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Abstract

In this study, a coke-shaped steel damper that exhibits in-plane resistance is introduced as a passive damper. The double-

coke damper presented in this study applies the concept of reduced beam sections to increase the ductility in the case of a 

prolonged earthquake. Multiplastic hinges are placed on each strip by setting the radius-cut section. The fatigue performance 

of the damper during earthquake loading is verified through a constant cyclic loading test. The results indicate that, as the 

number of plastic hinges inside the strip increases, the damper ductility increases, producing a stable hysteresis graph. In 

addition, a new equation that considers the damage index using parameters such as maximum strength and effective stiffness 

is proposed, and the experimental results are found to be in excellent agreement with the number of failure cycles obtained 

from the proposed model. By comparing the results of applying the proposed equation with the machine learning results, it 

is demonstrated that machine learning can be used for estimating the damper performance against the fatigue of the resis-

tive cycle.
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1 Introduction

The effectiveness of various types of passive dampers in 

minimizing the damage from earthquakes has been verified 

by many researchers (Chen et al. 2001; Tse et al. 2012; Bae 

and Karavasilis 2018; Christopoulos et al. 2006; Constan-

tinou et al. 1998; Deng et al. 2015). Among them, metallic 

dampers are commonly used as energy-dissipation devices 

against earthquake loading, owing to their cost-effectiveness 

and ease of application. Metallic dampers can be divided 

into two types depending on their behavior characteris-

tics—out-of-plane deformation-type dampers and in-plane 

deformation-type dampers. ADAS (Added Damping and 

Stiffness) and TADAS (Triangular-plate Added Damping 

and Stiffness) steel dampers can be categorized as out-of-

plane deformation-type dampers (Khazaei 2013; Moham-

madi et al. 2017). On the other hand, the cantilever-type 

damper with a high elastic stiffness proposed by Kim et al. 

(2016), and the slit damper tested by Chan and Albermani 

(2008), Oh et al. (2009), for verifying seismic performance 

are examples of in-plane deformation-type dampers.

Steel dampers dissipate energy after yielding by exhibit-

ing plastic deformation. Therefore, the fatigue capacity of 

steel dampers during an earthquake is significant for the 

sustainable use of the damper. Low-cycle fatigue is mainly 

associated with cracking or fracturing of the metals under 

repeated fatigue with small loading and is primarily deter-

mined using strain-based methods. Additionally, steel is 

homogeneous, and a low-cycle fatigue-prediction equation 

based on plastic deformation is mainly used for determining 

cracking and fracturing of metals (Lee et al. 2014; Krawin-

kler and Zohrei 1983; Tamai et al. 1998). Fatigue predic-

tion models for low cycles have been proposed by various 

researchers (Fatemi and Yang 1998; Kuroda 2002; Zhang 

et al. 2013). Among these models, the Mason–Coffin and 
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Palmgren–Miner models have been applied widely. Lee et al. 

(2014) proposed a modified fatigue model for the hourglass-

shaped steel strip damper, considering the total deforma-

tion and effective stiffness. Usami et al. (2011) conducted 

a low-cycle experiment to improve the fatigue capacity of 

buckling-restrained braces. They reported that the inelastic 

deformation relatively influenced the in-plane gap between 

filler members.

The COKE damper introduced in this paper is intended 

to induce bending deformation by adjusting the strip depth 

to length ratio to maximize the inelastic deformation ability 

due to multi hinge creation, using the concept of reduced 

beam section (RBS; Engelhardt et al. 1996). A constant 

loading test is performed to verify the fatigue performance 

against constant low cyclic loading. In addition, a novel 

modified model that considers the effects on both the over-

all deformation and effective stiffness, revised from the 

Mason–Coffin equation, is developed. The tests results show 

that the proposed model satisfactorily predicts the number 

of cycles at which fracture occurs under low-cycle fatigue. 

Furthermore, machine learning is used to estimate the dam-

age index, which is then compared with the values calculated 

using the proposed model. The results demonstrate the pos-

sibility of utilizing machine learning in assessing the low-

cycle fatigue performance with an error rate below 10%.

2  Radius-Cut Coke-Shaped Strip Damper

Figure  1 illustrates the configuration of a coke-shaped 

damper that shows the in-plane direction resistance and 

radius-cut section at the h/8 and h/4 positions from the end 

of the strip. The height (h)–width (b) ratio of the strip is 

selected to be over 5, which indicates flexural deformation 

rather than shear deformation (Lee et al. 2016a, b, c) is likely 

to occur. The fixed part is connected using frames with high-

strength bolts, and the shape of the central part utilizes a 

moment distribution and intentionally concentrates the stress 

in the radius-cut section. Thus, the occurrence of multiple 

plastic hinges, when assuming efficient plastic deformation, 

is expected.

Figure 2 shows the details of the design procedure of the 

coke-shaped damper, which is mentioned below:

Fig. 1  Coke-shaped damper 

configuration

Fig. 2  Coke-shaped damper design procedure
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Step 1 Adjust the width–height ratio of the strip to ensure 

that it is acted upon by flexural force rather than shear 

force. The moment distribution of the strip at both fixed 

conditions suggest a linear increase, by representing a 

fixed moment M1 at both ends.

Step 2 Optimize the shape of the strip by utilizing the 

moment distribution for which the cross-sections yield 

simultaneously.

Step 3 Increase the cross-section by 20%.

Step 4 Although the effect of the shear force is small, a 

minimum width is required for resisting the membrane 

effect (tensile-resistant influence) in case a large plastic 

deformation occurs.

Step 5 Reduce the section sizes at the points of the 

expected plastic hinge locations, that is, h/4 and h/8, from 

the strip end by making the strip narrow gradually.

Step 6 The fillet is applied to the end of the strip to pre-

vent stress concentration.

The theoretical strength of the damper is determined at 

the plastic hinge location and calculated using the plastic 

section modulus stated in Fig. 2.

3  Experimental Program

3.1  Test Specimens

The specimen properties are listed in Table 1, and the details 

of the specimens are depicted in Fig. 3. The tests are classi-

fied into two types, based on the number of plastic hinges in 

a strip. COKE4 forms four plastic hinges in a strip, whereas, 

COKE2 forms two plastic hinges.

3.2  Loading Protocol

The cyclic force was developed using three protocols, 

to evaluate the fatigue repeatability of the coke damper 

against low-cycle fatigue. Constant loads of the same 

amplitude were applied through displacement control, 

corresponding to the target displacement (2/3 of the target 

Table 1  Test specimens Specimens Material Thick-

ness 

(mm)

Width (mm) Height (mm) No. of steel 

plates (EA)

Plastic 

hinge 

(EA)

Loading protocol

COKE4B1 SS275 19 45 270 2 4 Constant (62 mm)

COKE4B2 SS275 19 45 270 2 4 Constant (62 mm)

COKE4B3 SS275 19 45 270 2 4 Constant (44.5 mm)

COKE4B4 SS275 19 45 270 2 4 Constant (26.5 mm)

COKE2B1 SS275 19 45 270 2 2 Constant (62 mm)

COKE2B2 SS275 19 45 270 2 2 Constant (62 mm)

Fig. 3  Test specimens

Fig. 4  Loading protocol
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displacement, and 1/3 of the target displacement). The 

loading protocol used in this study is shown in Fig. 4.

3.3  Experiment Setup

Figure 5 shows the specimen setting with the dampers. 

An actuator of 1000 tons is used in the experiment, and a 

strip damper is placed between the left and right jigs to be 

Fig. 5  Experimental details and 

setup
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loaded in the in-plane direction. The damper is fitted per-

fectly between the left and right fixing bolts, and the setting 

minimized the generation of surrounding moments such that 

the entire actuator load could flow directly into the damper.

3.4  Material Properties

No. 1A (KS B 0801) specimens were used for the tensile 

tests that were conducted according to the procedures of 

KS B 0802. As can be seen from Table 2, SS275 steel was 

used, and test results exceed the lower yield strength limit 

(265 MPa) of SS275 specified in KS D 3503.

4  Experiment Results

Table 3 presents a comparison of the experimental and theo-

retical strength values. From the experimental results, it was 

confirmed that the tested load was significantly higher than 

the calculated theoretical load, based on the yield strength 

or actual material strength. A possible reason for this differ-

ence is that the load tends to increase more than expected, 

because of the tensile resistance effect caused by the large 

stresses caused by tight fixing at both strip ends.

4.1  Load–Displacement Relationships

The load–displacement relationships of the strip damper are 

displayed in Fig. 6, where the drift ratio (δ/h, %) shows the 

overall deformation of the strip damper. Figure 6 also indi-

cates that all the experiments using COKE4 and COKE2 

exhibit a stable hysteresis behavior under constant load 

conditions.

The yielding displacement and yielding force are 

4.43 mm and 53.66 kN, respectively, for COKE4B2, and 

6.62 mm and 97.45 kN, respectively, for COKE2B2. As 

the number of plastic hinges increases, the yield point of 

the coke-shaped damper tends to occur sooner because 

of the cross-sectional defects. Figure 7 shows the duc-

tility ratio comparisons of COKE4B2 with COKE2B2, 

and Fig. 8 presents the applied load variation for every 

cycle. In both graphs, the maximum force is higher for 

COKE2 damper (two plastic hinges per strip) than that 

for COKE4 damper (four plastic hinges per strip) in terms 

Table 2  Steel tensile test results Specimen B (mm) t (mm) Yield stress 

(MPa)

Tensile stress 

(MPa)

Yield ratio Elongation (%)

Mean (1–3) 200.1 18.87 341 515 0.66 23.3

19t (1) 200.2 19.10 335 507 0.66 23.0

19t (2) 200.0 18.87 335 514 0.65 23.5

19t (3) 200.0 18.65 353 523 0.67 23.5

Table 3  Experimental 

comparison of the test results 

and theoretical strength

Fyn, nominal yield strength; Fyt, material test yield strength; Pmax, experimental result at maximum 

strength; Ppn, theoretical plastic strength based on nominal yield strength; Ppt, theoretical plastic strength 

based on test yield strength

Specimen Fyn (MPa) Fyt (MPa) Pmax (kN) Ppn (kN) Ppt (kN) Pmax/Ppn Pmax/Ppt

COKE4B1 265.0 341.0 249.5 113.3 145.8 2.20 1.71

COKE4B2 265.0 341.0 247.1 113.3 145.8 2.18 1.69

COKE4B3 265.0 341.0 216.2 113.3 145.8 1.91 1.48

COKE4B4 265.0 341.0 181.3 113.3 145.8 1.60 1.24

COKE2B1 265.0 341.0 252.7 113.3 145.8 2.23 1.73

COKE2B2 265.0 341.0 256.5 113.3 145.8 2.26 1.76

Fig. 6  Load–displacement relationships
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of the maximum shear resistance. However, COKE4B2 

shows more progressive ductility than COKE2B2, as the 

maximum strength drops smoothly by approximately 4% 

from the maximum force, exhibiting a drop of 13% from 

the maximum force for COKE2B2 in the eighth cycle.

4.2  Low-Cycle Fatigue Estimation Using Machine 
Learning

Various studies have been conducted to predict cyclic 

fatigue, and different models have been suggested (ASCE/

SEI 7-10, 2010; FEMA 356, 2000). In this section, the low-

cycle model is dependent on the effective stiffness ( keff  ) and 

total deformation ( �
t
 ). The log plots of both Nf and plastic 

deformation ( �
p
 ) indicate linear trends until fracture or load 

reduction for repeated constant loading. The damage index 

is calculated using Eq. (2) proposed by Lee et al. (2014):

where Nf is the number of cycles at which the fracture of the 

damper occurs; C is the fatigue parameter, which is depend-

ent on the materials and load-resistance mechanism (Lee 

et al. 2014); �
t
 is the total deformation; keff  is the effective 

stiffness of the damper; Δ�t∕keff  is the ratio of the total defor-

mation for the effective stiffness of the damper; and D
i
 is the 

damage index.

In Table 4, a low-cycle fatigue damage model is pre-

sented for coke-type dampers. This model has been modi-

fied the equation by Lee et al. (2014) and the effect of the 

effective stiffness and total deformation change is consid-

ered and compared with that of the Manson–Coffin model. 

Figure 9a shows the applied load deterioration accord-

ing to the number of cycles. As the number of cycles 

increase, the applied load significantly decreases in two 

cycles for COKE4B3. However, the loads for COKE4B2 

and COKE4B4 fall sharply in one cycle, and the experi-

ment is terminated after the maximum loading is achieved. 

Figure 9b presents the Nf estimation results of the pro-

posed model, and the comparison of these results with 

the experimental results. It can be seen that the proposed 

estimations satisfactorily predict the fracture cycle num-

ber. Figure 9c shows the calculated damage index of each 

specimen using the proposed low-cycle fatigue model. As 

(1)Nf = C−1(Δ�t∕keff )
−1∕c

,

(2)Di =
C

2

2N
∑

i=1

(Δ�t∕keff )
−1∕c

,
Fig. 7  Ductility ratio (δmax/δy) versus number of cycles (N)

Fig. 8  Applied load variations versus number of cycles (N)

Table 4  Low-cycle fatigue 

damage model
Manson–Coffin model Modified model

Default parameters Plastic deformation ( Δ�
p
) Total deformation ( Δ�

t
)

Effective stiffness ( Keff )

Manson–Coffin relationship Δ�p = 85.135(Nf )
−0.558 Δ�t∕keff = 171.67(Nf )

−0.558

Nf = 2877.23(Δ�p)
−1.792 Nf = 740.74(Δ�t∕keff )

−1.792

Half-cycle damage (1/2Nf) (1.738 × 10
−4)(Δ�

p
)1.792 (6.75 × 10−4)(Δ�t∕keff )

1.792

Total damage index (Di)
(1.738 × 10

−4)
2N
∑

i=1

(Δ�pi)
1.792 (6.75 × 10−4)

2N
∑

i=1

(Δ�t∕keff )
1.792

i
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a verification procedure for the proposed model, Fig. 9c 

shows the calculated damage index of each specimen, 

using the proposed low-cycle fatigue model. The more 

reliable the model, the more the damage index (Di) reaches 

1.0 when the damper fracture. When predicting the point 

of failure with the proposed model, the failure point was 

found to be higher than 1.0 for COKE2B2 and COKE4B2, 

while the damage index (0.91) is slightly underestimated 

for COKE4B3 and COKE4B4.

For long-term predictions under repeated cycles, a lin-

ear regression algorithm of machine learning is applied to 

estimate the damage index of fatigue resistance. Figure 10 

shows the linear regression neural network model for the 

damage index of the fracture.

w0,… , w
n
 represents the coefficient (parameters are 

energy dissipation capacity, effective stiffness, maximum 

strength, total deformation) of f(x), y is the damage index, 

ŷ represents the estimation of damage index. The holdout 

method (sampling) (Raschka 2015) is used to generate and 

test a model by dividing the training and test data. This is the 

most common random sampling technique, and training data 

(2/3) and test data (1/3) are generally used during sampling. 

Figure 11 compares the damage index predictions of the 

coke damper with those of machine learning, and shows the 

process of machine learning. The parameters are not only 

limited to the maximum strength and effective stiffness of 

the damper, but also include the final damage index based on 

the energy dissipation capacity, effective stiffness, maximum 

strength, and total deformation, which decrease with each 

cycle. Considering all the effects of multivariables, which is 

an advantage of machine learning, more accurate predictions 

can be made through linear algorithms. From the graph, 

it can be confirmed that the damage index result inferred 

from the experimental values and that obtained through the 

machine learning almost identical (RMSE value is 0.1).

4.3  Failure Modes

Figure 12 shows the failure mode of the COKE4B4 speci-

men under constant cyclic loading. For COKE4B4, small 

cracks start to occur at the 58th repeated cycle. After repeat-

edly receiving more than 63 tensile and compressive loads, 

the cracks gradually deepened at the expected plastic hinge 

location and finally fractured with a sudden load reduction 

beyond the 87th cycle, marking the end of the experiment. 

The low-cycle fatigue test of the coke damper indicates that 

the coke damper exhibits resistance to low-cycle fatigue with 

sufficient inelastic deformation beyond the 87th cycle after 

yielding, and the final fracture occurs at the expected plastic 

locations.

5  Conclusions

This study introduced coke-shaped dampers to improve 

damper ductility. The goal was to maximize the inelastic 

deformation capacity by placing multiple plastic hinges 

along the strip cross-section. As the in-plane resistance-

type damper could cause brittle fracture following repeated 

cyclic loads, the fatigue performance of the damper was 

Fig. 9  Experimental result and low-cycle damage model
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verified through a constant cyclic load test of the speci-

men. After constructing the damage-index model consid-

ering the total strain and effective stiffness of the fatigue 

test results, the damage index was predicted using a linear 

regression algorithm of machine learning. The following 

results were obtained:

1. In the test results, the proposed coke-shaped metallic 

damper (COKE4 and COKE2) showed stable load–dis-

placement hysteresis behavior. The damper exhibited 

sufficient shear resistance capability by demonstrating 

a maximum strength greater than the theoretical maxi-

mum strength.

2. In the comparison of COKE4 to COKE2, the yield 

strength of COKE4 was found to be relatively small, and 

yielding started earlier than in COKE2 owing to defects 

in the strip. However, the final fracture of COKE2 

occurred faster than that of COKE4. In summary, as the 

number of plastic hinges increased in a strip, the ductil-

ity of the damper increased.

3. The damage point was estimated by applying a fatigue 

model according to the maximum strain and effective 

Fig. 10  Linear regression neural 

network model for fracture 

estimation

Fig. 11  Damage index predic-

tions using machine learning 

(ascending order)
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stiffness change. This low-fatigue model was able to pre-

dict the number of periodic failures and its results were 

found to be in excellent agreement with the experimental 

results.

4. In this study, the damage-index model from experimen-

tal results was estimated by using machine learning. The 

linear regression algorithm of machine learning was 

used for predicting the low-cycle fatigue. The results 

demonstrated that the predicted damage index matched 

the experimental damage index by more than 90%, indi-

cating that machine learning could be used effectively 

for fatigue prediction.

5. This paper showed that machine learning could be used 

for resistance fatigue prediction because of the limita-

tions of the test subject. It is necessary to further expand 

the sample set and study the effect of various variables 

on fatigue prediction in order to increase the reliability, 

in the future.
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