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Abstract

Precast concrete frame joints in coastal atmospheric environments are susceptible to me-
chanical performance degradation caused by chloride-induced corrosion, yet joint-scale
numerical studies incorporating multi-indicator time-dependent mechanical responses
remain limited. This paper presents a coupled framework that integrates chloride diffusion,
corrosion, and finite-element analysis for a typical precast beam–column joint to evaluate
the relative changes in seismic performance indicators across service ages of 0, 15, 30,
40, and 50 years. The numerical model was baseline-validated against uncorroded and
corroded test specimens under cyclic loading. Time-dependent models accounting for
chloride diffusion, rebar corrosion, and material strength degradation were implemented.
The elastic modulus reduction was restricted to the damaged covering concrete rather than
the intact internal concrete. The simulation results show that mechanical degradation is
limited in the early service stage, whereas hysteretic pinching and deformation-related
deterioration become more pronounced with increasing service age. By 50 a, the peak load-
bearing capacity has decreased by 13.68%, whereas the ultimate displacement and ductility
coefficients have declined by 15.10% and 37.40%, respectively. These results should be
interpreted as case-specific predictions under the adopted cover thickness, chloride expo-
sure condition, and material parameters rather than as universal deterioration thresholds.
The findings indicate that service-life evaluations of precast joints in coastal atmospheric
environments should not rely solely on strength indicators but should also incorporate
stiffness, ductility, and energy dissipation capacity.

Keywords: precast concrete frame joints; coastal atmospheric environment; chloride-induced
corrosion; time-dependent models; seismic performance

1. Introduction
Precast concrete structures have been widely applied in coastal buildings and infras-

tructure due to their high construction efficiency, good quality-control conditions, and
minimal on-site wet operations. However, compared to monolithic cast-in-place structures,
precast structures often form more complex material heterogeneous zones and force trans-
mission paths at joints, postcast strips, and the interfaces between new and old concrete,
making them more susceptible to the combined effects of chloride ion corrosion and dura-
bility deterioration in coastal atmospheric environments [1]. For these types of structures,
discussing corrosion degradation solely from the perspective of general reinforced con-
crete components while ignoring the structural characteristics and mechanical features
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of the joint connection zones often makes it difficult to accurately grasp the evolution of
seismic performance during their service life. Therefore, as key parts of precast frames
where force transmission modes are concentrated and interface damage tends to aggre-
gation, the evolution of joint performance during the service life possesses independent
analytical value.

Existing studies have shown that the interface between new and old concrete is
typically a weak link for chloride ion transport and durability degradation. Xia et al. [2]
pointed out, through microscopic observation and numerical analysis, that the interface
region between new and old concrete has higher porosity and more complex moisture
transport channels, meaning chloride ions not only diffuse deeper along the interface more
easily but also invade both sides of the interface simultaneously. Additionally, because the
surface of precast components has already hardened, cast-in-place concrete is disturbed by
the wall effect during pouring and cannot be packed tightly; furthermore, moisture in the
new concrete tends to migrate toward the dry old concrete, leading to a local increase in
the water–cement ratio at the interface and the formation of a porous, loose microstructure,
which makes the chloride diffusion rate at the interface significantly higher than that in
monolithic cast-in-place concrete [3,4]. Further research has also indicated that under the
action of chloride corrosion, damage evolution in the interface zone of new and old concrete
is significantly faster than in the matrices on either side, making it a critical weak region for
the durability degradation of precast structures [5]. Therefore, the transport and damage
evolution in the interface zone is not only a durability issue but also a prerequisite for the
subsequent analysis of joint seismic performance degradation.

At the level of joints and their connection zones, existing research has begun to focus
on the impact of corrosion on the seismic performance of precast beam–column joints.
Yang et al. [6] conducted cyclic loading tests on SCOPE beam–column joints with varying
key slot lengths and corrosion levels, and discovered that reinforcement corrosion signif-
icantly weakens the energy dissipation capacity and may induce fragile failures in the
interfaces and lap zones; Yang et al. [7] further combined experimentation with numeri-
cal simulation to analyze the hysteretic performance degradation of precast prestressed
concrete frame beam–column joints under specified corrosion rates. Simultaneously, ex-
periments by Moka and Chidambaram [8] demonstrated that shear keys, reinforcement
connection sleeves, and the treatment of new-to-old concrete interfaces in wet-connected
joints significantly influence crack distribution, stiffness retention, and energy dissipation
performance; while Wang et al. [9] pointed out that, in chloride environments, the bond
strength between concrete can undergo substantial attenuation as the service age increases.
The aforementioned studies suggest that the degradation of precast joints in corrosive
environments stems not only from the decline in material strength but also from changes
in the force transmission mechanism driven by the synergy of interfaces, sleeves, and
connection details. However, it is also evident that the current research is largely based on
specified corrosion levels or discrete operating conditions, with limited discussion on the
continuous degradation patterns of joints as the service age progresses.

At present, existing research is primarily distributed across two levels: one category
focuses on experimental or discrete numerical cases under specific corrosion rates to reveal
the mechanical performance of different connection types; the other discusses service-life
performance, fragility, and reliability at the frame level in chloride environments [10]. In
contrast, for typical precast concrete frame joints in coastal atmospheric environments, there
is still a lack of joint-scale service-life analysis that couples chloride diffusion, reinforcement
corrosion development, time-dependent material degradation, and hysteretic performance
evolution under low-cycle reversed loading. In other words, existing research has not
sufficiently clarified how the mechanical performance of typical coastal precast frame joints
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evolves with service age, which seismic performance indicators exhibit larger relative
degradation, and at which service stages deterioration becomes more evident under a given
exposure scenario.

Compared with existing experimental studies focused on discrete corrosion rates
or lifetime assessments at the frame level, this paper constructs a joint-scale numerical
analysis framework that couples chloride diffusion, reinforcement corrosion, degradation
of concrete mechanical properties, and hysteretic response. Specifically, this study aims to:
(a) evaluate the time-dependent mechanical response of a typical coastal precast joint across
50 years of service life; (b) compare the relative degradation of strength, stiffness, ductility,
and energy dissipation indicators caused by corrosion accumulation; and (c) highlight that
relying solely on the peak load-bearing capacity may underestimate the risk of seismic
performance deterioration in later service stages.

This study aims to develop a coupled chloride diffusion, corrosion, and finite-element
framework for predicting the time-dependent seismic performance degradation of precast
concrete beam–column joints in coastal atmospheric environments.

2. Numerical Models for Chloride Corrosion in Coastal
Atmospheric Environments

To more intuitively demonstrate the overall research logic of this study—from the
modeling of chloride ion corrosion and material degradation under coastal atmospheric
conditions to the finite-element analysis of joints and the extraction of seismic performance
indicators—the comprehensive analytical framework is presented in Figure 1. Based on
this framework, models for chloride ion diffusion, the development of reinforcement
corrosion, and the time-dependent degradation of steel and concrete material parameters
will be established; subsequently, the seismic performance of typical precast frame joints at
different service ages will be analyzed.

Reinforcement Concrete

Corrosion initiation time

Cross-sectional area loss rate

Yield strength

DuraCrete
model

Faraday’s 
law

Time-dependent 
strength

Time-dependent 
elastic modulus
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Concrete Damaged 
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Multi-indicator seismic performance evaluation of typical joints

Strength degradation 
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Load-bearing 
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Figure 1. Overall analytical framework.
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2.1. Diffusion of Chloride Ions and Occurrence of Corrosion

The process of chloride-induced corrosion in concrete structures is generally divided
into three stages [11]: the stage where chloride ions diffuse through the concrete cover to the
reinforcement surface until the initiation of corrosion; the stage starting from the onset of
reinforcement corrosion to the initial cracking of the concrete cover; and the post-cracking
stage of the concrete cover.

To determine the corrosion initiation time of reinforcement in chloride environments,
DuraCrete [12] has proposed the following empirical model based on extensive mea-
sured data:

t1 =
c2

4D0

[
er f−1

(
1 − Ccr

Cs

)]−2
(1)

In the formula, c is the thickness of the concrete cover; D0 is the empirical chloride
diffusion coefficient, which is determined by Equation (2) in the absence of measured
data [13]; Ccr is the critical chloride ion concentration for reinforcement corrosion, taken
as 2.10 kg/m3 in this study [13]; Cs is the chloride concentration on the concrete surface,
with values shown in Table 1 [13], and 2.57 kg/m3 is adopted here; and er f−1(·) denotes
the inverse error function.

D0 = (7.08w/c − 1.846)(0.0447T − 0.052)× 10−3 (2)

In the formula, w/c is the water–cement ratio of the concrete; and T is the annual
average environmental temperature, taken as 24.4 ◦C in this study.

Table 1. Chloride concentration on the concrete surface.

Offshore atmospheric zone
(distance from the coast)/km 0.1 0.25 0.5 1.0

Cs (kg/m3) 5.87 3.83 2.57 1.28

As chloride ions continue to diffuse, the electrical resistivity of the concrete decreases;
once the chloride concentration reaches the critical threshold, the alkaline passive film on
the reinforcement surface is destroyed, and an electrochemical reaction occurs between the
iron and oxygen dissolved in the water, generating a corrosion current. Once corrosion
initiates, the corrosion current density becomes the critical factor influencing the corrosion
propagation stage [14]. Through research on the corrosion rate of reinforcement in chloride-
contaminated concrete and considering the influence of the local environment, Luo et al. [15]
proposed a calculation model for the corrosion current of reinforcement in infiltrative
chloride environments as follows:

ln icorr = 8.617 + 0.618 ln Csl −
3034

T + 273
− 0.005ρ + ln mcl (3)

In the formula, mcl is the local environment coefficient, generally taken as 4.0–4.5 in
hot and humid southern regions, and 4.5 is used in this study; T is the temperature of the
reinforcement surface, which can be taken as the environmental temperature; Csl represents
the chloride concentration at the reinforcement surface at the onset of corrosion, typically
determined by researchers using the one-dimensional Fick’s second law [16], as shown in
Equation (4); and ρ denotes the electrical resistivity of the concrete, which is calculated
according to Equation (5) [15].

C(x, t) = Cs

[
1 − er f

(
x

2
√

D0t

)]
(4)
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ρ = kρ

(
1.8 − Cµ

cl

)
+ 10(RH − 1)2 + 4 (5)

In the formula, C(x, t) represents the chloride concentration at depth x from the
concrete surface at time t; kρ is a coefficient taken as 5.6 for concrete strength grades C20–C30
and 11.1 for C40–C50; Cµ

cl is the average chloride concentration within the concrete cover at
the onset of reinforcement corrosion; and RH is the environmental relative humidity, taken
as 85% based on meteorological survey data.

It should be noted that both Equations (1) and (4) are based on the empirical as-
sumption of one-dimensional chloride transport, used to estimate the corrosion initiation
time and the evolution of chloride concentration in the direction of the concrete cover.
This approach does not explicitly distinguish two-dimensional or three-dimensional pref-
erential transport channels at the new-to-old concrete interface, construction joints, or
cracks; therefore, the corrosion age parameters obtained in this study should be under-
stood as equivalent inputs under given environmental and cover conditions rather than
point-by-point predictions of the actual internal chloride field of the joint.

According to Faraday’s law, the corrosion current density can be converted into the
corrosion rate of the reinforcement [17]. To facilitate coupling with the finite-element
analysis of the joint, the corrosion current density is converted into an equivalent average
corrosion rate during the service stage, and it is further assumed that the reinforcement
undergoes uniform circumferential corrosion. This assumption is suitable for comparing
the relative changes in material parameters under different service age conditions, but it
cannot reflect the localized pitting common in chloride environments or the full process of
corrosion current fluctuations over time. Based on this theory, the model for the change in
diameter of reinforcement undergoing uniform corrosion over time is given by [18]:

∆D(t) = 0.0232(t − t1)icorr (6)

In subsequent calculations, the cross-sectional loss of the reinforcement is taken as
zero when the service time is less than the corrosion initiation time; once the service time
exceeds the initiation time, the corrosion depth is accumulated based on the corrosion
propagation duration rather than the total service life.

2.2. Time-Dependent Mechanical Property Models of Corroded Reinforcement

Numerous tensile tests on corroded reinforcement have demonstrated that with in-
creasing corrosion levels, the yield strength, ultimate strength, and ultimate strain of the
steel bars all decrease, while the yield plateau shortens or even disappears [19]. Therefore,
investigating the stress–strain relationship of reinforcement under corrosion is of both theo-
retical and practical significance. Based on tensile test results, Zhang et al. [20] proposed a
stress–strain relationship model for corroded reinforcement, as shown in Figure 2.

Figure 2. Stress–strain relationship of corroded reinforcement.
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The mathematical expression of this model is as follows:

σsc =


Esc(ηs)εsc εsc ≤ fyc(ηs)/Esc(ηs)

fyc(ηs) εshc(ηs) ≥ εsc > fyc(ηs)/Esc(ηs)

fyc(ηs) + Eshc[εsc − εshc(ηs)] εsuc(ηs) ≥ εsc > εshc(ηs)

(7)

In the formula, σsc and εsc are the stress and strain of the corroded reinforcement,
respectively; fyc and fuc are the yield strength and ultimate strength of the corroded
reinforcement, respectively; εshc and εsuc are the hardening strain and ultimate strain of
the corroded reinforcement, respectively; and Esc and Eshc are the elastic modulus and
hardening modulus of the corroded reinforcement, respectively.

According to this relationship model, as corrosion develops, both the yield strength
and ultimate strength of the reinforcement degrade in an approximately linear manner, as
shown in the following equations:

fyc =
αyc

1 − ηs
fy0 (8)

fuc =
αuc

1 − ηs
fu0 (9)

In the formulas, αyc and αuc represent the nominal yield strength and nominal ulti-
mate strength of the corroded reinforcement, respectively, and their mathematical expres-
sions are:

αyc = 1 − βyηs (10)

αuc = 1 − βuηs (11)

In the formulas, βy and βu denote the influence coefficients of the reinforcement cross-
sectional corrosion rate on the relative values of the nominal yield strength and nominal
ultimate strength, respectively [21], which are taken as 1.093 and 1.119 in this paper; and
ηs is the mass loss rate of the corroded reinforcement. Since this study assumes uniform
corrosion along the diameter of the reinforcement cross-section, the mass loss rate based on
uniform cross-sectional corrosion is expressed as:

ηs =
∆m(t)

m
=

D2 − [D − ∆D(t)]2

D2 (12)

In their actual research, Zhang et al. [20] assumed that the elastic modulus of corroded
reinforcement remained identical to that of uncorroded reinforcement. Based on these
findings and to simplify the analysis, this study will not consider changes in the elastic
modulus of reinforcement caused by corrosion.

2.3. Time-Dependent Models for Concrete Strength and Elastic Modulus

Reinforcement corrosion caused by chloride ion corrosion generates corrosion products
around the bars, which fill the gaps between the concrete and the reinforcement. As
corrosion products increase, the concrete gradually expands and the internal porosity
continuously enlarges, allowing chloride ions to penetrate the concrete more easily and
exacerbate reinforcement corrosion; meanwhile, corrosion expansion generates tensile
stresses within the concrete, ultimately leading to the cracking and spalling of the concrete
cover [22]. Therefore, although chloride ions do not directly undergo destructive chemical
reactions with the primary hydration products in concrete, their indirect hazards still need
to be considered.
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Considering that the expansion’s compressive stress, generated by reinforcement
corrosion, leads to longitudinal cracking of the covering concrete, this study adopts an
equivalent method based on Coronelli and Gambarova [23], where the residual compressive
strength of damaged concrete cover can be reduced according to the following relationship:

fc,corr = λ fc (13)

In the formula, fc denotes the initial compressive strength of the concrete cover; and λ

is the reduction coefficient of the concrete cover, which can be expressed as:

λ =
1

1 + K(ε1/εc0)
(14)

In the formula, K is the softening coefficient, taken as 0.1; εc0 is the peak compressive
strain of the concrete; and ε1 is the average lateral tensile strain generated by corrosion,
which can be expressed as:

ε1 =
nbars · wcr

b0
(15)

In the formula, nbars is the number of side-by-side reinforcement bars in the compres-
sion zone; b0 is the initial width of the section; and wcr is the total crack width caused
by the corrosion of a single reinforcement bar, which can be expressed by the following
formula [24]:

wcr = 2π(νrs − 1) · X (16)

In the formula, vrs is the volume ratio of corrosion products to the original reinforce-
ment, commonly taken as 2.0; and X is the equivalent corrosion depth, which can be
calculated by the following formula [25]:

X = 1 − 0.1
√

100 − ηs (17)

In summary, the time-dependent model of the elastic modulus for concrete material
under chloride ion corrosion can be expressed as:

fc,corr =
1

1 + K(ε1/εc0)
· fc (18)

Theoretically, although concrete material does not directly react chemically with
chloride ions, its integrity will still be gradually destroyed due to the intensified expansion
of internal reinforcement corrosion, indirectly leading to a continuous decrease in its elastic
modulus. However, in the absence of relevant experimental data in the present study,
the reduction in the elastic modulus is evaluated using the formula relating the concrete
elastic modulus to its strength specified in the code for design of concrete structures [26],
as follows:

Ec =
105

2.2 + 34.7
fcu,k

(19)

where fcu,exp denotes the measured cube compressive strength of concrete, which can be
substituted into the aforementioned strength reduction formula, as expressed below:

Ec,corr =
105

2.2 + 34.7[1+K(ε1/εc0)]
fcu,exp

(20)

It should be noted that the aforementioned reductions in concrete strength and elastic
modulus do not account for the internal concrete confined by stirrups. As stirrup corrosion
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progresses, both its effective cross-sectional area and mechanical properties decline, thereby
weakening the confinement effect and subsequently degrading the overall mechanical
properties of the internal concrete.

The expansion of corroded reinforcement generates outward radial tensile stresses
that crack and loosen the weaker outer cover of concrete. In contrast, the internal concrete
remains confined by both the longitudinal reinforcement and stirrups; theoretically, it is
free from expansion cracking and instead subjected to a slight passive confinement state.
Given that its microstructural skeleton suffers negligible damage, the elastic modulus of
the internal concrete can be reasonably assumed to remain at its initial value.

On this basis, the compressive strength of the confined internal concrete is evaluated by
incorporating the effective reinforcement ratio and yield strength of the corroded stirrups.
According to the Kent–Scott–Park model [27], the time-dependent compressive strength
of the confined concrete is explicitly governed by the coefficient Kc, which is formulated
as follows:

Kc = 1 +
ρs fyh

fc
(21)

where ρs represents the ratio of stirrups; and fyh represents the yield strength of stirrups.
Similar to the degradation coefficient λ mentioned earlier, Kc also changes significantly
with the aggravation of chloride corrosion. Therefore, the time-dependent formula for the
compressive strength of the confined internal concrete can be expressed as:

fcin,corr = fc

(
1 +

ρs,corr fyh,corr

fc

)
(22)

where ρs,corr and fyh,corr denote the ratio and yield strength of stirrups after chloride-
induced corrosion, respectively.

Based on the aforementioned time-dependent models of reinforcement corrosion and
concrete material parameters in a coastal atmospheric environment, this study further
introduces relevant degradation parameters into the finite-element model of typical precast
frame joints to analyze the evolution laws of the mechanical performance of joints under
low-cycle reversed loading during their service life.

3. Establishment and Validation of the Joint Finite-Element Model
3.1. Validation of the Finite-Element Modeling Method

Regarding the mechanical performance analysis of precast frame joints in chloride
environments, experimental methods can intuitively reflect the mechanical characteristics
and failure processes of components under cyclic loading; however, corrosion evolution
tests in long-term service environments involve long cycles and high costs, and it is difficult
to systematically cover different service-age scenarios within a single study. Therefore,
this study utilizes ABAQUS to establish a finite-element model of a typical precast beam–
column joint and validates the rationality of the model based on experimental results,
serving as the numerical foundation for subsequent life-cycle analysis.

To verify the validity of the model, the results from the cyclic loading test of the precast
frame beam–column joint PBCJ-2, conducted by Liu et al. [28] at the Beijing University of
Technology, were selected for comparative simulation. In the model, the precast concrete,
cast-in-place concrete, grout sleeves, and internal grout were modeled using C3D8R solid
elements, while the longitudinal reinforcement and stirrups of the beams and columns were
modeled using T3D2 truss elements, with the reinforcement embedded to account for its
collaborative interaction with the concrete. Boundary conditions were set according to the
stress state of the original experiment. It should be noted that because the precise loading
history of the original experiment was difficult to obtain in full, the loading method consis-
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tent with the experimental description was adopted in the finite-element analysis, though
some approximations exist in the displacement amplitudes at each level. Consequently,
the focus of this section’s validation was to examine the model’s capability to reproduce
the hysteretic response, skeleton curve evolution, and primary failure characteristics of the
joint, instead of the point-by-point fitting of individual experimental data. Furthermore, to
validate the applicability of the finite-element model under chloride attack, the severely
corroded specimen P-0.3-17.14, selected from the seismic performance tests on corroded
precast concrete beam–column joints conducted by Zhao et al. [29] at Dalian University of
Technology, was utilized for comparison. The experimental hysteretic curve of the joint
was compared with that simulated using ABAQUS. The boundary conditions and loading
protocols were set in strict accordance with the original experimental setup, which are
omitted here for brevity.

3.1.1. Concrete Constitutive Model

In the finite-element model established in this study, both the concrete and the internal
grout utilize the concrete damaged plasticity model (CDP model), which is a widely
recognized and utilized constitutive model in finite-element analysis [30]; it effectively
characterizes the processes of concrete cracking, crushing, and damage accumulation under
cyclic loading, making it suitable for the joint hysteretic analysis in this paper. The CDP
plastic parameters used in ABAQUS were set as follows: dilatancy angle (ψ), eccentricity
(ϵ), bipolar stress ratio ( fb0/ fc0), second stress invariant ratio (K0), and viscosity parameter
(µ). The specific numerical values are given in Table 2.

Table 2. Parameters of the concrete damaged plasticity (CDP) model.

ψ ϵ fb0/ fc0 K0 µ

30 0.1 1.16 0.6667 0.0005

The concrete stress–strain curve used in this study adopts the uniaxial stress–strain
relationship specified in the code for design of concrete structures [26]. Simultaneously,
based on the concrete stress–strain relationship provided by the code, the concept of a dam-
age factor is introduced; this study employs the Sidiroff energy equivalence principle [31]
to calculate the damage factor as follows:

d = 1 −
√

σ

E0ε
(23)

In the formula, σ is the true stress; E0 is the initial elastic modulus; and ε is the true
strain. The stress and strain values input into the ABAQUS finite-element software must
all be true values.

3.1.2. Steel Reinforcement Constitutive Model

For simulating reinforcement trusses in concrete structures, currently used reinforce-
ment constitutive models are mostly bi-linear or tri-linear models; although such models
are simple to calculate, under complex loading states, the models assume the structural
stiffness remains consistent with the initial elastic stiffness regardless of the magnitude of
plastic deformation experienced when the load is reversed or reloaded, which is physically
unrealistic. Furthermore, for the hysteretic analysis of reinforced concrete structures, it is
necessary to consider the results of their collaborative interactions under complex loading
conditions, which are influenced by the shear deformation occurring after concrete cracking
and the bond–slip between reinforcement and concrete. Therefore, how to describe the real
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physical phenomena occurring in components under complex loading in finite-element
analysis is one of the main difficulties in numerical simulation.

Based on the above considerations, this study selects the reinforcement subroutine
compiled by Professor Fang [32] to simulate the hysteretic constitutive behavior of the
stressed reinforcement. The proposed reinforcement hysteretic constitutive model is shown
in Figure 3, in which this model equivalently realizes the bond–slip relationship between re-
inforcement and concrete by continuously weakening the reinforcement strength; therefore,
on the reloading path, stiffness must exhibit the characteristic of being initially weak and
then becoming stronger during the loading process, and thus, this path can be represented
using a cubic curve. The following determination method for this curve is denotes the
tangents of the curve at the connecting lines at point L as LM, while at M, this is denoted
as AB, meaning the definitive conditions for this curve are the coordinates and slopes
of points L and M; thus, the cubic curve is monotonically increasing within the interval
LM, and it does not increase the difficulty of solving the model due to the cubic function.
Therefore, this model is more suitable for the problems of joint hysteretic performance
degradation and collaborative mechanical weakening that are of concern in this paper.

Figure 3. Hysteretic constitutive model of steel reinforcement.

Since the mechanical behavior of grouted sleeves is similar to that of reinforcement,
their constitutive relationship should be describable using a similar model; however,
judging from existing experiments and engineering practice, the deformation of sleeves
during the loading process is generally small and usually does not belong to the primary
factors leading to structural failure. Therefore, in simulating the grout sleeves, this study
selects a standard bi-linear constitutive model.

3.1.3. Definition of Contact Between Components

The force transmission behavior at the interface between new and old concrete in
precast concrete structures is complex; therefore, the treatment of this interface directly
relates to whether the force transmission paths and subsequent degradation responses
of the joint can be reasonably reproduced. Based on this, the present study considers
that both a cohesive zone model and a Coulomb friction model can be simultaneously
defined for the contact interfaces in ABAQUS [33]. Based on the cohesive–friction hybrid
model, the bonding performance of the interface between precast components and cast-in-
place concrete is simulated by setting the contact behaviors; specifically, by defining the
contact stress–displacement constitutive relationships in both the tangential and normal
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directions of the interface. When the cohesive zone model is in the elastic stage, the friction
model remains inactive, and the interface shear stress originates solely from the cohesive
model; as the cohesive model begins to undergo damage, its contribution to the interface
shear stress decreases with the evolution of damage, at which point the friction model
activates to generate shear stress [34]. According to the definitions in the ABAQUS Analysis
User’s Manual [33], the cohesive zone model can be represented as shown in Figure 4, as
when the stresses in the tangential and normal directions of the contact surface reach the
peak stress τ0

m and the relative interface displacement reaches δ0
m, damage occurs at the

bonding interface, and the stiffness K in the corresponding direction begins to degrade; δ
f
m

represents the relative displacement at complete failure of the contact interface, and the
enclosed area represents the energy GC required for interface failure. In addition, for the
cohesive zone model with uncoupled behaviors in each direction, both the normal elastic
stiffnesses Knn and tangential elastic stiffnesses Kss and Ktt need to be defined. Zhou [34]
demonstrated through calculations that the results tend to stabilize when the normal elastic
stiffness is set to 104 MPa, while both tangential stiffnesses can be defined as zero when not
strictly necessary.

Figure 4. Cohesive zone model.

Similarly, according to the manual [33], the Coulomb friction model can be represented
as shown in Figure 5, where τcrit is the critical stress, the value of which is determined by
µp, with µ representing the friction coefficient and p representing the normal compressive
stress at the interface; when τ is less than τcrit, the interface is in a sticking friction state,
and when otherwise, it is in a sliding friction state. In ABAQUS, the tangential behavior
of the model contact interface is generally defined using a penalty function, assuming
that the interface can undergo finite elastic displacement in the bonded state; the normal
behavior is generally defined as a hard contact, meaning the interface can fully transmit
compressive stress.

Figure 5. Coulomb friction model.
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Since the material properties of the internal grout and concrete are similar, and the
slip space of the grout sleeves embedded within the components after the formation of
the overall structure is small, the longitudinal reinforcement can be embedded within the
grout in ABAQUS; the same method is used to simulate the relationship between the grout
sleeves and the concrete components, while the relationship between the grout sleeves and
the internal grout is simulated using a tie constraint.

For the analysis of the bond strength at the new-to-old concrete interface, this study
refers to the bond strength models proposed by Liu [35] from Dalian University of Technol-
ogy and Wang [36] from Southwest Jiaotong University, as detailed below.

(1) Normal bond strength model of the interface [35]:

fat,s

fcu,m
= 0.003581H + 0.004361 (24)

where fat,s represents the normal bond strength of the new-to-old concrete interface, which
is denoted as t0

n in the subsequent sections of this paper; fcu,m is the mean cubic compressive
strength of the existing and newly cast concrete; and H denotes the interface roughness of
the concrete joint, which is taken as 6 mm herein.

(2) Tangential bond strength model of the interface [36]:

τ = 0.06956ζ fcu,m + γµρe fy (25)

where τ is the shear bond strength of the new-to-old concrete interface, which is denoted
as t0

s and t0
t in the subsequent sections of this paper; ζ is the influence coefficient of the

bonding agent type applied on the interface, which is taken as one herein; γ is the influence
coefficient of the dowel action on shear resistance, γ = 1 + β; β is the shear capacity
coefficient of the dowel action, which is taken as 0.2 herein; µ is the friction coefficient of
the interface, which is taken as 0.8 herein; ρe is the reinforcement ratio of the post-installed
rebar at the interface; and fy is the yield strength of the post-installed rebar at the interface.

3.1.4. Comparative Analysis of Hysteretic Characteristics

Because the original test record does not provide all the loading details and complete
cycle-by-cycle numerical data, the quantitative comparison focuses on the main load-
bearing and deformation indicators extracted from the skeleton curves. Compared with the
conventional precast joint test model presented by Liu et al. [28], as depicted in Figure 6, the
numerical simulation curves exhibit more pronounced pinching characteristics compared
to the experimental curves; it can be observed that the average error of the beam-end
reaction force is relatively small in the positive direction, whereas it is relatively larger in
the negative direction.

In the table, Pmax represents the peak load sustained by the joint; ∆max is the cor-
responding displacement at the peak load; ∆u is the corresponding displacement at the
ultimate load, which corresponds to the displacement when the bearing capacity drops to
85% of the peak capacity; ∆y is the yield displacement of the joint, which is obtained by the
equivalent energy method; and Ki represents the initial stiffness, expressed as the ratio of
the yield load to the yield displacement.

As shown in Table 3, the positive peak load predicted by the finite-element model
differs from the test result by 4.16%, and the positive ultimate displacement differs by
6.02%, indicating that the model can reasonably capture the load-bearing level and de-
formation capacity of PBCJ-2. Relatively larger deviations are observed in the positive
peak displacement and in the negative peak load. These deviations are mainly related
to the simplification of local failure mechanisms in the model, including concrete cover
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spalling, bond–slip between reinforcement and concrete, and local stiffness deterioration
at the precast-to-cast concrete interface. In addition, the exact displacement history and
repeated-cycle degradation process of the original test could not be fully reproduced,
which also contributes to the difference in the negative loading direction and at large
displacement levels.

Table 3. Comparison of specific mechanical parameters (uncorroded).

Curve Direction ∆y (mm) ∆max (mm) Pmax (kN) ∆u (mm) Ki (kN/mm)

PBCJ-2 + 7.88 27.98 39.87 43.17 4.30
Abaqus model + 7.69 21.00 38.21 45.77 4.27

Error (%) −2.41 −24.95 −4.16 +6.02 −0.70

PBCJ−2 − −7.87 −19.97 −43.14 −48.56 4.65
Abaqus model − −7.85 −21.00 −37.45 / 4.10

Error (%) −0.25 +5.16 −13.19 / −11.83
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Figure 6. Comparison of hysteretic and skeleton curves (uncorroded).

Compared with the severely corroded precast joint test model from Zhao et al. [29], as
shown in Figure 7, the numerical results exhibit better agreement with the experimental
data. This improved agreement is mainly attributed to the clearer details on boundary
conditions and loading protocols provided in their study. Likewise, under corrosive
conditions, the simulated results are basically in agreement with the experimental findings,
confirming the reliability of the present numerical model.
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Figure 7. Comparison of hysteretic and skeleton curves (corroded).
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As shown in Table 4, for the severely corroded precast joint test model P-0.3-17.14, the
peak load errors in the positive and negative directions are 2.44% and 2.71%, respectively,
suggesting that the model can still reproduce the load-bearing capacity after corrosion-
induced deterioration. The remaining differences in yield displacement, ultimate displace-
ment, and stiffness are associated with the potential uncertainty of damage distribution
during the loading process. In actual corroded joints, local cracking, interface degradation,
and bond deterioration may develop differently along the reinforcement and the sleeve
region. These local phenomena are represented in the finite-element model through equiva-
lent material degradation and interface parameters, which inevitably introduces certain
deviations in deformation-related indicators.

Table 4. Comparison of specific mechanical parameters (corroded).

Curve Direction ∆y (mm) ∆max (mm) Pmax (kN) ∆u (mm) Ki (kN/mm)

P-0.3-17.14 + 22.45 31.02 125.62 55.40 5.02
Abaqus model + 20.67 31.73 122.56 56.28 5.32

Error (%) −7.93 +2.29 −2.44 +1.59 +5.98

P-0.3-17.14 − −23.00 −31.79 −108.98 −43.64 4.27
Abaqus model − −19.63 −28.20 −106.03 −48.46 4.85

Error (%) −14.65 −11.29 −2.71 +11.04 +13.58

The comparison between the uncorroded and corroded validation specimens indicates
that the model has a better accuracy in predicting the peak load level than in reproducing
all displacement-related indices. This is acceptable for the purpose of the present study
because the subsequent service-life analysis mainly focuses on the relative degradation
trend of seismic performance indicators under a consistent modeling framework.

In addition, because the new-to-old concrete interface and the grouted sleeve region
are damage-prone zones where stress concentrations are likely to develop, improper mesh
discretization may lead to significant discrepancies in the numerical results; moreover, the
concrete damaged plasticity (CDP) model adopted in this study is also sensitive to the mesh
size. Therefore, taking the experimental specimen PBCJ-2 as an example, three different
mesh size combinations were employed to discretize the model, as summarized in Table 5.
The resulting three hysteretic and skeleton curves obtained from the analysis are compared
in Figure 8, and the comparison of the corresponding mechanical parameters is presented
in Table 6.

Table 5. Mesh details for each component in the numerical model.

Component Beam Column Long. Rebar
(Beam)

Long. Rebar
(Column)

Stirrups
(Beam)

Stirrups
(Column) Sleeve

Element type C3D8R C3D8R T3D2 T3D2 T3D2 T3D2 C3D8R
Mesh size 60 60 150 150 60 60 15

Mesh size (+20%) 72 72 180 180 72 72 18
Mesh size (−20%) 48 48 120 120 48 48 12

The mesh comparison in Table 6 further explains the influence of discretization on
the validation results. When the characteristic mesh size is increased by 20%, the peak
load remains close to that of the adopted mesh, but larger differences appear in peak
displacement, ultimate displacement, and stiffness. This indicates that an overly coarse
mesh cannot adequately capture the localized damage evolution in the joint core, sleeve
region, and new-to-old concrete interface. In contrast, when the mesh size is reduced by
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20%, the differences in peak load, peak displacement, ultimate displacement, and stiffness
are small, especially in the main skeleton curve indicators. This demonstrates that the
adopted mesh is sufficiently refined for the present modeling strategy.
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Figure 8. Comparison of the three hysteretic and skeleton curves.

Table 6. Comparison of specific mechanical parameters (different mesh size).

Curve Direction ∆y (mm) ∆max (mm) Pmax (kN) ∆u (mm) Ki (kN/mm)

Adopted + 7.69 21.00 38.21 45.77 4.27
Coarse (+20%) + 7.42 16.80 38.16 34.56 4.42

Error (%) −3.51 −20 −0.13 −24.49 +3.51

Adopted − −7.85 −21.00 −37.45 / 4.10
Coarse (+20%) − −7.92 −21.00 −35.06 −30.61 3.81

Error (%) +0.89 0 −6.38 / −7.07

Adopted + 7.69 21.00 38.21 45.77 4.27
Fine (−20%) + 7.71 21.00 39.35 46.05 4.39

Error (%) +0.26 0 +2.98 +0.61 +2.81

Adopted − −7.85 −21.00 −37.45 / 4.10
Fine (−20%) − −7.88 −21.00 −38.57 / 4.21

Error (%) +0.38 0 +2.99 / +2.68

Considering the mesh sensitivity of the CDP model and the cohesive–friction interface
formulation, for structural components with different functions and levels of importance,
the mesh size should be differentiated accordingly. The adopted mesh was therefore
selected by balancing validation accuracy, numerical stability, and computational efficiency.
The same refinement principle was subsequently used in the case-study joint model.

The above demonstrates that the model established in this study can effectively re-
produce the hysteretic response, skeleton development laws, and load-bearing capacity
degradation trends of the selected typical precast joint, serving as an analytical foundation
for subsequent identification of relative degradation laws and indicator-specific changes
across different service ages.

It should be pointed out that some deviations still exist between the numerical and ex-
perimental results during the large displacement stage, primarily due to two reasons: first,
complex damage phenomena during the testing process, such as concrete cover spalling,
localized reinforcement buckling, and bond–slip, possess strong randomness, whereas the
finite-element model has undergone necessary simplifications of these localized failure
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mechanisms; and second, due to the aforementioned inability to fully obtain the original
experimental loading history, certain differences exist between the numerical analysis and
the measured conditions in the setting of displacement amplitudes at each level. Therefore,
the significance of the model validation in this study should be understood as indicative of
the model’s capability to reasonably reproduce the hysteretic behavior, skeleton develop-
ment laws, and load-bearing capacity degradation trends of typical precast joints under
cyclic loading, serving as a basis for subsequent comparative analysis at different service
ages; however, its applicability remains limited to general typical joint structural forms
and cannot be equated to a universal prediction of the mechanical characteristics of all
precast joints.

Based on the aforementioned validation results, this study further incorporates the
reinforcement corrosion and concrete material degradation caused by chloride ion ingress
into the validated model in the form of time-dependent parameters to analyze the relative
degradation laws of joints at different service ages. In other words, the subsequent results
are more suitable for revealing the relative degradation characteristics of joint mechanical
performance evolution with age, rather than being simply understood as direct predictions
of the absolute performance of any arbitrary joint in actual engineering.

3.2. Establishment of the Finite-Element Model

To ensure both engineering representativeness and computational operability, the
analysis case was defined according to the general service conditions of residential buildings
in coastal cities and the data requirements of the calculation models in Section 2. With the
coastal atmospheric environment of Haikou City, Hainan Province, an area approximately
500 m from the coastline was selected for the representative exposure scenario. The concrete
cover thickness was set to 40 mm, the design service life to 50 a, and the axial compression
ratio at the column top to 0.2. These parameters are not intended to cover all coastal
precast building scenarios; instead, they define a representative joint life-cycle analysis
case for examining the relative degradation trends of joint performance under chloride-
induced corrosion.

3.2.1. Design of Joint Model Parameters

In the typical precast frame joint designed in this study, C40 concrete is used for both
beams and columns. The material for the grouted sleeves is No. 45 steel. Except for the
tie bars within the beams, which used HPB300 grade reinforcement, all other structural
reinforcement utilized HRB400 grade reinforcement. The average values of the initial yield
strength of the reinforcement and the axial compressive strength of the concrete reference
those from the literature [37,38]. It should be noted that, for both HRB400 longitudinal
reinforcement and C40 concrete, the measured mechanical properties from the literature
rather than the standard characteristic values are adopted in the numerical calculations.
Under initial conditions, the measured yield strength of the HRB400 reinforcement is taken
as 459 MPa, according to [37], while the measured cubic compressive strength of the C40
concrete is set to 45.5 MPa based on [38]. The specific dimensions and reinforcement details
of the precast frame joint are shown in Figure 9.

According to the calculation models established in Section 2, the corrosion rates of
the reinforcement materials within the service life are presented in Table 7, and the time-
dependent mechanical parameters of the concrete and reinforcement materials are detailed
in Tables 7–10. Since the user subroutine for the reinforcement hysteretic model adopted
in this study does not require the ultimate strength of the steel bar, only the time-varying
parameters for the yield strength are listed here. Considering that the tie bars in the beams
serve as structural reinforcement and do not participate in major load-bearing calculations,
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and their positions are deep within the concrete core zone and are less directly exposed
to chloride-induced corrosion effects, the time-dependent evolution of their mechanical
properties is neglected in this study.

 
(a) Reinforcement diagram of the precast joint 

 
(b) Reinforcement diagrams of beam and column sections 

Figure 9. Dimensions and reinforcement diagrams of the typical joint.

Table 7. Average corrosion rate of reinforcement.

Reinforcement Diameter 0 a 15 a 30 a 40 a 50 a

10 mm 0 3.00 11.80 17.50 22.90
12 mm 0 2.50 9.90 14.70 19.30
20 mm 0 1.50 6.00 8.90 11.80
25 mm 0 1.20 4.80 7.20 9.50

(Note: The rates in the table are all expressed as percentages.)

Table 8. Age-dependent mechanical parameters of the concrete cover.

Material Parameters 0 a 15 a 30 a 40 a 50 a

C40
(beam)

fc,corr 30.50 29.70 27.49 26.21 25.03
Ec,corr 33,758 33,525 32,833 32,394 31,961

C40
(column)

fc,corr 30.50 30.12 29.02 28.32 27.68
Ec,corr 33,758 33,649 33,321 33,102 32,896

(Note: The units in the table are all MPa.)
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Table 9. Age-dependent mechanical parameters of the internal concrete.

Material Parameters 0 a 15 a 30 a 40 a 50 a

C40
(beam) fcin,corr 34.62 34.48 34.08 33.83 33.59

C40
(column) fcin,corr 35.69 35.55 35.12 34.85 34.59

(Note: The units in the table are all MPa.)

Table 10. Age-dependent mechanical parameters of reinforcement.

Material Parameters 0 a 15 a 30 a 40 a 50 a

HRB400
( fyc)

10 mm 459 457.68 453.29 449.95 446.37
12 mm 459 457.91 454.31 451.64 448.79
20 mm 459 458.35 456.28 454.83 453.29
25 mm 459 458.48 456.85 455.69 454.52

(Note: The units in the table are all MPa.)

The precast frame joint model established in this study using ABAQUS finite-element
software is shown in Figure 10.

Figure 10. Three-dimensional solid model diagram of the typical joint.

To better align with actual experimental conditions, three-dimensional modeling is
used to arrange the loading steel plates on the top of the column and at both ends of the
beam. The dimensions of the beam-end loading plates are 350 mm × 200 mm × 20 mm, and
the column-top loading plate is 600 mm × 600 mm × 20 mm. To ensure that the steel plates
do not undergo significant plastic deformation during loading, which would affect the
final simulation results, the loading steel plates are defined as rigid bodies. A tie constraint
is used between the loading steel plates and the concrete components to ensure full load
transmission between the two. Since defining a rigid body requires setting an RP reference
point on the loading plate and coupling it with the whole, the boundary conditions are
applied to this reference point. The setting of boundary conditions is identical to that of the
finite-element validation model in Section 3.1. Additionally, the loading protocol is applied
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to the reference points of the beam-end loading steel plates, enabling uniform transmission
of load and displacement.

The mesh details for each component in the numerical model are summarized in Table 11.

Table 11. Mesh details for each component in the numerical model.

Component Beam Column Long. Rebar
(Beam)

Long. Rebar
(Column)

Stirrups
(Beam)

Stirrups
(Column) Sleeve

Element type C3D8R C3D8R T3D2 T3D2 T3D2 T3D2 C3D8R
Mesh size 50 50 100 100 50 50 20

In addition, the interfacial parameters of the newly cast and existing concrete interface
at different ages are detailed in Tables 12–16. Here, the composite interface refers to the
contact surface between the precast beam and the cast-in-place beam; the keyway surface
denotes the joint surface at the beam-end shear key; and the column-end face represents
the interface between the column end and the cast-in-place beam.

Table 12. Interface parameters of the concrete joint at 0 a.

Location
Knn Kss Ktt t0

n t0
s t0

t δ
f
m−δ0

m µ

Stiffness (MPa/mm) Peak Stress (MPa) (mm)

Composite interface 104 1 1 1.18 6.53 6.53 2 0.8
Keyway surface 104 1 1 1.18 10.20 10.20 2 0.8

Column-end face 104 1 1 1.18 10.38 10.38 2 0.8

Table 13. Interface parameters of the concrete joint at 15 a.

Location
Knn Kss Ktt t0

n t0
s t0

t δ
f
m−δ0

m µ

Stiffness (MPa/mm) Peak Stress (MPa) (mm)

Composite interface 104 1 1 1.15 6.33 6.33 2 0.8
Keyway surface 104 1 1 1.15 10.02 10.02 2 0.8

Column-end face 104 1 1 1.16 10.24 10.24 2 0.8

Table 14. Interface parameters of the concrete joint at 30 a.

Location
Knn Kss Ktt t0

n t0
s t0

t δ
f
m−δ0

m µ

Stiffness (MPa/mm) Peak Stress (MPa) (mm)

Composite interface 104 1 1 1.06 5.78 5.78 2 0.8
Keyway surface 104 1 1 1.09 9.50 9.50 2 0.8

Column-end face 104 1 1 1.12 9.84 9.84 2 0.8

Table 15. Interface parameters of the concrete joint at 40 a.

Location
Knn Kss Ktt t0

n t0
s t0

t δ
f
m−δ0

m µ

Stiffness (MPa/mm) Peak Stress (MPa) (mm)

Composite interface 104 1 1 1.01 5.44 5.44 2 0.8
Keyway surface 104 1 1 1.05 9.18 9.18 2 0.8

Column-end face 104 1 1 1.09 9.58 9.58 2 0.8
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Table 16. Interface parameters of the concrete joint at 50 a.

Location
Knn Kss Ktt t0

n t0
s t0

t δ
f
m−δ0

m µ

Stiffness (MPa/mm) Peak Stress (MPa) (mm)

Composite interface 104 1 1 0.97 5.12 5.12 2 0.8
Keyway surface 104 1 1 1.02 8.86 8.86 2 0.8

Column-end face 104 1 1 1.07 9.50 9.50 2 0.8

3.2.2. Loading Protocol Design

In this study, low-cycle reversed loading simulations of the precast frame joints were
conducted using a beam-end displacement angle loading method. To ensure uniform stress
distribution at the column top, a constant vertical load corresponding to a design axial
compression ratio of 0.2 was applied to the reference point at the column-top loading steel
plate. The cyclic loading protocol was applied through displacement angle control under a
quasi-static analysis procedure. Loading was applied sequentially at displacement angles of
0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.75%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, and 3.5%, with two cycles
performed at each loading level. The loading protocol curve is illustrated in Figure 11.
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Figure 11. Loading protocol curve.

3.3. Evolution and Discussion of Joint Mechanical Performance

This comparison focuses on the influence of service age on the hysteretic characteristics,
load-bearing capacity, stiffness, and energy dissipation capacity under the same joint
configuration and loading protocol. Therefore, after completing the joint model validation,
the chloride diffusion, reinforcement corrosion, and time-dependent concrete material
degradation models established in Section 2 were incorporated into the finite-element
analysis to compare the seismic performance of the typical precast frame joint at the
selected service ages.

3.3.1. Evolution of Joint Load-Bearing Capacity and Ductility

Based on the joints at the different ages established above, the comparison diagrams
of the hysteretic and skeleton curves for the precast frame joints are extracted, as shown
in Figure 12.

According to the hysteretic and skeleton curves of the joint at different ages, it is
evident that the joints at each age exhibit distinct linear elastic characteristics before yielding,
indicating that under the parameter settings of this study, the increase in service age does
not alter the fundamental working mechanism of the joint during the initial loading
stage. However, as the joints enter the post-yielding stage, the service-age effect gradually
becomes apparent, where with the increase in displacement amplitude, the loading and
unloading stiffnesses continuously decrease, the residual deformation increases, and the
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pinching phenomenon in the hysteretic curves of the joints with higher ages becomes more
pronounced, indicating that corrosion accumulation has a more direct weakening effect on
the mechanical coordination capacity of the joint during the non-linear stage. Based on the
above analysis, the service-age effect is primarily reflected in the degradation during the
non-linear stage rather than the reconstruction of the initial elastic response.
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Figure 12. Hysteretic and skeleton curves of the joint at different ages.

To further quantify the impact of service age on load-bearing and deformation ca-
pacities, the R-Park method [39] was employed in this study to determine the joint yield
point, with the displacement corresponding to 85% of the peak load defined as the ultimate
displacement; the results are presented in Table 17. From the data in the table, it can
be observed that, compared to the initial state, both the peak load-bearing capacity and
the ultimate load-bearing capacity of the joint decrease by only approximately 0.89% at
15 a, indicating that the load-bearing capacity of the joint has not undergone significant
attenuation during the early stage of corrosion. For the later service-age cases of 30 a,
40 a, and 50 a, the peak load-bearing capacities decrease by 7.36%, 11.11%, and 13.68%,
respectively, while the corresponding ultimate load-bearing capacities decrease by 7.37%,
11.11%, and 13.67%. These results indicate a progressively increasing deterioration ten-
dency within the analyzed service-age sequence, but they should not be interpreted as
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identifying an exact transition point because only five discrete service ages are considered
in this study. Simultaneously, the yield displacement of the joint increases with service age,
reflecting the gradual reduction in stiffness and deformation-control capacity caused by
chloride-induced corrosion.

Table 17. Ductility indicators of the joint at different ages.

Ages
(a)

Pmax
(kN)

∆max
(mm)

Pu
(kN)

∆u
(mm)

∆y
(mm) µ

0 175.20 31.32 148.92 61.48 12.50 4.92
15 173.64 31.64 147.60 60.37 12.95 4.66
30 162.30 32.37 137.95 60.32 14.20 4.25
40 155.74 32.73 132.38 54.38 15.80 3.44
50 151.24 32.84 128.56 52.20 16.95 3.08

In the table, Pmax represents the peak load sustained by the joint; ∆max is the cor-
responding displacement at the peak load; Pu is the ultimate load of the joint, defined
as Pu = 0.85Pmax; ∆u is the corresponding displacement at the ultimate load; ∆y is the
yield displacement of the joint; and µ is the ductility coefficient of the joint, defined as
µ = ∆u/∆y.

Table 18 summarizes the variations in key seismic performance indicators of the joint
with service age, showing that different seismic performance indicators exhibit different
relative degradation levels under the adopted exposure scenario. It can be observed that
the peak and ultimate load-bearing capacities show only limited changes at 15 a, whereas
the yield displacement has already begun to increase. At the later service ages included
in the calculation sequence, the degradation tendencies of load-bearing capacity, ductility,
and deformation capacity become more evident. The reduction in the ductility coefficient
is larger than that of the peak load-bearing capacity, indicating that deformation-related
indicators reflect corrosion-induced seismic performance deterioration more prominently
than strength indicators in the analyzed case.

Table 18. Summary of relative changes in key indicators.

Ages
(a)

Pmax
(kN)

Relative
Changes

Pu
(kN)

Relative
Changes

∆y
(mm)

Relative
Changes µ

Relative
Changes

0 175.20 — 148.92 — 12.50 — 4.92 —
15 173.64 −0.89% 147.60 −0.89% 12.95 +3.60% 4.66 −5.28%
30 162.30 −7.36% 137.95 −7.37% 14.20 +13.60% 4.25 −13.62%
40 155.74 −11.11% 132.38 −11.11% 15.80 +26.40% 3.44 −30.08%
50 151.24 −13.68% 128.56 −13.67% 16.95 +35.60% 3.08 −37.40%

The reasons for the aforementioned phenomena are as follows. In the initial stage of
corrosion, the corrosion products on the reinforcement surface exert a certain filling effect
on local pores and interfacial gaps, and the concrete material strength has not undergone
significant deterioration; thus, the overall load-bearing level of the joint remains relatively
stable. However, as corrosion progresses further, the reduction in reinforcement cross-
sections, the cracking and spalling of the cover, and the degradation of interfacial bonding
begin to collectively dominate the mechanical behavior of the joint, leading to larger
flexible deformations and more pronounced slip effects even at lower load levels, with
the yield point gradually shifting backward and ductility continuously declining. From
an engineering perspective, this implies that, when evaluating the seismic performance
of offshore precast joints during their service life, safety reserves should not be judged
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solely based on peak load-bearing capacity; instead, emphasis should be placed on the
attenuation of ductility and deformation capacity, as the latter two are more likely to first
expose the adverse effects of corrosion accumulation.

3.3.2. Strength and Stiffness Degradation of the Joint

This study employs the strength degradation coefficient to characterize the deteriora-
tion of the joint’s load-bearing capacity and utilizes secant stiffness to reflect the attenuation
of the joint’s deformation control capability under cyclic loading, namely the stiffness
degradation.

The expression for the strength degradation coefficient is shown in Equation (26):

αi = 1 − Fi−1

Fi
(26)

where αi represents the strength degradation coefficient of the joint under the i-th loading
level; and Fi denotes the maximum load under the i-th loading level.

The expression for secant stiffness is shown in Equation (27):

Ki =
|+Fi|+ |−Fi|
|+∆ i|+ |−∆ i|

(27)

where Ki represents the secant stiffness of the joint under the i-th loading level; +Fi and −Fi

denote the maximum loads in the positive and negative directions under the i-th loading
level, respectively; and +∆ i and −∆ i are the maximum displacements corresponding to
+Fi and −Fi.

As observed from the strength degradation coefficient curves in Figure 13, the overall
morphology of the curves for the joints at different ages is relatively similar, all exhibiting a
trend of an initial rapid decline followed by localized fluctuations in the large displacement
stage as the displacement amplitude increases. This indicates that within the age range
established in this study, the damage caused by chloride corrosion does not alter the
fundamental failure mode of the joint, but primarily manifests the service-age effect by
weakening its load-bearing reserves at the same loading stage. Particularly, when the
beam-end displacement amplitude approaches 30 mm, the strength degradation factors of
the joints at all ages transition from positive to negative values, indicating that the joints
reach their peak load-bearing state near this loading level.
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Figure 13. Strength degradation coefficient curves of the joint.

Furthermore, Figure 13 also shows that when the displacement amplitude further
increases to approximately 60 mm, some curves exhibit a brief recovery. However, this
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phenomenon should not be interpreted as a restoration of the joint’s seismic performance;
a more plausible explanation is that in the post-peak stage, the crushing and spalling of
the concrete cover have become significant, and the internal force transmission mecha-
nism of the joint gradually shifts from combined concrete-reinforcement resistance to a
state dominated by reinforcement hardening and localized internal force redistribution.
Consequently, phased fluctuations are manifested in the macroscopic load–displacement
relationship. This phenomenon essentially remains part of the post-peak failure process,
indicating a transition in the source of the joint’s resistance at high displacement levels
rather than a genuine improvement in structural performance.

From the stiffness degradation curves in Figure 14, it is evident that the joints at all ages
possess high initial stiffness during the early loading stages; as the displacement amplitude
increases, the concrete cover progressively cracks, and the joint stiffness declines rapidly.
After yielding, the rate of stiffness degradation slows down and gradually stabilizes after
the peak stage. The variation patterns of the curves for joints at different ages are generally
consistent, but the stiffness levels of joints with higher ages are lower overall, with the
disparity becoming more pronounced particularly in the post-yielding stage. Notably,
the stiffness of the joint at 15 a shows almost no significant attenuation compared to the
initial state, which corroborates the previously mentioned result of minimal changes in
the load-bearing capacity. The reason lies in the fact that, in the early stages of corrosion
development, the concrete strength remains at a relatively high level, and the reinforcement
corrosion products partially fill the voids between the steel bars and the surrounding
concrete, enhancing localized mechanical interlocking and thereby maintaining the overall
joint stiffness at a level similar to the initial state.
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Figure 14. Stiffness degradation curves of the joint.

With increasing service age, the localized filling effect is gradually offset by cover
spalling, interface bond deterioration, and rebar section loss, leading to a more evident
decline in stiffness in the later service-age cases. The reduction in stiffness also implies
a simultaneous decrease in lateral resistance, crack control capability, and deformation
control capacity under seismic actions. Under the specific material and chloride exposure
parameters adopted in this case study, the results indicate a progressively increasing
stiffness deterioration tendency within the analyzed service-age sequence. Because the
present numerical investigation considers only five discrete ages, this trend should not be
interpreted as a definitive transition threshold.
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3.3.3. Evolution of Energy Dissipation Capacity of the Joint

According to the relevant provisions on hysteretic energy dissipation evaluation in
the specification for seismic test of buildings [40], this study utilizes the equivalent viscous
damping coefficient to characterize the energy dissipation capacity of precast frame joints
under cyclic loading. This indicator, together with load-bearing capacity, stiffness, and
ductility, constitutes a multi-indicator evaluation framework for the seismic performance
of joints during their service life. Its specific definition is shown in Equation (27).

he =
Ed
2π

(28)

In the formula, Ed represents the energy dissipation coefficient, defined as the ratio of
the total energy of a single hysteretic loop of the specimen under beam-end loading to its
elastic performance, as shown in the following equation:

Ed =
SABC + SCDA
SOBE + SODF

(29)

In this formula, SABC + SCDA denotes the full area of the specimen under one hysteretic
loop; and SOBE + SODF represents the elastic performance of the specimen. The specific
mathematical definition is illustrated in Figure 15.

Figure 15. Schematic diagram for the equivalent viscous damping coefficient.

Analyzing Figure 16, it is noteworthy that within the displacement range from 15 mm
to 20 mm, the equivalent viscous damping coefficients of the joints at all ages exhibit a
certain degree of decline. Correlating this with the skeleton and hysteretic curves, this
stage corresponds to the process where the main cracks in the joint core zone have basically
penetrated, and the growth of load-bearing capacity slows down with slight fluctuations.
However, this phenomenon does not imply the disappearance of the joint’s energy dis-
sipation mechanism; although the displacement continues to increase, the expansion of
the hysteretic loop area is restricted by the pinching effect and localized slip. This leads to
a phased decrease in the numerical value of the equivalent viscous damping coefficient,
reflecting the weakening of internal mechanical coordination as the joint transitions from a
stable elastoplastic development stage to a more pronounced damage evolution stage.
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Figure 16. Comparison of the joint’s equivalent viscous damping coefficients.

Regarding the influence of service age, as the service time increases, the equivalent
viscous damping coefficient of the joint at the same displacement loading level decreases
overall. This indicates that time-dependent material degradation, interfacial damage accu-
mulation, and the weakening of the collaborative working capacity between reinforcement
and concrete collectively lead to the decline in the joint’s energy dissipation capacity. Fur-
ther analysis combined with the results in Table 8 reveals that by 50 a, the peak load-bearing
capacity of the joint decreases by approximately 13.68%, while the ductility coefficient
drops by approximately 37.40%. This indicates that ductility and energy-dissipation-related
indicators exhibit larger relative reductions than load-bearing capacity in the analyzed case.
In the late service stage, the joint may still retain a certain load-bearing reserve, but its
capacity to dissipate energy through plastic deformation under repeated seismic actions
has already been significantly weakened.

As shown by the results, the joint gradually transitions from the elastic stage to the
elastoplastic stage during the loading process, with the hysteretic loop area increasing
accordingly; from the overall trend, the energy dissipation capacity of the component
is continuously enhanced. Furthermore, the variation patterns of the joints at different
ages are basically consistent, indicating that the increase in service age does not alter the
fundamental process of energy dissipation evolution of the joint, although it significantly
affects the energy dissipation level at the same loading stage.

This result possesses significant engineering implications. From the perspective of
evaluation methods, for precast frame joints in coastal atmospheric environments, relying
solely on load-bearing capacity as the core indicator may underestimate the degree of
performance degradation in the late service stages. In contrast, incorporating stiffness,
ductility, and energy dissipation capacity into the service-life assessment can better reflect
the actual working state of the joint under seismic actions, and is more conducive to
identifying potential risk joints whose strength remains acceptable but whose actual seismic
performance has significantly declined.

3.3.4. Degradation Mechanism and Engineering Implications

Synthesizing the above analysis, we found that the performance degradation of typical
precast frame joints in coastal atmospheric environments was not the result of a single
material strength decline. Instead, it is a progressive process driven by the development of
reinforcement corrosion induced by chloride ion ingress, the accumulation of damage at
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the new-to-old concrete interface, and the weakening of the joint’s mechanical coordination.
Its fundamental mechanism can be summarized as follows. Following the continuous
ingress of chloride ions along the concrete cover and the new-to-old concrete interface,
the reinforcement gradually undergoes corrosion and generates rust expansion effects.
In the initial stage of corrosion, the corrosion products exert a certain filling effect on
local pores; thus, the changes in the load-bearing capacity and stiffness of the joint are
not yet significant; however, with the accumulation of corrosion, concrete cover cracking
and spalling, reinforcement cross-sectional reduction, and enhanced bond–slip begin to
dominate, leading to an intensified pinching effect in the hysteretic curves of the joint and
a marked decline in stiffness, ductility, and energy dissipation capacity.

From the perspective of relative indicator degradation, the peak load-bearing capacity
decreases by approximately 13.68% at a service life of 50 a, while the ductility coefficient
drops by approximately 37.40%. This indicates that, compared with strength indicators,
ductility and energy-dissipation-related indicators reflect the adverse effects of corrosion
accumulation on the seismic performance of the joint more prominently in the analyzed
case. Therefore, in the service-life management of offshore precast structures, relying solely
on load-bearing capacity evaluation may underestimate the risk of seismic performance
deterioration in the later stages of the joint’s life.

The aforementioned results indicate that for precast frame joints, which serve as
critical force–transmission components within the overall frame structure in coastal atmo-
spheric environments, the assessment of seismic performance during the service life should
shift from focusing solely on strength indicators to a collaborative evaluation of strength,
stiffness, ductility, and energy dissipation capacity.

3.4. Scope of Application and Research Limitations

To ensure scientific rigor, several limitations of the present numerical framework must
be explicitly noted.

1. Diffusion Model Approximations: Chloride ingress was estimated using a 1D
Fickian diffusion model with constant parameters. In real-world structures, the diffusion
coefficient D0 decays over time due to ongoing hydration, and the precast-to-cast inter-
face acts as a 2D/3D preferential transport pathway. Furthermore, the coupling effect of
service loads (microcracking under cyclic stress) accelerating chloride penetration was
not simulated.

2. Material and Interface Subroutines: The rebar hysteretic subroutine represents
bond–slip degradation through equivalent strength weakening, while the baseline model
was validated against an uncorroded test joint and a corroded test joint. Direct experimen-
tal cross-validation on long-term corroded full-scale joints remains desirable once such
experimental data become available.

3. Parametric Specificity: The quantitative trends apply strictly to the specified case
study parameters. Variations in water-to-binder ratios, mineral admixtures, or environmen-
tal sub-zones will shift the corrosion time points.

Therefore, this work should be interpreted as a case-specific numerical framework
exploration under the adopted exposure and modeling assumptions rather than as a
deterministic field-life prediction or a comprehensive parametric sensitivity analysis.

4. Conclusions
This paper established a coupled chloride diffusion, corrosion, and finite-element

framework to investigate the time-dependent seismic performance degradation and rel-
ative indicator variations in a typical precast concrete frame joint under a representative
coastal atmospheric environment. The input data of the proposed framework include the
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joint geometry, reinforcement arrangement, material properties, concrete cover depth, chlo-
ride exposure parameters, diffusion-related parameters, and service age. The prediction
sequence consists of chloride ingress analysis, corrosion initiation and propagation assess-
ment, corrosion-induced degradation of material and interface properties, finite-element
cyclic loading simulation, and evaluation of seismic performance indicators.

Based on the numerical results and adopted parametric conditions, the following
conclusions are drawn:

1. The baseline ABAQUS solid model can reasonably reproduce the hysteretic response
and skeleton curves of both the uncorroded and corroded validation joints. By applying
elastic modulus reduction only to the damaged covering concrete, the framework maintains
a clearer distinction between the degraded outer layer and the intact internal concrete.

2. The seismic performance indicators exhibit different relative degradation levels
under chloride corrosion accumulation. While the peak load-bearing capacity decreases by
only 0.89% at 15 a and 13.68% at 50 a, the ductility coefficient drops by 5.28% at 15 a and
37.40% at 50 a. In the analyzed case, ductility and energy-dissipation-related indicators
show larger relative reductions than strength parameters.

3. Under the baseline exposure and geometric conditions of this study, the deterio-
ration tendency becomes more evident in the later service-age cases within the analyzed
sequence. This observation is case-specific and should not be interpreted as identifying
a universal degradation threshold or a definitive transition age, because the quantita-
tive degradation level may vary with concrete cover depth, chloride exposure condition,
material parameters, corrosion morphology, and the selected service-age interval.

4. Service-life durability assessments for precast frame connections in marine atmo-
spheric environments should shift from single-indicator strength-based evaluation to a
multi-indicator framework that jointly considers strength, stiffness retention, deformation
ductility, and hysteretic energy dissipation.
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