and yield strength of the stirrups are shown in Figure 10.



Buildings 2022, 12, 2223

17 of 22

340

335

£ 3304

Steel strength (M
w w (98] (98]
—_ —_ [N N
=] (9] [« W

305

(o]
(e}

W (o)) 3
[e] (=] (e
! ! !

N
S
1

Cross-sectional area (mm2)

W
(e}

T T T

2550 75 100 0 25 50 75 100
Time(years) (b) Time (years)

Figure 10. Time-dependent material properties of the stirrups: (a) yield strength and (b) cross-
sectional area.

As seen in Figure 10, both the cross-sectional area and yield strength of the stirrups
were gradually reduced over time under the combined action of freeze-thaw cycles and
chloride-induced deterioration, and the reduction ratio of yield strength was relatively
lesser than that of the cross-sectional area. For example, compared to that of the pristine
RC columns, the cross-sectional area of the stirrups in the 50-year-corroded RC columns
degraded by 11.6%, whereas that in the 100-year-corroded RC columns decreased by 52.5%.
In addition, compared with the as-built RC columns, the yield stress of the stirrups in
the 100-year-corroded columns only decreased by 7.2%. These observations suggested
that the combined action of freeze—thaw cycles and chloride-induced corrosion seriously
deteriorated the mechanical properties of the stirrups.

4.3.3. Time-Dependent Mechanical Properties of the Concrete

Similarly, based on the proposed deterioration model of RC structures as introduced in
Section 2, the time-variant mechanical properties of concrete could also be acquired in this
part. Figure 11 shows the time-variant peak strains and peak stresses of both the confined
and unconfined concrete, respectively. As seen in Figure 11a, compared to the pristine RC
columns, the peak stresses of the confined and unconfined concrete decreased by 42.9%
and 44%, respectively, after 50 years of service, indicating that the combined action of
freeze-thaw cycles and chloride-induced corrosion had a relatively more significant effect
on the peak stress of the unconfined concrete as expected. This could be attributed to
the lateral confining stress contributed by the transverse stirrups to the confined concrete
being larger than that of the unconfined concrete. On the contrary, as seen in Figure 11b,
compared to the as-built RC columns, the peak strains of the confined and unconfined
concrete increased by 5.5 times and 5.1 times, respectively, after 50 years of service. This
indicated that the peak strain of the RC columns would increase with the increase in service
time, then the deformation capacity of the column would deteriorate due to the combined
action of freeze—thaw cycles and chloride-induced corrosion.

According to the aforementioned discussions, the combined action of freeze-thaw
cycles and chloride-induced corrosion had negative effects on the deformation capability
and ultimate load-carrying ability of RC columns. Meanwhile, the deterioration effect on
the deformation capability tended to be more significant than that on the ultimate load-
carrying ability of RC columns. However, RC girder bridges mainly dissipate the energy
produced by earthquakes through the plastic deformation of RC columns. Therefore, it is
necessary to carefully consider the deterioration effects on the mechanical properties and
seismic performance of the aging RC columns caused by the combined action of freeze—
thaw cycles and chloride-induced corrosion, particularly for those RC bridges that are
located in the northern frozen coastal regions.
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Figure 11. Time-dependent material properties of the confined and unconfined concrete: (a) the peak
strain and (b) the peak stress.

4.3.4. Time-Dependent Seismic Fragility Curves of RC Columns

Considering the derived uncertainties of the considered random parameters listed in
Table 3, 50 FE models of the case-study bridge were generated using the uniform design
method [4,5,17-19,35,40]. The considered RC columns had a relatively large slenderness
ratio, which satisfies the requirements of the ductile seismic design, and therefore avoids
possible shear failure during the seismic events. Therefore, bending failure was the main
failure mode of the considered RC columns in this paper. This study only studied the
longitudinal seismic response of the curvature demand (¢) of the RC columns, which is
one of the most common damage measurements in the seismic vulnerability analyses of
RC bridges [35,40]. Regression analyses were performed using Equation (34) to obtain the
PSDMs of RC columns under different service periods (i.e., 0, 25, 50, 75, and 100 years,
respectively). The results are shown in Table 4.

Table 4. PSDMs of the aging RC columns.

Time (Years) PSDM R? Bpipca(t)
0 In(¢) = —4.014 + 1.038 - In(PGA) 0.761 0.386
25 In(¢) = —3.965+1.087 - In(PGA) 0.752 0.392
50 In(¢) = —3.753 + 1.056 - In(PGA) 0.764 0.435
75 In(¢) = —3.502+ 1.059 - In(PGA) 0.735 0.457
100 In(¢) = —3.267 +1.096 - In(PGA) 0.719 0.483

Moreover, during the seismic fragility estimates of a typical RC column, four differ-
ent damage states are generally defined according to the possible ductility levels of RC
columns [4,5,17-19,35,40], including (i) slight damage state; (ii) moderate damage state;
(iii) extensive damage state; and (iv) complete damage state. Finally, Figure 12 shows the
time-dependent seismic fragility curves of the aging RC columns subjected to the com-
bined action of freeze-thaw cycles and chloride-induced corrosion under different damage
states, respectively.

As seen in Figure 12, the failure probabilities of RC columns under different damage
states (i.e., slight, moderate, extensive, and complete damage states) exhibited an increasing
trend with the increase in their service period. This suggested that the combined action
of freeze—thaw cycles and chloride-induced corrosion would lead to the deterioration of
the seismic performance and seismic fragilities of RC columns, and then further impair
the durability and service ability of the bridge structures. In addition, as observed from
Figure 12, the time-dependent seismic fragility of the aging RC columns exhibited a nonlin-
ear increasing trend with the increase in the intensity levels of the defined damage states.
For example, compared to that of the pristine columns, under a PGA of 0.15 g, the failure
probabilities of the 100-year-corroded columns increased by 80.7% and 185% under the
slight and moderate damage states, respectively. However, compared to the as-built RC
columns, under a PGA of 0.85 g, the seismic fragilities of the 100-year-corroded columns
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increased by 99.8% and 751% under the extensive and complete damage states, respectively.
Moreover, a nonlinear increase in the time-dependent seismic fragility of RC columns
with the increase in service life could be also observed under different damage states. In
other words, in the initial 25 years of service, the failure probability of RC columns under
different damage states did not increase significantly due to the relatively slow and slight
deterioration of the mechanical properties of the materials. However, in the latter service
ranges of RC columns, once the concrete was cracked and the steel reinforcements began to
being corroded, the seismic fragility of RC columns under different damage states increased
rapidly owing to the combined action freeze—thaw cycles and chloride-induced corrosion.
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Figure 12. Time-dependent seismic fragility curves of RC columns at different damage states:
(a) slight; (b) moderate; (c) extensive; and (d) complete damage states.

5. Conclusions

To investigate the combined effects of freeze-thaw cycles and chloride-induced cor-
rosion on the time-dependent mechanical properties, seismic performance, and seismic
fragilities of the aging RC columns, this paper conducted a series of concrete deterioration
tests under the combined action of freeze-thaw cycles and chloride-induced deterioration.
The variation law of the chloride ion diffusion coefficient with the number of freeze-thaw
cycles was also studied through the chloride ion permeability tests in a laboratory. By
considering the difference between the laboratory conditions and the conditions of the areas
in which the RC columns were located, a conversion relationship between the number of
freeze—-thaw cycles in the laboratory conditions and the average annual freeze-thaw cycles
of the practical regions was considered. According to the experimental results, a time-
variant deterioration model of RC structures under the combined action of freeze-thaw
cycles and chloride-induced corrosion was developed.

In addition, based on the established deterioration model of RC structures, this pa-
per proposed a time-dependent seismic fragility assessment framework considering the
uncertainties involved in the structural geometrics and mechanical properties of the materi-
als, and ground motions. By taking a representative three-span RC continuous T-shaped
girder bridge that is located in the northern frozen coastal areas of China as a case study,
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the time-dependent seismic fragility estimates of RC columns under the combined action
of freeze—thaw cycles and chloride-induced deterioration were carried out. The results
indicated that the combined action of freeze-thaw cycles and chloride-induced corrosion
could seriously deteriorate both the mechanical properties and seismic performance of the
aging RC columns. Moreover, the time-dependent seismic fragility of the deteriorating
RC columns exhibited a nonlinear increase with the increase in their service years and the
intensity levels of the defined limit states.

Moreover, this study comprehensively investigated the deterioration effects on the
time-variant mechanical properties, seismic performance, and seismic vulnerabilities of the
aging RC columns caused by the combined action of freeze-thaw damage and chloride-
induced corrosion for the first time. Therefore, this paper could provide some possible
references for decision makers and engineers for the maintenance and rehabilitation of
the deteriorating RC columns of highway bridges that are located in the high-latitude
northern frozen coastal regions. Furthermore, in this paper, during the time-dependent
seismic fragility analysis of the aging RC columns, the influence of the combined action
of freeze—thaw cycles and chloride-induced corrosion on the mechanical properties of the
concrete and steel reinforcements was mainly considered, whereas the influence of the
decrease in bond strength between the reinforcements and concrete was not analyzed. In
future work, relevant freeze-thaw damage tests would be further carried out to study
the variation laws of the bond strength between the steel reinforcements and concrete.
Additionally, the refined simulation of the plastic hinge of RC structures will also be a key
element in future research. Meanwhile, further tests on the combined action of freeze-thaw
cycles and chloride-induced corrosion should be carried out with more test samples to
establish a more reasonable probabilistic deterioration model for the design office to use.
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