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ABSTRACT
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In long-term aggressive corrosion environments, steel structures are susceptible to corrosion, which can significantly impair their
mechanical performance. The seismic behavior of the corroded double-steel-plate composite shear wall (DSCW) is investigated in this
paper. The parameters investigated include the corrosion rate, steel plate thickness, axial compression ratio, and concrete strength. The
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corroded DSCW model was established using ABAQUS’s secondary development function. The research results show that: local corrosion

under cyclic loading may cause the steel plate to buckle prematurely, resulting in early concrete crushing and failure of the binding bars;
The hysteresis curve of the corroded specimen shows a distinct “pinching” effect; With the increase of corrosion rate, the bearing capacity

KEYWORDS

and ductility of DSCW decrease obviously. The optimal steel plate thickness for seismic performance is identified as 9 mm, while higher

concrete strength correlates with enhanced bearing capacity; Increasing the axial compression ratio leads to a gradual decrease in bearing

Double-steel-plate composite shear

capacity. A shear capacity formula that accounts for corrosion rates is proposed, and the relationship between the residual seismic capacity wall;

and drift, in terms of energy dissipation, is also analyzed. Finally, the study calculates the reinforceable residual drift limits for DSCW

damaged by earthquakes.
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1. Introduction

The double-steel-plate composite shear wall (DSCW) comprises of exterior
steel plates, in-filled concrete, and mechanical connectors. Recently, DSCW
has become widespread use as lateral force-resisting elements in high-rise
buildings and nuclear power plants [1-2]. However, when exposed to corrosive
environments, the exterior steel plates become susceptible to corrosion, which
causes damage to the surface and makes the DSCW less able to handle
earthquakes. Therefore, we need to explore how DSCW behaves during
earthquakes after it has corroded.

The performance of the DSCW is largely determined by the bond between
the steel plates and the concrete. Insufficient confinement between these
materials may cause premature buckling of the steel plates [3]. Various
connectors have been proposed to enhance the bond, including connectors with
different shapes [4-10]. Zhang and Chen [11,12] proposed DSCW with shear
bolts, stiffeners, and L-shaped connectors. It should be noted that these
connectors require extensive welding, which may induce deformation and
residual stresses. The DSCW connector selected in this study uses a binding bar,
which is a bolt-based connection method. The constraint rod can be installed
quickly and conveniently, without the need for welding. Zhu et al. [10] proposed
the DSCW with binding bars and found that reducing the spacing between the
binding bars effectively enhances the seismic performance of the DSCW.
Although the seismic performance of DSCW has attracted significant attention,
research on their seismic performance after corrosion remains limited.

Corrosion seriously affects the strength of steel, leading to significant
degradation. A lot of research has been done to understand how corrosion
affects steel. Imperatore et al. [13] studied how even corrosion affects the
constitutive relationships of steel rebars. Sun et al. [14] found that in addition to
uniform corrosion, random pitting corrosion also occurred in steel rebars.
Pitting damage caused stress concentrations in steel bars, leading to varying
degrees of degradation in their mechanical properties. Qin and Jin [15,16]
conducted both experimental investigations and numerical simulations to assess
the impact of corrosion on steel. Their results indicated that the decrease in the
mechanical properties of the steel was linked to the loss of cross-sectional area
in the steel, leading to substantial changes in the yield plateau, which ultimately
resulted in decreased strength and ductility. Ren et al. [17] highlighted that the
presence of pitting, particularly under conditions of nonuniform corrosion,
caused localized stress concentrations, which expedited the failure of the steel.
These studies, employing both experimental and numerical approaches, offer
valuable insights into the degradation patterns of corroded steel. Although most
of these studies have focused on the corrosion of individual steel members, they
provide a solid foundation for understanding the mechanical behavior of
composite structures exposed to corrosion.

Recent years have seen a surge in research examining the performance of
corroded composite structures, particularly targeting Concrete-Filled Steel

Tubes (CFST). Yang et al. [18] investigated the mechanical properties of CFST
subjected to both uniform and local corrosion. Local corrosion is a common
occurrence in practical engineering, prompting numerous studies on the
mechanical behavior of CFST under such conditions [19-23]. Scholars have
simulated local corrosion by introducing surface defects in steel tubes to assess
their impact. Huang et al. [24] found that artificial notches, whether vertical or
slanted, significantly reduced the peak resistance and ductility of the steel tubes.
However, horizontal notches had a lesser impact on peak resistance and ductility,
primarily causing global flexural buckling. Zhong et al. [25] observed that local
defects in the steel tubes causing a shift in the specimen’s centroid and a
subsequent decrease in the bearing capacity of CFST. While simulating local
defects effectively replicated the mechanical properties after local corrosion, it
differed significantly from the damage observed in CFST under real corrosion
environments. To bridge this gap, Xue et al. [26] designed CFST specimens
subjected to NaCl solution and atmospheric corrosion. An accurate finite
element (FE) model was developed based on 3D scanning profile data, revealing
that corrosion exhibited fractal characteristics and significantly reduced the
specimen’s ductility. Corrosion-induced circumferential expansion often led to
steel pipe fractures, further diminishing ductility. Zhang et al. [27] found that
corrosion of the outer steel pipe significantly reduced the axial bearing capacity
and plastic deformation capacity of CFST. As the corrosion ratio increased, the
mechanical properties further decreased. Significant progress has been made in
the aforementioned literature, which is critical for improving the design of
CFST. However, few studies have been conducted on corroded DSCW in steel-
concrete structures. Therefore, investigating the seismic performance of
corroded DSCW is essential for evaluating its service life. Current codes also
lack design methods for corroded DSCW. Therefore, studying the seismic
performance of corroded DSCW is of significant meaning for assessment the
service life of corroded DSCW.

DSCW are critical components in resisting lateral forces and are subjected
to cyclic loading, necessitating a thorough investigation into their seismic
performance after corrosion. This paper mainly studies the seismic performance
of corroded DSCW with binding bars. Corrosion patterns were categorized into
uniform corrosion and random pitting, based on relevant standards and
corrosion tests on steel plates. Consequently, the model considers local uniform
corrosion and random pitting on the exterior steel plates. A detailed parameter
analysis is subsequently conducted to examine the mechanical characteristics of
the corroded DSCW. Based on finite element calculations, a formula for
calculating corroded DSCW bearing capacity is proposed. Considering the risk
of seismic events affecting already damaged members, the study proposes a
seismic damage evaluation method for DSCW, based on residual drift and
residual seismic capacity post-earthquake. Furthermore, the study proposes
limit values for evaluation indices to ensure the reinforced capacity of these
structural members post-earthquake.
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2. FE model establishment and verification
2.1. Design of 'local corrosion specimen model

Research on DSCW has primarily focused on their seismic performance
with various connectors. However, a gap remains in understanding the
mechanical behavior and failure modes of these shear walls under cyclic loading
in corrosive environments. This study investigates the seismic performance of
DSCWs with binding bars under cyclic loading after corrosion. Nonlinear static
analysis methods were employed to comprehensively explore and elucidate the
seismic behavior of these shear walls under varying corrosion levels. Under
typical atmospheric conditions, steel plates corrode initially, forming areas with
specific maximum residual thicknesses that later develop local pitting corrosion.
According to the studies by Wang et al. [28] and using formulas derived from
the mean values of corrosion pits, equations were fitted to estimate the uniform
corrosion thickness and the diameter of pitting pits as the corrosion rate varies,
shown in Fig. 1 and Eq. (1). Using these formulas, the uniform corrosion
thickness and mean values of pitting pits for steel plates with corrosion rates of
10%, 15%, and 25% were determined. To realistically simulate the seismic
performance of DSCWs under local corrosion, random functions in Python
software were used to generate random corrosion pits on steel plates, as shown
in Fig. 2. This approach ensures that the corrosion simulation captures the varied

and unpredictable nature of pitting corrosion’s effects on structural performance.
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Fig. 2 The Python software’s random function generates random rust pits on the steel plate

1, =0.729+0.041p, R*=0.713 (la)

0, =0.526+0.034p, R=0,789 (1b)

where up is the average diameter of the corrosion pits, op is the standard
deviation of the diameter of the pit, py is the local volume loss rate.

We focus on the numerical simulation of pitting randomness during the
construction of the geometric model. Geometric modeling serves as the core of
the simulation methodology. Previous studies have shown that the shape of
corrosion pit has little effect on the mechanical properties of the structure.
[29,30], so we chose a circular pit to simulate pitting. The locations of these pits
were determined using Python’s Random function, which defined the
distribution of pitting. A Boolean operation was subsequently applied to
generate the final geometric model, based on the relationship between the
generated array of storage forms and the corresponding position vector array.
The flowchart is shown in Fig. 3.
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( Tnput the geometric and pitling parameters )
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The number of pits (Np) is determined based on the corrosion
area and pit corrosion index

'

The location of the first pitting corrosion within a given
range is determined

'

The location of theN-th corrosion pit is randomly generated )

F ‘

The spatial distance is defined, and it is determined

whether theN-th corrosion pit coineides with any
previously generated corrosion pits

The generated parts are moved according to the corresponding
position vector, and a Boolean operation is performed

Fig. 3 The flow chart of modeling process

2.2. Material properties

2.2.1. Steel

In this study, steel was modeled using the isotropic elastic-plastic model in
ABAQUS software. This model effectively describes the metal’s plastic
characteristics and satisfies the Von-Mises stress yield criterion. The stress-
strain relationship follows the five-fold line model detailed in "Steel Pipe
Concrete Structures" [31] by Zhong.

2.2.2. Concrete

In order to simulate the mechanical behavior of concrete, the concrete
damage plasticity model in ABAQUA is adopted. This model was chosen based
on yield surfaces proposed by Lubliner [32] and Lee [33], with an additional
cracking energy criterion defined by Hillerborg et al. [34]. Han’s [35] stress-
strain relationship for concrete tension was adopted. The tensile cracking and
compressive failure of concrete can be well simulated by using the
corresponding stress-strain relationship in ABAQUS.

2.2.3. Element type and interaction

During the meshing process, the end plates, binding bars, and concrete were
meshed using hexahedral elements. Due to pitting corrosion on the steel plate’s
surface, hexahedral meshing was applied to the non-corroded areas, while
tetrahedral meshing was used for the corroded regions of the steel plates. The
meshing of each part is shown in Fig. 4.

Binding bar

: End plate

In-fill concrete

Exterior stell plate

Fig. 4 FE model
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The following interaction relationships were defined: “Tie” constraints
were applied between the end plates and the concrete, still between the end
plates and the steel plate. Frictional constraints were applied between the steel
plate and concrete, with the coefficient of friction set to 0.6. The same contact
setting was applied between the binding bars and the concrete. Frictional contact
was defined between steel plates and binding bars, with the coefficient of
friction is set to 0.3.

2.3. Boundary conditions

The loading process takes place in two stages. In the first stage, axial
pressure is applied, followed by the application of horizontal load in the second
stage. The lower end plate of the shear wall is fully fixed to prevent any
movement. The upper end plate is coupled to the reference point. To prevent
out-of-plane instability of the DSCW, a displacement constraint of out-of-plane
is applied at the reference point.

2.4. Model verification

Based on the above Settings, SCSW4 specimens in reference [36] were
selected for modeling to ensure correctness of parameters of the FE model. The
size and loading mode of the FE model are same with test.

The failure mode and steel plate buckling position of the finite element
analysis results are very similar to those of the test (Fig. 5). Both FE model and
experimental test showed steel plate local buckling at the end of the specimen.
This confirms the accuracy and reliability of the finite element simulation in
predicting the failure mode of the DSCW. From the comparative analyses of the
hysteresis curves and skeleton curves, it is evident that they all have very similar
trends and the error in the curves is very small. However, during the specimen’s
failure stage, the model predicts a slightly higher bearing capacity compared to
the actual test value. This is caused by defects in the welding of steel plates and
concrete placement during the production of samples.

Ly

(a)Test destructive mode

T |
(b) Finite element destruction model
= 1500 ’
-20 30
S/mm
|—— TEST

|— FEM

(c) Comparison of experimental and FE model hysteresis curves

245

1500 .

1000

500 |

V/KN
(=]
T

-500 -

-1000

1500 1 1 1 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20

A (mm)

(d) Comparison of experimental and FE model skeleton curves

Fig. 5 Model validation

3. Parametric study

After verifying the test results using ABAQUS software, the study
proceeded to investigate the seismic performance of DSCW with varying
parameters. he effects of different parameters such as corrosion rate, plate
thickness, concrete strength grade, and axial compression ratio, is examined in
the parametric study. These variables significantly influence the mechanical
properties of DSCW, highlighting the need to quantify their effects accurately.
To realistically simulate the random corrosion scenarios encountered in
practical engineering, corrosion models are generated using the random
function in Python. These models simulate local corrosion rates on steel plates,
ranging from 0% to 25%. This approach allows for a comprehensive evaluation
of how varying corrosion levels affect the structural integrity and seismic
behavior of DSCW.

3.1. Influence of the steel plate thickness

In this section, the influence of steel plate thickness on corroded DSCW
bearing capacity is discussed (Table 1). DSCW specimens with steel plate
thicknesses of 5 mm to 9 mm, and corrosion rates of 0% to 25%, are designed.
The shear walls have a height-to-width ratio of 1.0, a concrete strength grade of
C30, restraining tie bars with diameters of 10 mm, and steel plates made of
Q235 material. FE-CI1 to FE-C3 represent specimens with varying steel plate
thicknesses, while FE-C1-0 to FE-C1-2-25 represent specimens with different
corrosion rates.

Table 1
Design parameters of specimens
Test Stéel plate Concrete Axial compres- Corrosion
. thickness strength . . rates

specimen Cmd arade sion ratio %)
FE-C1-0 5 C30 0.2 0
FE-C1-10 5 C30 0.2 10
FE-CI1-15 5 C30 0.2 15
FE-C1-25 5 C30 0.2 25
FE-C2-0 7 C30 0.2 0
FE-C2-10 7 C30 0.2 10
FE-C2-15 7 C30 0.2 15
FE-C2-25 7 C30 0.2 25
FE-C3-0 9 C30 0.2 0
FE-C3-10 9 C30 0.2 10
FE-C3-15 9 C30 0.2 15
FE-C3-25 9 C30 0.2 25
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Fig. 6 The hysteresis curves of different thicknesses of steel plate
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3.1.1. Hysteresis curve analysis

The hysteresis curve of FE-C3 is fuller than that of FE-C2 (Fig. 6), it shows
that an increase in steel plate thickness may provide greater confinement to the
concrete, thereby reducing concrete cracking. However, the hysteresis curves of
specimens FE-C3-10, FE-C3-15, and FE-C3-25 gradually exhibit reduced
fullness, indicating a weakening of energy dissipation capacity in corroded
specimens. This trend highlights the significant detrimental effect of local
corrosion on DSCW.

Among the specimens listed in Table 2, FE-C3-0 exhibits the highest peak
load of 1343.01 kN. This value is 14.1% higher than that of FE-C2-0. With a
constant corrosion rate, the peak load increases gradually with increasing steel
plate thickness, indicating that a thicker steel plate enhances the shear wall’s
bearing capacity. Specifically, the peak load of FE-C3-0 is 10.2% higher than
that of FE-C3-10. Conversely, with a constant steel plate thickness, the peak
load decreases as the corrosion rate increases, show a reduced bearing capacity
due to increased corrosion. Furthermore, the increase in peak load is more
pronounced for specimens with 9 mm steel plate thickness compared to those
with 7 mm at the same local corrosion rates. This observation underscores that
thicker steel plates contribute to improved seismic performance and energy
dissipation capacity, making them more resilient to corrosion.

3.1.2. Skeleton curve analysis
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Table 2
Peak load
Specimen number Peak load

FE-C1-0 890.80
FE-C1-10 733.45
FE-C1-15 722.42
FE-C1-25 703.17
FE-C2-0 1177.03
FE-C2-10 1050.43
FE-C2-15 1046.11
FE-C2-25 1036.97
FE-C3-0 1343.01
FE-C3-10 1218.33
FE-C3-15 1200.75
FE-C3-25 1189.10
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Fig. 7 The skeleton curve of different thicknesses of steel plate
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By processing the hysteresis curves, the skeleton curves are derived and
shown in Fig. 7. Each specimen’s skeleton curve exhibits three distinct stages.
The following observations can be made from Fig. 7 (a-c): In the elastic stage,
the curvature remains consistent, suggesting that corrosion has minimal effect
on the initial stiffness of the DSCW. In the plastic stage, the curvature the curve
diminishes significantly, and all specimens exhibited inflection points. The
inflection points of specimens with corrosion rates of 10%-25% occurred
significantly earlier than those of the uncorroded specimens. This is due to

corrosion reducing the stiffness of the steel plate, causing it to yield prematurely.

The inflection points of the FE-C3 series specimens occurred later than that of
the FE-C2 and FE-C1 series specimens. This is primarily due to the increased
thickness of the steel plate, which significantly enhances the lateral stiffness of
the DSCW. During the failure stage, the curve shows a progressively steeper
decline with increasing corrosion rates. The strength of the FE-C1-25 specimens
decreased significantly, while the FE-C3-0 and FE-C2-0 specimens performed
the best throughout the failure stage. The results show that increased steel plate
corrosion diminishes the DSCW ‘s peak load, ductility, and deformation
capacity. Increasing the thickness of steel plate can significantly improves the
seismic performance of corroded DSCWs, but it reduces ductility. In practice,
the thickness of steel plate can be appropriately increased to mitigate the
negative impact of corrosion and enhance seismic performance of DSCW.

3.2. Influence of the concrete strength grade

In this section, the influence of concrete strength on corroded DSCW
bearing capacity is discussed. DSCW specimens are designed using FE-C1 as
the base model, with local corrosion rates of 0%, 10%, 15%, and 25%, and
concrete strength grades of C30 to C50. The parameters for each model are
shown in Table 3.

247

3.2.1. Hysteresis curve analysis

An increase in the concrete strength grade from C30 (FE-C1-0) to C40 (FE-
E1-0) resulted in a rise in the overall stiffness of the specimens, as well as a
significant increase in the peak load, which increased by 11.18% (Fig. 8, Table
4). However, when the concrete strength was further elevated from C40 (FE-
E1-0) to C50 (FE-E2-0), the peak load showed only a modest increase of 1.53%.
With the increase of concrete strength, the effect on the peak load of DSCW
decreases gradually. In the case of corroded DSCWs, when the corrosion rate
increased from 0% to 10%, the peak horizontal bearing capacity of specimens
with concrete strengths ranging from C30 to C50 decreased by 17.66%, 17.43%,
and 12.44%, respectively. The reduction in peak load of corroded DSCW was
effectively mitigated with the concrete strength grade added.

1000

600
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200

Table 3
Design parameters of specimens
Test Ste_el plate Concrete Axial compres- Corrosion
i thickness strength K . rates
specimen (mm) grade sion ratio <%)
FE-C1-0 5 C30 0.2 0
FE-C1-10 5 C30 0.2 10
FE-C1-15 5 C30 0.2 15
FE-C1-25 5 C30 0.2 25
FE-E1-0 5 C40 0.4 0
FE-E1-10 5 C40 0.4 10
FE-E1-15 5 C40 0.4 15
FE-E1-25 5 C40 0.4 25
FE-E2-0 5 C50 0.2 0
FE-C3-10 9 C30 0.2 10
FE-C3-15 9 C30 0.2 15
FE-C3-25 9 C30 0.2 25
Table 4
Peak load
Specimen number Peak load
FE-C1-0 890.80
FE-C1-10 733.45
FE-C1-15 72242
FE-C1-25 703.17
FE-E1-0 990.38
FE-E1-10 817.73
FE-E1-15 827.90
FE-E1-25 824.51
FE-E2-0 1005.5
FE-E2-10 880.37
FE-E2-15 871.23
FE-E2-25 858.40
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Fig. 8 The hysteresis curves of different concrete strength grades

3.2.2. Skeleton curve analysis

The elastic and plastic stages of the skeleton curve are similar (Fig. 9). The
peak load of the FE-E1 series specimens exceeds that of the FE-C1 series, but
is lower than that of the FE-E2 series specimens. This suggests that, for the same
corrosion rates, an increase in concrete strength grade gradually improves the
peak load of the DSCW. Under non-corrosive conditions, the elastic and plastic
stages of the skeleton curve exhibit similar characteristics, with a gradual
decline observed in the failure stage. However, at corrosion rates of 10%, 15%,
and 25%, the disparity in the skeleton curves increases as the concrete strength
grade increases. This indicates that higher concrete strength, combined with
increased corrosion rates, leads to greater variations in the shear wall’s bearing
capacity.
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Fig. 9 The skeleton curve of different concrete strength grades

3.3. Influence of the axial compression ratio

In this section, the axial compression ratio is the primary research
parameter, while other parameters remain constant. DSCW specimens are
designed with local corrosion rates of 0%, 10%, 15%, and 25%, and axial
compression ratios from 0.2 to 0.6. The parameters for each model are provided
in Table 5.

3.3.1. Hysteresis curve analysis

As shown in Fig. 10, In the case of no corrosion, the hysteresis loop
pinching phenomenon more serious with the increase of axial compression ratio.
This suggests that the energy dissipation capacity of DSCW decreases with the
increase of axial compression ratio. Upon examining the hysteresis curve of FE-
F1-0, an upward phase is observed after the initial decline. This phenomenon is
caused by the buckling of the steel plate and the crushing of concrete in the
DSCW. However, the binding bars continue to restrain the steel plate after
buckling, preventing excessive deformation and extensive concrete crushing.
Therefore, the bearing capacity has an upward trend when the shear wall
continues to load.
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Fig. 10 The hysteresis curves of different axial compression ratios
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Table 5§
Design parameters of specimens
Steel plate Concrete X Corrosion
Test . Axial compres-
. thickness strength . . rates
specimen sion ratio
(mm) grade (%)
FE-C1-0 5 C30 0.2 0
FE-C1-10 5 C30 0.2 10
FE-C1-15 5 C30 0.2 15
FE-C1-25 5 C30 0.2 25
FE-F1-0 5 C30 0.4 0
FE-F1-10 5 C30 0.4 10
FE-F1-15 5 C30 0.4 15
FE-F1-25 5 C30 0.4 25
FE-F2-0 5 C30 0.6 0
FE-F2-10 5 C30 0.6 15
FE-F2-15 5 C30 0.6 15
FE-F2-25 5 C30 0.6 25
oo T T T T T T
800 |- e
600 e
400 e
200 e
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Table 6
Peak load
Specimen number Peak load
FE-C1-0 890.80
FE-C1-10 733.45
FE-C1-15 722.42
FE-C1-25 703.17
FE-F1-0 799.91
FE-F1-10 698.94
FE-F1-15 693.97
FE-F1-25 689.18
FE-F2-0 779.59
FE-F2-10 719.64
FE-F2-15 743.38
FE-F2-25 700.07

At an axial compression ratio of 0.6, an increase in corrosion rates result in
a marked reduction in the specimen’s peak load, as indicated by the steeper
descending section of the hysteresis curve. This trend indicates that higher axial
compression ratios accelerate the decline in bearing capacity under seismic
loading, potentially resulting in brittle failure. Consequently, in the practical
engineering design of shear walls, it is advisable to regulate the axial
compression ratio to mitigate substantial reductions in both bearing capacity and
energy dissipation.

3.3.2. Skeleton curve analysis

The effect of the axial compression ratio on the seismic performance of the
specimen is evident from the skeleton curve (Fig. 11). During cyclic loading,
failure occurs in the corroded sections of the steel plate, resulting in buckling
and reduced ductility of the DSCW. Comparing skeleton curves at different
corrosion rates shows that corrosion significantly impacts the plastic phase.
However, the trend in the failure phase shows minimal variation with increasing
corrosion rates.
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Fig. 11 The skeleton curves different axial pressure ratios

4. Calculation of shear capacity of DSCW

Currently, the research on the shear capacity of DSCW has received
widespread attention in both domestic and international academic circles.
However, no existing specification specifically addresses the horizontal bearing
capacity of corroded DSCW with binding bars. Therefore, a shear capacity
formula specifically for DSCW with binding bars was proposed and assesses its
effectiveness in predicting their shear capacity.

4.1. Calculation of shear capacity formula for DSCW

This paper studied the mechanical properties of DSCWs consisting of steel
plates, concrete, and binding bars. These components work together to enhance
the shear bearing capacity of the DSCW. While steel plates and concrete directly
offer to the shear capacity, the binding bars provide indirect protection to the
concrete by restricting steel plate buckling, a factor critical to maintaining shear
capacity.

Finite element analysis shows that parameters significantly influence the
seismic performance of these shear walls. To accurately quantify the shear
bearing capacity, the formula from the specification [37] is modified to include
the contribution of binding bars. This modification is based on least squares
fitting of finite element simulation data using SPSS software, as detailed in Eq.
(2) of this paper.

0.2f,4,h,
y< L | 0120b0, 00361bh, 02/, Ak, o\ fud, |R*=095 (2)
7ee| (A=05)  (1-0.5) H e

Where ygr is seismic adjustment factor for load capacity, f; is design value of
axial tensile strength of concrete, b, is thickness of DSCW, A,, width of DSCW,
A is shear span ratio, f. is design value of axial compressive strength of concrete,
A 1s full cross-sectional area of steel plate in section, H is height of DSCW, f;,
is design value of tensile strength of binding bars, Ay is cross sectional area of
binding bars.

The calculation of the above specimens was performed using Eq. (1), and
the calculating results were compared with the FE values (Table 7).

The comparison reveals that the average ratio between finite element
calculated values and the theoretical formula results is 0.930. The calculated
value from the finite element method good agreement with the value obtained
from the formula. Therefore, Eq. (2) for shear capacity is highly applicable,
accurately estimating the shear capacity of the DSCW.

Table 7
Comparison of the finite element calculated values and calculated values of the
formula

Specimen num- Finite element calculated value Formula value

ber Vi(kN) V/(kN) Vive
FE-C1-0 812.37 890.80 0.91
FE-F1-0 812.37 799.91 1.02
FE-C2-0 1021.35 1170.03 0.88

FE-E1-0 899.46 990.38 0.91
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4.2. Calculation of shear capacity formula of DSCW after partial corrosion

An extension of Eq. (2) for the shear capacity of DSCW has been developed
to account for corrosion. This extension involves fitting a formula to express the
horizontal bearing capacity of corroded DSCW. To quantify the influence of
corrosion on shear capacity, the average ratio of the shear capacity of each
corroded model relative to the uncorroded model has been determined.
Subsequently, an equation has been derived to describe how this average ratio
varies with the corrosion rate (Eq. (3)).

N!

v =1-2.02x> +1.521x—0.899y/x R*=0.92 3)

Where N’ is the corrosion of the DSCW combination of shear capacity, N is the
shear capacity of the uncorroded DSCW combination. x is the corrosion rate.

Eq. (2) and (3) have been combined to derive Eq. (4), which describes shear
capacity of the corroded DSCW. The specific parameters of 16 specimens were
substituted into Eq. (4) to calculate the horizontal bearing capacity of the DSCW,
shown in Table 8.

N < (1-2.0257 +1.521x - 0.899)

1 {O.l2f,bwhu 0.036/.b,h, 02f,Ah,
— + +
VrE (1_0-5) (’1_0-5)

Q)

+O.16f;,?Aw}

Table 8
Comparison the finite element calculated values and theoretical formula results

Specimen num- Finite element calculated value Formula value

Vil Ve
ber Vi/(kKN) Ve/(KN)
FE-C1-0 812.37 890.8 0.91
FE-C1-10 688.58 733.45 0.94
FE-C1-15 677.94 722.42 0.94
FE-C1-25 653.55 703.17 0.93
FE-C2-0 1021.35 1063.66 0.96
FE-C2-10 865.71 954.94 0.91
FE-C2-15 852.34 951.01 0.90
FE-C2-25 821.68 942.70 0.87
FE-E1-0 899.46 990.38 0.91
FE-E1-10 762.39 817.73 0.93
FE-E1-15 750.61 827.9 0.91
FE-E1-25 723.61 824.51 0.88
FE-F1-0 812.37 799.91 1.02
FE-F1-10 688.58 698.94 0.99
FE-F1-15 677.94 693.97 0.98
FE-F1-25 653.55 689.18 0.95
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Fig. 12 Verification of calculation model

Table 8 compares the calculated values from the formula with those
obtained through finite element analysis. The average ratio of the finite element
calculation values to the theoretical formula results is 0.93. The finite element
analysis data and formula calculation data are utilized to assess the accuracy of
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Eq. (4). The proposed formula clearly and accurately calculates the shear
capacity of corroded DSCW, with a deviation of less than 17% (Fig. 12). In
general, the theoretical formula can effectively calculate the shear capacity of
DSCW. This formula provides a reliable basis for future engineering
applications. It should be noted that the shear capacity formula for corroded
DSCW proposed in this paper is specifically applicable to DSCW with local
corrosion.

5. Residual seismic capacity

The seismic performance of buildings is reduced due to earthquakes, initial
defects, and durability concerns. Assessing the residual seismic capacity of
damaged structures is essential for preparing them for future earthquakes.
Currently, the assessment of residual seismic capacity mainly involves
assessing cracks and the post-earthquake behavior of structural components.
This approach is subjective and requires extensive field investigations.
Therefore, this study based on the energy dissipation capacity of DSCW to
analyze their residual seismic capacity at each loading stage. The aim is to
develop a seismic performance evaluation method for earthquake-damaged
shear walls, using residual drift as the primary evaluation criterion.

5.1. Relative residual side shift and relative side shift correspondence

In the investigation of the seismic capacity of DSCW, residual drift is a
crucial indicator for evaluating their resilience. A normalization approach is
employed to conduct a quantitative analysis of residual drift. This involves
dividing the drift (d4) and residual drift (J,) at each loading stage by their
respective values at the failure state. This normalization results in the relative
drift (a/Oar faiture) and relative residual drift (6,e/0ye winie). A model (Eq. 5) was
developed to assess the characteristics of residual drift in shear wall specimens
subjected to cyclic loading, as shown in Fig. 13(a).

2

10160 )

dr, failure

5re =0.84 é:ir

dr, fuilure

re, failure

The formula’s coefficient of determination R’ is 0.94, confirming the
accuracy and applicability of predicting the residual drift of specimens at
different drift states. To further validate the formula’s applicability in predicting
the relationship between relative residual drift and drift in DSCWs, test results
from three specimens subjected to low cyclic loading, as reported in the
literature [34], were selected for model validation (Fig. 13(b)). The
computational analysis model shows a relatively small difference when
compared to the relationship between relative residual drift and relative drift
proposed in this paper, demonstrating that the model can be broadly applied to
predict residual drift in various types of DSCW with ductile failure.
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Fig. 13 The relationship of relative residual drift and relative drift for DSCW
5.2. Residual seismic capacity and reinforcement analysis

For assessment of the residual seismic capability of DSCW after earthquake
damage, the residual seismic capacity discount factor R, put forward by JBDPA
and Geng [38,39], is calculated based on Fig. 14, as shown in Eq. (6). The area
under the skeleton curve from initial loading to the damaged state represents the
total energy E,. At any loading level, the area enclosed by the drift and residual
drift on the skeleton curve represents the absorbed energy E, The residual
absorbed energy E. is then determined by subtracting the absorbed energy from
the total energy.

— EV
E,+E, ®

Skeleton curve of a double steel
plate combination shear wall

Load

The total energy that can be
absorbed by the specimen from
the beginming of loading to the

state of destruction.

-

Lateral displacement

(a) Total absorbable energy

A Skeleton curve of a double steel
plate combination shear wall

Load

The energy that can be
absorbed by the specimen
dioa when it continues to be
certain loading loaded from this loading
level stage until it reaches the
state of destruction

Energy absorbed
by the specimen

»

Lateral displacement
(b) Already absorbed energy

Fig. 14 Seismic capacity reduction factor for damaged DSCW

The residual seismic capacities of all shear wall specimens at different
loading levels are combined (Fig. 15(a)). A fitting formula for the relative value
of residual drift and residual seismic capacity is proposed, on the basis of the
data degradation analysis method, as shown in Eq. (7). The coefficient of
determination R’ for this formula is 0.95, indicating that the results of DSCW
calculated by this method’s error is small.

To evaluate the accuracy and applicability of Eq. (7) in predicting the
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residual seismic capacity of earthquake-damaged shear walls using relative
values of residual drift, shear wall specimens from the literature [37] are
selected to validate the calculation model. The data points, shown in Fig. 15(b),
are compared with the analytical model proposed in Eq. (7). This establishes the
corresponding relationship between residual drift and residual seismic capacity
in earthquake-damaged shear walls. Although the calculation model may
slightly underestimate the average residual seismic capacity of earthquake-
damaged shear walls approaching failure, it provides a more conservative and
secure conclusion when assessing the safety of these shear walls.
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(b) Verification of calculation model

Fig. 15 Calculation model for the relationship of residual seismic capacity with relative
residual drift for DSCW

Table 9
Evaluation index of damage evaluation for DSCW

Damage level Residual seismic capacity Relative Residual Side Shift

minimal R>0.95 Orel Ore fuiture<0.06
general 0.75<R<<0.95 0.06 <<0ye/0re fuiture<0.30
medium 0.50<R<<0.75 0.30<<0ye/0refuiture<0.60
severity R<C0.50 OrelOre faiture=>0.60

To further investigate the post-earthquake reinforcement of earthquake-
damaged DSCW, residual drift is used as the control criterion. A proposed
relationship between shear wall failure grades and residual seismic capacity is
presented in Table 9. The medium failure grade of the shear wall is designated
as the benchmark for reinforcement assessment, with an average value of 0.45
being the recommended threshold for determining reinforcement needs.
Therefore, when the relative value of residual drift exceeds 0.45, it indicates that
the earthquake-damaged shear wall may no longer significantly benefit from
continued reinforcement. Fig. 16 shows the residual drift of the shear wall at
different corrosion rates in relation to the reinforcement limit based on residual
drift.
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Fig. 16 The reinforcement limit based on residual drift

Compared to the uncorroded specimen, Corrosion of steel plate reduces its
inhibition on internal concrete compared with non-corroded specimens. This
results in less drift of the corroded specimen and less residual drift upon failure.
The limit value of reinforced residual drift for the corroded specimen is also
significantly reduced, with the reduction increasing as corrosion rates rise. At
constant corrosion rates, both the thickness of the steel plate and the axial
pressure ratio significantly affect the limit value of reinforced residual drift.
Specifically, thicker steel plates gradually increase the limit value, although
their impact diminishes as corrosion rates increase. Conversely, higher axial
pressure ratios reduce the limit value. In practical applications, increasing the
thickness of exterior steel plates in DSCW can enhance the limit value of
reinforced drift. It is recommended to avoid components with high axial
pressure ratios and to promptly assess reinforcement needs for corroded
DSCWs in actual projects.

6. Conclusion

A detailed FE model of the corroded DSCW is developed in this paper. The
model was validated through previous cyclic tests. On the basis of validation,
different parameters were investigated. Based on the theoretical analysis, a
formula for calculating corroded DSCW bearing capacity is proposed. The
residual seismic capacity of the corroded DSCW is evaluated based on the
energy dissipation, and the reinforced residual drift limit of the corroded DSCW
after an earthquake is proposed. The main conclusions are drawn:

(1) The finite element analysis results demonstrate that corrosion significantly
impacts the seismic performance of DSCW specimens, leading to
consistent degradation in their bearing capacity. Corrosion diminishes
energy dissipation, shear capacity, and ductility.

(2) The seismic performance of DSCW is primarily depends on variations in
the constraint strength between the steel plate and concrete. The thickness
of the steel plate is a crucial factor in determining the bearing capacity. As
the thickness increases from 5 mm to 9 mm, shear capacity increases by
32.1% and 50.8%, respectively. Furthermore, the shear capacity of DSCW
decreases linearly with increasing corrosion rates, regardless of other
parameters.

(3) As corrosion levels rise, the bearing capacity of shear wall specimens
decreases significantly, with a more pronounced reduction in displacement
ductility compared to bearing capacity. Furthermore, increasing the axial
compression ratio in corroded specimens leads to reductions in both
bearing capacity and ductility. For DSCW subjected to significant
corrosion, it is recommended that the axial pressure be controlled below
0.6 at the time of design.

(4) Considering both the effects of corrosion and the binging bars to bearing
capacity, a shear capacity formula for DSCW incorporating both factors is
proposed. Numerical simulation results validate the accuracy and
applicability of this formula, with the maximum deviation remaining
below 17%. Thus, the theoretical formulas can reliably predict the shear
bearing capacity of DSCW.

(5) The residual seismic capacity at each loading stage for 28 specimens is
evaluated using a modeling method based on the energy dissipation
capacity of shear walls. The effectiveness of the proposed method is
evaluated by calculating the relevant experiments. Additionally, a lateral
displacement limit for DSCW after an earthquake is proposed, which can
aid in the design of reinforcements for these structures.
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