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Abstract: This paper presents two types of metal dampers for beam-column 

joints based on the replaceability design concept after an earthquake. A low-

cyclic loading test of slit/corrugated dampers was conducted, revealing the 

failure and load-bearing mechanisms. The distribution of shear loads on steel 

hinges, slit plates, and corrugated plates at varying displacements was 

examined. A finite element (FE) model incorporating the Chaboche 

constitutive was established. The influence of geometrical parameters, 

including the T-stiffened plate, slit plate, and corrugated plate, on the peak 

bearing capacity and initial stiffness of metal dampers is discussed in detail. 

The results show that the peak bearing capacity of the damper is negatively 

correlated with the aspect ratio of the T-stiffening plate, which is 

recommended to be limited to 1.27. Increasing the thickness of the T-stiffened 

plate can effectively delay damage to the slit plate and corrugated plate. It is 

advised that the thickness of the T-stiffened plate should exceed that of the 

corresponding slit and corrugated plates. Increasing the thickness of 

corrugated plates from 3mm to 9mm delays buckling and increases initial 

stiffness by 15.34% and 10.91%, respectively. The skeleton curve model for 

the metal damper was established, providing both experimental and theoretical 

references for slit and corrugated metal dampers in engineering applications. 

Keywords: Slit damper, corrugated damper, sustainable structures, initial 

stiffness, skeleton curve model 

1 Introduction 

The mechanical properties of the beam-column joint, a critical component in the frame’s plastic 

deformation, significantly influence the structural system. In conventional frame structures, ductile 

design is commonly achieved by reinforcing the joint areas or weakening the beam flange, which allows 

for outward displacement of joint plastic hinges [1][3]. Nonetheless, substantial damage accumulates 

in the plastic hinge region during intense earthquakes, resulting in considerable residual drift and 

complicating repair efforts [4][5]. Consequently, numerous scholars have studied self-centering 

mechanisms [6][8], replaceable members [9][11], and rocking configurations [12] to mitigate residual 

drift and facilitate expedited restoration of structural functionality. These investigations aim to enhance 

the resilience and promote the sustainable development of building structures. 
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The replaceability structural components, utilizing angle steel [13][14] and T-type steel [15][16], 

are designed to concentrate damage and dissipate seismic energy, significantly reducing the potential 

harm to structural and non-structural elements. The choice of metal-yielding dampers represented an 

optimal low-cost solution requiring little maintenance and easy replaceability in case of damage [17]. 

Wang et al. [18][19] introduced an external replaceable energy-dissipating device (EREDD). This 

device enhances the seismic performance of prefabricated segmental concrete-filled steel tubular bridge 

piers ((PS-CFST bridge piers) while focusing damage on easily replaceable components. By 

concentrating damage in these components, the EREDD achieves controlled damage, facilitating 

efficient post-earthquake repairs and maintenance. Hu et al. [20] developed a bending moment-shear 

separation controllable plastic hinge using replaceable multi-slit energy dissipation devices. This allows 

the precast joint to have excellent ductility and energy dissipation with damage concentrated on the 

multi-slit devices. Li et al. [21] proposed prefabricated beam-column steel joints with a damper, where 

the damper is selected from low-yield point steel to provide energy dissipation capacity. Compared to 

monolithic joints, these joints have the advantages of easy fabrication, high initial stiffness, and 

effective control of the position of the plastic hinge. Xie et al. [22] proposed a precast concrete frame 

(PCF) with replaceable energy-dissipation connectors (REDCs), where a steel hinge meets the shear-

resistance demand of the beam end. The REDCs are used as moment-resisting and energy-dissipating 

members. Repairing the PCF after an earthquake only requires replacing the damaged REDC. Du et al. 

[23] proposed a replaceable graded-yielding energy-dissipating connector (RGEC) arranged at the beam 

end to dissipate energy and transfer the beam end loads through steel hinges. The results demonstrate 

that the graded yielding design of RGEC can be adapted to different seismic risks and achieve the 

desired seismic design. Yang et al. [24] proposed a double-stage-behavior dry-connected beam-column 

joint (DADBJ), which is connected by a rotational friction hinge (RFH) and a slitted buckling restrained 

steel plate (SBRSP). As displacement increases, the energy dissipation mechanism transitions from 

RFH alone to SBRSP and RFH together. Previous studies suggest that some researchers have refined 

the design of beam-column joint configurations by incorporating single or multiple yielding 

mechanisms. These modifications can promote improved energy dissipation and damage concentration 

within specified areas. However, the load-bearing and energy-dissipation capabilities of the joint region 

are contingent upon a solitary damaged component, which reduces the joint's safety redundancy in the 

context of intense seismic activity or post-earthquake effects. Additionally, steel hinges can better 

withstand shear demands at the beam end. When replacing the energy-dissipating devices at the top and 

bottom of the beam ends, additional equipment was required to limit the rotation of the steel hinges, 

complicating rapid structure repair. 

Motivated by the deficiencies mentioned above, this paper studies a series of metal dampers 

suitable for post-earthquake recoverable beam-column joints, namely replaceable double-damage 

element energy dissipation devices with steel hinges, as shown in Fig. 1. The beam-column members 

are simplified, retaining only the joints in the energy-dissipating regions. The double-damage element, 

comprising two T-shaped stiffener plates and two slit/corrugated plates, is demonstrated to be highly 

effective in optimizing the joint's bearing capacity and energy-dissipation mechanism, thereby 

enhancing safety redundancy. The plastic resistance moment provided by the T-stiffened plate is 

converted by its axial force into a force couple. The slit plate/corrugated plate is subjected to bending-

shear coupled loading. Integrating steel hinges into the energy-dissipating device facilitates the 

separation of bending and shear forces, effectively mitigating the degradation of peak bearing capacity 

associated with bending-shear coupling. A finite element (FE) model incorporating the Chaboche 

constitutive model has been established. The influence of geometrical parameters, including the T-

stiffened plate, slit plate, and corrugated plate, on the peak bearing capacity and initial stiffness of metal 

dampers is discussed in detail. The initial stiffness model and the bearing capacity calculation formula 

for the damper have been derived. The skeleton curve model of the metal damper is established, 

providing both experimental and theoretical data for the engineering application of slit and corrugated 

metal dampers. 

2. Experiment overview 

2.1 Specimen design and loading scheme 
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(a)Slit damper (b)Corrugated damper 

Fig.1 Joint simplification damper 

Fig. 2 illustrates the slit damper and corrugated damper. The metal damper consists of two regions: 

an energy dissipation area, composed of T-stiffened plates, slit plates, or corrugated plates, and a 

connection area, consisting of connecting plates, ear plates, hinges, and high-strength bolts of grade 

10.9. Slit plates and corrugated plates are positioned within the beam web. These components are 

characterized by their ability to enhance energy dissipation capacity and out-of-plane stiffness. Under 

cyclic loading, the axial force of the T-shaped stiffener plate forms a force couple, resisting bending 

moment with the slit/corrugated plate. The steel hinge shares part of the shear force, placing the slit and 

corrugated plates in a bending-shear composite force state. Fig. 2(d) shows the dimensions of each 

component. The T-stiffened plate, slit plate, and corrugated plate are made of Q235 steel, with a 

thickness of 10mm, except for the 3mm thick corrugated plate. The connection area is made of Q355 

steel. The yield strength fy, and ultimate strength fu of Q235 steel were obtained from material property 

tests, where fy and fu of 3mm steel were 265MPa and 420MPa, respectively; fy and fu of 10mm steel 

were 300MPa and 465MPa, respectively. 

  

 

(a)Slit damper (b)Corrugated damper (c) 3D view 

  

  

(d) Specimen size (Unit: mm) 

Fig.2 Details of tested specimens 

A beam-column inversion method was employed in the joint testing, where loading was applied at 

the beam ends. The metallic damper testing simplified non-energy-dissipating components such as 

beams and columns. An equivalent-length steel beam, similar to that used in the joint tests, was utilized 
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as the loading apparatus. This approach was adopted to investigate the seismic performance of metallic 

dampers. The lower connecting plate of the metal damper was affixed to the base beam, and an upper 

loading beam was attached to the damper to interface with the MTS actuator. The loading protocol 

employed a quasi-static cyclic method under displacement control [25], with the test setup and loading 

procedure illustrated in Fig. 3. The loading was terminated either upon specimen fracture or when the 

load decreased to 85% of its peak bearing capacity. Strain measurements in the steel were obtained 

using two distinct systems: the Donghua 3816 Dynamic Data Acquisition Instrument and the VIC-3D 

non-contact measurement system. 

 

Fig.3 Details of loading setup 

2.2 Test results 

The two metal dampers exhibit distinct yielding behavior under external loads. Incorporating strain 

data and experimental observations, it is noted that the T-stiffening plate and the slit plate yield varying 

displacement levels. Energy dissipation is facilitated by the synergistic interaction of these two 

components. Despite corrugated plates having high out-of-plane stiffness, their thin 3mm thickness 

results in an indistinct yielding sequence between the T-stiffened and corrugated plates. Fig. 4 illustrates 

the failure mode of the metal damper. The T-stiffened plate of both damper categories undergoes 

obvious bending deformation, and the T-stiffened plate of the slit damper and the upper and lower 

connecting plates are connected to the position of weld cracking. Prominent out-of-plane buckling 

distortion was observed in the ribs of the slit plate, whereas the central ribs remained largely unaffected. 

The corrugated plate exhibits out-of-plane buckling deformation only at the corners. Due to the steel 

hinges, neither the slit nor the corrugated plates showed noticeable plastic deformation in their central 

regions. 

    

(a)Slit damper (b)Corrugated damper 

Fig.4 Damage phenomenon 

Fig. 5 illustrates the load-displacement curves of the test dampers. In particular, the hysteresis 

curves of the slit damper exhibit a more complete profile than those of the corrugated damper, indicating 

superior energy dissipation and enhanced load capacity. The yield point (Δy, Py) of the skeleton curve is 

calculated using the generalized yield moment (GYM) method [26] within Fig. 6. The procedure of the 

GYM method for determining yield point (Δy, Py) is as follows: (i) extend the tangent line (OA) to 

Actuators

Specimens

Reaction beam

Loading 

beam

Reaction wall

MTS
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intersect the horizontal line passing peak point (Δm, Pm) at point A; (ii) make the normal line through 

point A intersect at point B of skeleton curve; (iii) extend line OB to determine point C; (iv) the normal 

line passing point C intersects the skeleton curve at certain point that is the yield point (Δy, Py). The 

results are presented in Table 1. The positive and negative peak bearing capacity Pm of the slit damper 

is observed to be 11.82% and 34.14% greater than that of the corrugated damper, respectively. In 

contrast, the ductility coefficients μ of the two categories of dampers are found to be relatively similar, 

with values of 5.48 and 5.28, respectively. 

  

(a) Slit damper (b) Corrugated damper 

Fig.5 Test curves 

 
Fig.6 The generalized yield moment method 

Table 1. Mechanical parameter 

Specimen Direction K/kN·mm-1 Δy/mm Py/kN Δm/mm Pm/kN μ 

Slit damper 
+ 

19.087 
10.20 152.90 45.02 178.80 

5.48 
- -12.32 -184.70 47.70 -260.10 

Corrugated 

damper 

+ 
17.275 

8.01 124.50 30.02 159.90 
5.28 

- -10.13 -157.40 -34.42 -193.90 

Note: K is the initial stiffness; Py and Pm are the yield bearing capacity and peak bearing capacity of the energy-

consuming device, respectively. Δy and Δm are the corresponding displacements of the energy-consuming 

device's yield and peak bearing capacity, respectively. μ is the ductility coefficient, μ=Δu/Δy. 

2.3 Force analysis of slit plates, corrugated plates, and steel hinges 

The force analysis is depicted in Fig. 7, where the plastic resistance moment provided by the T-

stiffened plate is converted by its axial force into a force couple. The slit plate and corrugated plate are 

subjected to bending-shear coupling. It is assumed that the T-stiffened plate is subjected to axial forces 

only, so the beam end shear forces are carried by the steel hinges and the slit/corrugated plate, resulting 

in both the slit plate and the corrugated plate being in composite stresses. The shear capacity percentages 

of the steel hinges and slit/corrugated plates are determined. Using the stress-strain equations of steel 

from the literature [27], combined with P-Δ curves and strain data of the T-stiffened plate, the force 

trends of the steel hinges and plates under different displacements are calculated as (1)-(6). 

𝜎(𝜀) = {
𝐸𝑠𝜀(0 ≤ 𝜀 ≤ 𝜀𝑦)

330.96 + 2213.46𝜀 − 6788.84𝜀2 − 14203.91𝜀3(𝜀𝑦 ≤ 𝜀 ≤ 𝜀𝑢)
 (1)

 

𝑀flange = 𝜎(𝜀) ⋅ 𝐴flange ⋅ ℎbeam (2)
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𝑀load = 𝐹 ⋅ 𝑙 (3)

 

𝑀𝑑 = 𝑀load −𝑀flange (4)

 

𝐹s,d = 𝑀𝑑/𝑙 (5)

 

𝐹s,hp = 𝐹 − 𝐹s,d (6)

 

Where Mload, Mflange, and Md are the bending moments of the damper, T-stiffened plate, and 

slit/corrugated plate, respectively; Es is the modulus of elasticity; Aflange is the cross-sectional area of the 

T-shaped stiffener; F, Fs,d, and Fs, hp are damper beam end loads, slit plate/corrugated plate loads and 

steel hinge loads, respectively; hbeam is the distance between two T-stiffened plates; l is the length of the 

beam. 

 
Fig.7 Load analysis diagram of metal damper 

Fig. 8 presents the calculation results. At the start of loading, the slit plate and corrugated plate 

experienced shear loads of 18% and 33%, respectively, reflecting the graded yielding behavior of the 

slit damper. As displacement increased, the percentage of shear force borne by the slit/corrugated plate 

gradually rose. As the displacement increases, the proportion of shear force borne by the slit plates 

gradually rises. In contrast, the percentage of shear force carried by the corrugated plates remains 

relatively limited. Analyzing this behavior reveals that the ribs of the slit plate gradually expanded from 

the edge to the middle position, causing the shear force percentage to increase and decrease after failure. 

As a primarily shear-bearing component, the steel hinge had a shear force share of 55% to 87%. 
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(a)Slit damper (b)Corrugated damper 

Fig.8 Steel hinge bearing capacity contribution 

3. Numerical simulation on cyclic behavior 

A finite element (FE) model was established to evaluate metal dampers' nonlinear and cyclic 

hardening behavior subjected to combined bending load. This model comprehensively analyzes the 

influence of geometric parameters of T-stiffened plates, slit plates, and corrugated plates, thereby 

serving as a critical reference for advancing theoretical computations. 
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3.1 FE model building 

Within the material constitutive model, the Chaboche constitutive model is utilized for steels in 

energy dissipation areas [28], including T-stiffened plates, slit plates, and corrugated plates. For the 

connection areas, a bilinear kinematic hardening model is selected for the steel and the bolts. Detailed 

parameter settings are provided in Table 2 and illustrated in Fig. 9. The model's boundary conditions 

are set according to the experimental setup shown in Fig. 3. To enhance computational efficiency and 

minimize time expenditure, the FE model focuses on a refined representation of the metal damper. It 

sets the coupling constraint point in the upper part of the damper rather than modeling the load transfer 

through the loading beam. The simulation and analysis follow the test loading rules, with the bottom of 

the damper constrained in all degrees of freedom, rather than modeling the base beam. 

Table 2. Parameter of Chaboche model[29] 

Material 0  
Q  biso Ckin,1 1  Ckin,2 2  Ckin,3 3  Ckin,4 4  

Q235-3 265 21 1.2 6013 173 5024 120 3026 32 990 35 

Q235-10 300 21 1.2 7993 175 6773 116 2854 34 1450 29 

 

   

(a)Chaboche model 
(b) A bilinear kinematic hardening 

model 

Fig.9 Constitutive relation curve 

The contact surfaces between the slit plate and the junction plate and between the bolt and the steel 

plate are defined as general contacts. Hard contact is selected for normal behavior, while for tangential 

behavior, the penalty function method is used with a friction coefficient of 0.3 [30]. The corrugated 

plate and end flange are connected by a "Tie" constraint representing a welded joint. A hinge connection 

type is selected for the pin at the center of the ear plate. To ensure the convergence and accuracy of the 

computations, hexahedral meshes and structured meshing techniques were employed in the mesh 

generation process. As shown in Fig. 10, each component is modeled and analyzed using C3D8R solid 

elements. Mesh convergence analysis determined a suitable mesh density of 5 mm. The hysteresis 

performance of the metal damper under bending cyclic load was then tested using a generic static 

simulation. 

  

(a)Boundary conditions (b)Interactions 

Fig.10 FE model of damper 
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3.2 Verification of FE model 

The FE model results were compared with experimental results. The metal dampers ' typical failure 

modes and P-Δ curves are compared in Figs. 11 and 12. The simulated hysteresis curve is essentially 

in agreement with the experimental curve, and the established FE model can accurately simulate the 

mechanical characteristics of such dampers under cycle load. In Table 3, the negative skeleton curve 

of the test is selected to compare with the simulated value. Except for the peak bearing capacity of the 

slit damper, which showed a relatively large error, the other points matched well. Due to uncontrollable 

factors such as test errors, the difference between the positive and negative bearing capacities of the 

hysteresis curve of the metal damper is significant. In contrast, the FE model, being more idealized, 

leads to certain inaccuracies between the simulated and experimental results. Nonetheless, since 

simulations do not account for initial defects and the cumulative development of damage in the steel, 

discrepancies remain between the simulated post-peak hysteresis behavior and test observations. 

  

(a)Slit damper 

  

(b)Corrugated damper 

Fig.11 Comparison of failure mode 

  

(a)Slit damper (b)Corrugated damper 

Fig.12 Comparison of hysteretic curves 

Table 3. Comparison between test and FE model 

 Slit damper Corrugated damper 

 Py/kN Pm/kN Py/kN Pm/kN 

Test 184.70 260.10 157.40 193.90 

FE model 179.01 226.64 144.64 182.56 

Test /FE model 1.03 1.15 1.09 1.06 
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3.3Damage behavior analysis 

To analyze the yielding and plastic behavior of metal dampers under cyclic load, we discuss slit 

and corrugated dampers separately. 

3.3.1 Slit damper 

Fig. 13 shows the loading process of the slit damper FE model, which is divided into several stages. 

After applying preload to the high-strength bolts, bending cyclic loading begins. At displacements 

below 2.3 mm, the slit dampers are in an elastic state. At a displacement of 4.6 mm, the corners of the 

T-stiffened plate and the stiffening ribs reach their yield point. With increasing displacement, the yield 

zone widens. At a displacement of 6.4 mm, the rib yields under tension and compression, combined 

with the slit plate stress program. At a displacement of 9 mm, the yield area of the T-stiffened plate 

expands continuously from the corner to the center, with a larger yield area in the lower part than in the 

upper part. By this stage, the stiffening ribs of the T-stiffened plate have undergone complete cross-

sectional yielding. Observing the plastic deformation of the slit damper, it can be seen that when the 

displacement reaches 12.5 mm, the T-stiffened plate is in full-section yielding. At this stage, the second 

rib of the slit plate likewise yields, and the plastic strain accumulates continuously. When the 

displacement is 24.5 mm, the plastic strain at the weld of the T-stiffened plate increases, and the plastic 

strain distribution of the ribs at the edge of the slit plate has been extended to the center of the plate, 

leading to buckling deformation. When the displacement is 47.7 mm, the plastic strain of the rib at the 

edge of the slit plate reaches 0.206-0.225, indicating failure according to the material property 

experiment. At a displacement of 67.4 mm when the loading ends, the slit plate, except for the rib at the 

center of rotation, exhibits apparent plastic accumulation and failure. Stress concentration at the weld 

of the T-stiffened plate leads to severe plastic deformation, and this failure mode in the FE model is 

consistent with the weld fracture observed in the experiment. The slit damper exhibits significant 

stepwise yielding and failure under cyclic loading, with both the T-stiffened plate and the slit plate 

undergoing yielding deformation under vertical tension and compression. 

    

(a)4.6mm-Yield area (b)6.4mm-Yield area (c)9.0mm-Yield area (d)12.5mm-Yield area 

  

(e)17.5mm-Plastic accumulation (f)24.5mm-Plastic accumulation 

  

(g)47.5mm-Plastic accumulation (h)67.4mm-Plastic accumulation 

Fig.13 Slit damper 

3.3.2Corrugated damper 

Fig. 14 shows that the corrugated damper behaves differently from the slit damper under bending 

cyclic load. At a displacement of 3.3 mm, the T-stiffened plate and the corners of the corrugated plate 
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reach their yield stresses simultaneously and expand toward the center, respectively. At 9 mm 

displacement, the yielding of the T-stiffened plate forms an "X" shape, and the right side of the 

corrugated plate yields extensively. Observing the plastic deformation of the corrugated damper, it can 

be seen that at 17.5 mm displacement, the corrugated plate wave peaks and valleys adjacent to the 

beveled edge exhibit plastic deformation ranging from 0.0901 to 0.0983, and simultaneously, the edge 

of the corrugated plate shows localized buckling. At 24.5 mm displacement, the T-stiffened plate 

exhibits apparent bending, and the plastic strain in the corner and middle of the stiffening rib exceeds 

0.2, indicating a gradual decrease in the stiffness of the T-stiffened plate. At the same time, the 

corrugated plate exhibits obvious buckling deformation in the corner. At 34.4 mm displacement, severe 

plastic damage occurs at the edges and valleys of the corrugated plate, with plastic strains ranging from 

0.245 to 0.267. The loading ends at 47.7 mm displacement. The T-stiffened plate and the corrugated 

plate yield almost simultaneously under bending load, and no obvious plastic deformation is observed 

in the center of the corrugated plate due to the presence of hinges. 

    

(a)3.3mm-Yield area (b)4.6mm-Yield area (c)6.4mm-Yield area (d)9mm-Yield area 

  

(e)17.5mm-Plastic accumulation (f)24.5mm-Plastic accumulation 

  

(g)34.4mm-Plastic accumulation (h)47.7mm-Plastic accumulation 

Fig.14 Corrugated damper 

3.4 Parametric study 

The performance of the metal damper is primarily determined by the geometrical parameters of 

the T-stiffened plate, the slit plate, and the corrugated plate, as verified by the FE model. Therefore, the 

parametric analysis in this section primarily investigates the aspect ratio and thickness of the T-stiffened 

plate, the thickness of the slit plate and the corrugated plate, and the perforation rate, as detailed in 

Table 4. The influence of these metal dampers on the key parameters is discussed as follows. 

Table 4. Parameter Settings 

Parameter Basic specimen parameter setting 

Aspect ratio 1.27 0.83/1/1.9 

T-stiffened plates thickness 10mm 8/12/14/16 mm 

Slit /Corrugated thickness 10mm (Slit damper)6/8/12/14 mm(Corrugated damper)6/9 mm 

Perforation rate 10.8% 3.4% /8.3% 14.9% /23% 

3.4.1Aspect ratio of T-stiffened plate 
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As shown in Fig. 15, increasing the aspect ratio of the T-stiffened plate from 0.83 to 1.9 results in 

a gradual expansion of stress distribution from the sides of the stiffener to the entire section. Notably, 

the peak bearing capacity of the T-stiffened plate significantly decreases with increasing aspect ratio. 

For example, raising the aspect ratio from 1.27 to 1.9 reduces the peak carrying capacity Pm of slit and 

corrugated dampers by 15.86% and 16.76%, respectively. The aspect ratio has a minor effect on initial 

stiffness, which varies by no more than 7%. Therefore, increasing the aspect ratio of the T-stiffened 

plate decreases the peak bearing capacity and energy-dissipation capacity of the metal damper, leading 

to premature concentration of plastic damage in the slit plate and corrugated plate. To ensure better 

peak bearing capacity and energy dissipation of the metal damper, it is recommended that the aspect 

ratio of the T-stiffened plate does not exceed 1.27. 

    

    

(a)Aspect ratio0.83 (b)Aspect ratio1.0 (c)Aspect ratio1.27 (d)Aspect ratio1.9 
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(e)Slit damper 

-60 -40 -20 0 20 40 60
-300

-200

-100

0

100

200

300
 Aspect ratio=0.83

 Aspect ratio=1.0

 Aspect ratio=1.27（Base）
 Aspect ratio=1.9

P
/k

N

Δ/mm  

0

10

20

30

1.91.2710.83

0%

 Initial stiffness

 Growth Ratio

Aspect ratio

K
/k

N
·m

m
-1

-50

-25

0

25

50

-0.11%1.54%

 (
K

i-
K

i-
1
)/

K
i

-3.08%

 

0

100

200

300

177.645

152.326
144.642

118.91

228.544

191.35
182.557

151.956

P
/k

N

 Py/kN

 Pm/kN

0.83 1 1.27 1.9

Aspect ratio  

(f)Corrugated damper 

Fig.15 Influence of aspect ratio 

3.4.2Thickness of T-stiffened plate 

Although the aspect ratio of the T-stiffened plate is constant, the influence of the T-stiffened plate 

thickness on the hysteresis performance of the metal damper is illustrated in Fig. 16. Slit plate plasticity 

develops more rapidly when the T-stiffened plate thickness is less than the slit plate thickness, a 

phenomenon similar to the increase in the T-stiffened plate aspect ratio. As the thickness of the T-

stiffened plate increases from 8 mm to 16 mm, the initial stiffness improves gradually; for example, the 



Guo et al., SUST, 2025, 5(3): 000085 

000085-12 

 

growth rate of the initial stiffness of the slit damper is 4.9%, 8.47%, 4.02%, and 3.49%, respectively. 

The peak bearing capacity increases substantially with increasing thickness, and the rate of increase 

tends to stabilize. Combined with the plastic strain distribution diagrams, the increased thickness of the 

T-stiffened plate delays slit and corrugated plate damage while significantly raising the overall energy 

dissipation capacity of the metal damper. Therefore, it is recommended that the thickness of the metal 

damper T-stiffened plate not be less than the thickness of the slit plate and corrugated plates. It is 

advisable that the thickness of the T-stiffened plate in metal dampers not be less than that of the slit or 

corrugated plates. To maximize the energy dissipation potential of the steel, it is advisable not to exceed 

a thickness of 16 mm. 
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Fig.16 Influence of T-stiffened plate thickness 

3.4.3 Thickness of slit/corrugated plate 

Fig. 17 illustrates the influence of slit and corrugated plate thickness on the mechanical properties 

of the metal damper. While increasing the thickness of the slit and corrugated plates does enhance the 

peak bearing capacity of the metal damper, the improvement is less substantial than that observed with 

increasing T-stiffened plate thickness. With a slit plate thickness of 6 mm, the ribs are particularly 

susceptible to premature buckling, leading to premature failure of the metal damper system. Enhancing 

the slit plate thickness of the metal damper from 6mm to 14mm results in respective increments of 

6.33%, 8.04%, 7.05%, and 6.25% in peak bearing capacity. At the same time, it effectively improves 

the energy absorption capacity of the slit plate and delays the buckling of the slit plate ribs. Regarding 

corrugated dampers, the corrugated plates, characterized by high out-of-plane stiffness, notably enhance 

initial stiffness. An increment in corrugated plate thickness from 3mm to 9mm resulted in respective 

increases of 15.34% and 10.91% in initial stiffness. Combined with plastic strain, the increase in the 

thickness of the corrugated plate can effectively alleviate corner buckling, so it is recommended that 

the thickness of the corrugated plate be higher than 3mm. 
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Fig.17 Influence of shear plate thickness 

3.4.4 Perforation rate 

Fig. 18 illustrates the influence of the perforation ratio on the seismic performance of slit dampers. 

An increase in the perforation ratio significantly reduces the initial stiffness. E.g., increasing the 

perforation ratio from 8.3% to 10.8% results in a 9.2% reduction in initial stiffness. Similarly, an 

increase from 14.9% to 23% leads to a 14.85% decrease in initial stiffness. As the perforation ratio 

increases, the peak bearing capacity of the slit damper generally decreases, but the reduction is less 

pronounced compared to the initial stiffness. Specifically, increasing the perforation ratio from 8.3% to 

10.8% results in a 1.64% reduction in peak carrying capacity. When the perforation ratio rises from 

14.9% to 23%, the peak carrying capacity decreases by 6.57%. To optimize both the peak carrying 
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capacity and the deformation capability of slit dampers, it is recommended to limit the perforation ratio 

to a maximum of 14.9%. 
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Fig.18 Influence of perforation rate 

4. Initial stiffness, bearing capacity, and skeleton curve model 

4.1Initial stiffness calculation model 

Adopting the initial stiffness calculation model outlined in EC3 [31], the initial stiffness Kc of both 

slit and corrugated metal dampers is determined by Eq. (7). The metal damper components are arranged 

in series, with each element in parallel. Thus, the stiffness of each element is calculated and inputted 

into Eq. (7). The calculated stiffness values for individual components are depicted in Fig. 19. 

𝐾𝑐 =
𝐿𝑝
2

𝜇 ∑
1
𝐾𝑖

𝑖  
(7) 

Where Lp is the lever arm; μ is the stiffness ratio, take 1.0; Ki is the stiffness for basic component 
i. 

 
   

    

(a) T-stiffened plate (b) High-strength bolt (c) Slit plate (d) Corrugated plate 

Fig.19 Basic component stiffness calculation 

Eq. (8) shows the calculation formula for the initial stiffness Kflange of the T-stiffened plate. 
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𝐾flange =
𝑛𝐸𝐴flange

𝑙flange

 

(8) 

Where n is the number of T-stiffened plates; E is the elastic modulus of the steel plate; Aflange is 

the cross-sectional area of the T-stiffened plate; lflange is the height of the T-stiffened plate. 

The calculation formula for high-strength bolt stiffness Kbolt is shown in Eq. (9). 

𝐾bolt =
1.6𝐸𝐴bolt

𝑙bolt

 

(9) 

Where Abolt is the tensile stress area of the bolt; lbolt——is the bolt elongation length, taken as 

equal to the grip length (total thickness of material and washers), plus half the sum of the height of the 

bolt head and the height of the nut. 

The Kdf calculation formula for the stiffness of the connecting plate with slit and corrugated is 

shown in Eq. (10). 

𝐾df =
0.9𝐸𝑙eff𝑡

3

𝑚3

 

(10) 

Where leff is the effective length of the flange cleat; t is the thickness of the connecting plate 

clamp plate; m is the distance from the center of the bolt hole to the edge of the connecting plate. 

The calculation formula for the slit plate stiffness is given by Eqs. (11)~(13) by Kslit. 

𝐾slit =
1

𝑙slit
𝑛𝐸𝐴slit

+
𝑙slit

𝑛𝐺𝐴slit

 

(11) 

𝑙slit = ℎslit +
2𝑅2

ℎslit + 2𝑅

 

(12) 

𝐺 =
𝐸

2(1 + 𝜇)
 

(13) 

Where Aslit is the cross-sectional area of the slit plate. lslit is the effective height of the slit plate. hslit 

is the length of the slit; R is the slit diameter; G is the shear modulus; μ is Poisson's ratio. 

The corrugated plate stiffness Kcorrugated is calculated using Eqs. (14)-(17). 

𝐾corrugated =
1

𝑙corrugated
𝑛𝐸𝐴1

+
𝑙corrugated
𝑛𝐺𝐴2

 
(14) 

𝐴1 =
𝑏𝐿
𝑏𝑠

⋅ 2 ⋅ 𝑛 ⋅ (𝑏1 + 𝑏2) ⋅ 𝑡𝑠
 

(15) 

𝑏𝐿 = 2𝑛(𝑏2 + 𝑏3)

 

(16) 

𝐴2 = 2𝑛(𝑏1 + 𝑏2) ⋅ 𝑡𝑠 (17) 

Where lcorrugated is the height of the corrugated plate; A1 and A2 are the corrugated plate's bending 

and shear cross-sectional areas, respectively. 
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Fig.20 Method verification by test and simulation 
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To validate the accuracy of the proposed method for calculating the initial stiffness of metal 

dampers, the theoretically calculated values for each component are compared with the experimental 

and numerical simulation values. The comparison results, shown in Fig. 20, indicate that the mean value 

and variance for the slit damper are 1.002 and 0.003, respectively, while for the corrugated damper they 

are 1.068 and 0.001. This demonstrates that the initial stiffness calculation formula presented in this 

paper can accurately evaluate the initial stiffness of both the slit and corrugated dampers. 

4.2Metal damper bearing capacity calculation 

In conjunction with Sections 2.2 and 3.3, it can be seen that the bearing capacity and energy 

dissipation of the metal damper at the point of yield is provided by the T-stiffened plate and the slit or 

corrugated plate. Under bending load, the T-stiffened and slit plates will have two modes of yielding, 

either strength yielding or plate buckling. In contrast, the corrugated plate has a high out-of-plane 

stiffness, so only its strength yielding is considered for the corrugated damper yielding capacity. As 

shown in Fig. 21, when the strength of the T-stiffened plate yields, the yield load is calculated as Eqs. 

(18) to (21), where Aflange, Iflange, and Ib,flange are respectively the cross-sectional area of the T-stiffened 

plate, the moment of inertia and the parallel shift axis equation; ey’, hb and yflange are the distance from 

the center to the edge of the T-stiffened plate, the distance between two T-stiffened plates and the 

distance from the center of the T-stiffened plate to the neutral axis, respectively. 

𝐴flange = (𝐵 − 𝑏)𝑐 + 𝑏ℎ
 

(18) 

𝐼flange =
1

3
[(𝐵 − 𝑏)𝑐3 + 𝑏ℎ3] − 𝑒

𝑦′
2𝐴flange

 

(19) 

𝐼b,flange = 𝐼flange + 𝑦flange
2 ⋅ 𝐴flange

 
(20) 

𝑃y1-flange =
2𝑓𝑦𝐼b,flange

𝑦flange𝐿𝑝
 

(21) 

When the T-stiffened plate is buckling, the regularized slenderness ratio λn is calculated by bringing the 

slenderness ratio λ into Eq. (22), the section type of the T-stiffened plate is b class, and the stability 

coefficient φ of the T-stiffened plate is calculated by combining the determination coefficients α1, α2and 

α3 of the specification GB50017-2017[30], which are used in Eq. (25) to obtain Py2-flange. Finally, the smaller 

values of Eqs (21) and (25) are taken as the yield capacity of the T-stiffened plate Py-flange, as shown in Eq. 

(26). 

𝜆𝑛 =
𝜆

𝜋
√
𝑓𝑦

𝐸
 

(22) 

𝜆𝑛 ≤ 0.215
 

𝜑 = 1 − 𝛼1𝜆𝑛
2

 
(23) 

𝜆𝑛 > 0.215
 

𝜑 =
1

2𝜆𝑛
2
[(𝛼2 + 𝛼3𝜆𝑛 + 𝜆𝑛

2 ) − √(𝛼2 + 𝛼3𝜆𝑛 + 𝜆𝑛
2 )2 − 4𝜆𝑛

2 ]
 

(24) 

𝑃𝑦2−flange = 2𝜑𝐴flange𝑓𝑦𝑦flange/𝐿𝑝

 

(25) 

𝑃𝑦−flange = 𝑚𝑖𝑛(𝑃y1-flange, 𝑃y2-flange)
 

(26) 

The slit plate requires the calculation of the edge rib contribution to the damper's yielding capacity, 

a process akin to that for the T-stiffened plate, with identical calculations for yielding and buckling. 

When yielding occurs at the edges of the slit plate, it is calculated according to equations (27) to (29), 

where yslit-1 is the distance from the center of the cross-section shape to the neutral axis. Slit plate edge 

buckling occurs, calculate the rib length to slenderness ratio λ brought into the Eqs. (22) ~ (24) to obtain 

the stability coefficient φ, brought into the Eqs. (30) ~ (31). To take the smaller value of the two as 

the slit plate Py-slit, calculate the corrugated plate Py-corrugated similarly as shown in Eq. (32). The Py-slit 

and Py-corrugated are added to Py-flange to obtain the yield capacity Pyc of the slit damper and corrugated 

damper, respectively, as shown in Eq. (33). Combined with the failure mode of the metal damper, it can 
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be seen that the middle part of the T-stiffened plate and both sides of the slit plate or corrugated plate 

undergo obvious out-of-plane bending deformation, and due to the existence of the hinges, the center 

of the slit plate or corrugated plate does not have obvious plastic deformation, but it still reaches the 

yield state. Therefore, it is still necessary to consider the contribution of the slit plate or corrugated plate 

at the center of rotation to the bearing capacity when calculating the peak bearing capacity of the metal 

damper. The full-section yielding is used to calculate the peak bearing capacity Pmc of the metal damper, 

as shown in Eq. (34), where fy is the steel yield strength; WP is the modulus of the plastic section, and 

Lp is the lever arm. The results of Pyc and Pmc calculations are summarized in Fig. 22. 

𝐴slit-1 = 𝑡 · 𝑏slit-1
 

(27) 

𝐼slit-1 =
𝑡𝑏slit-1

3

12
+ 𝐴slit-1𝑦slit-1

2

 

(28) 

𝑃y1-slit-1 =
4𝑓𝑦𝐼slit-1

𝑦slit-1𝐿𝑝
 

(29) 

𝑃𝑦2−slit-1 = 2𝜑𝐴slit-1𝑓𝑦𝑦slit-1/𝐿𝑝
 

(30) 

𝑃𝑦−slit = 𝑚𝑖𝑛(𝑃y1-slit-1, 𝑃y2-slit-1)
 

(31) 

𝑃𝑦−corrugated = 𝐴𝑦−corrugated-1 · 𝑓𝑦 · 𝑦corrugated-1/𝐿𝑝
 

(32) 

𝑃yc = {
𝑃𝑦−flange + 𝑃𝑦−slit
𝑃𝑦−flange + 𝑃𝑦−corrugated 

(33) 

mc y p p/p f W L
 

(34) 

 
Fig.21 Section size of damper 
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Fig.22 Calculation result of bearing capacity 
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4.3Dimensionless skeleton curve model 

The skeleton curves from the experimental and numerical simulations of the metal damper are 

normalized to obtain the pre-peak OA and AB segments and the post-peak BC segment by linear fitting, 

such that the curves pass through points O (0,0) and B (1,1). A dimensionless skeleton curve is formed, 

as shown in Fig. 23, and the mathematical expressions of each segment are Eqs. (35)~(36). Combined 

with the calculation results of initial stiffness K, yield-bearing capacity Py, and peak bearing capacity 

Pm in sections 4.1~4.2, as shown in Fig. 24, the theoretical calculation skeleton curve of the metal 

damper is obtained. To validate the proposed skeletal curves model, a comparison is conducted among 

experimental, numerical simulation, and theoretically calculated skeletal curves, as depicted in Fig. 25. 

The proposed methodology adequately represents the mechanical behavior of both slit and corrugated 

dampers, providing a theoretical reference for practical engineering applications of metal dampers. 

{

OA：𝑃/𝑃m = 4.1484Δ/Δm
AB：𝑃/𝑃m = 0.2576Δ/Δm + 0.7418
BC：𝑃/𝑃m = −0.2251Δ/Δm + 1.2312 

(35) 

{

OA：𝑃/𝑃m = 2.6267Δ/Δm
AB：𝑃/𝑃m = 0.2947Δ/Δm + 0.7052
BC：𝑃/𝑃m = −0.1424Δ/Δm + 1.134 

(36) 
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Fig.23 Dimensionless skeleton curve 

 
Fig.24 Calculation process 
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Fig.25 Validation of skeleton curve model 

5. Conclusions 

Based on the post-earthquake replaceability design concept, two types of metallic dampers for beam-

column joints were proposed. Through experimental and numerical simulations, this study investigated 

the yield mechanism, damage distribution, and peak bearing capacity of these slit /corrugated damper, 

and established a skeleton curve model for metallic dampers. The following conclusions can be drawn 

from current research findings: 

[1] The slit damper exhibits a sequential yielding characteristic, wherein the T-stiffened plate first 

enters into plastic deformation, followed by energy dissipation occurring at both ends of the slitted plate. 

This process manifests as a gradual yielding behavior. By contrast, the yielding sequence of the 

corrugated damper is less distinct due to the thinner gauge of the corrugated plate. In addition, the 

positive and negative peak bearing capacity (Pm) of the slit damper is 11.82% and 34.14% higher than 

that of the corrugated damper, respectively. 

[2] Integrating steel hinges into the energy dissipation device allows it to bear 55% to 87% of the 

shear force. This integration effectively delays plastic damage to the slit and corrugated plates, thereby 

providing a certain safety margin for component replacement and post-earthquake repair. 

[3] A parametric study was conducted to investigate the influence of key parameters, including the 

aspect ratio and thickness of the T-stiffened plate, the thickness of the slit/corrugated plate, and the 

perforation ratio of the slit plate. Among these parameters, the aspect ratio and thickness of the T-

stiffened plate significantly affect the peak bearing capacity of the metallic damper. When the aspect 

ratio of the T-stiffened plate exceeds 1.27, it leads to earlier plastic yielding of the slit and corrugated 

plates, reducing the overall peak bearing capacity. Furthermore, the thickness of the T-stiffened plate 

should not be less than that of the slit or corrugated plate and should not exceed 16 mm within the scope 

of this study. 

[4] Increasing the thickness of both the slit plates and corrugated plates significantly enhances 

peak bearing capacity and initial stiffness. Notably, when the thickness of the corrugated plates is 

increased from 3mm to 9mm, their initial stiffness improves by 15.34% and 10.91%, respectively. The 

increase in the thickness of the corrugated plate can effectively alleviate corner buckling, so it is 

recommended that the thickness of the corrugated plate be higher than 3mm. Furthermore, to ensure 
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that the slit damper has an optimal bearing capacity and deformation capacity, it is reasonable to control 

the perforation ratio so that it does not exceed 14.9%. 

[5] The derivation of the initial stiffness calculation formulas for two categories of metal dampers 

considered the contributions of the T-stiffened plate, high-strength bolts, slit plate, and corrugated plate 

to the initial stiffness. The accuracy of the initial stiffness model was verified by comparing experiments, 

simulations, and theoretical calculations with the average values of the initial stiffness, which were 

1.002 and 1.068, respectively. 

[6] The skeleton curve models for slit and corrugated dampers are established. The key points of 

the skeleton curves are determined by considering bearing capacity. The results demonstrate that the 

proposed skeleton curves can effectively reflect the mechanical properties of slit and corrugated 

dampers. These skeleton curves provide a theoretical basis for the engineering application of such metal 

dampers. 
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