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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

The application of stainless steel materials in civil structures for seismic protection lies in its low-cycle fatigue characteristic. 

However, the data of existing research are mainly based on the low-cycle fatigue in small strain amplitudes. To this end, we 

perform low-cycle fatigue testing of Austenitic stainless steel S30408, which has low yield point and good elongation 

performance, under the cyclic load with a maximum strain amplitude reaching up to 5%, to fill the gap. The stress-strain 

response characteristics of the stainless steel material under the cyclic load are analyzed; then, the parameters of the strain-

fatigue life relationship and the cyclic-plastic constitutive model used for FEA simulation are extracted. Results show that the 

stainless steel’s stress-strain curve is nonlinear without a yield plateau, thus presenting a high strength yield ratio and ductility. 

The hysteresis loops of the material are plump with a shuttle shape and are symmetric to the origin, indicating a fine energy 

dissipation capacity. The skeleton curve under cyclic loading with cyclic hardening can be significantly reflected by the 

Ramberg-Osgood model, which is affected by the strain amplitude and loading history; it is also different from the monotonic 

tensile skeleton curve. The strain-fatigue life curve fitted by the Baqusin-Manson-Coffin model can predict the materials’ 

fatigue life under different strain amplitudes. The mixed hardening model, including isotropic and kinematic hardening, based 

on the Chaboche model, is able to simulate the cyclic stress-strain relationship. Further, its parameters can provide basic data 

information for the seismic design of civil structures when Austenitic stainless steel S30408 is used. 
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1.  Introduction 

 

The advantages of stainless steel materials, such as strong corrosion 

resistance, good ductility, and easy processing, have made it not only useful in 

the tableware, sculpture, and automobile fields but also in civil structures like 

bridges, ports, and underground projects [1, 2]. For example, 8,200 tons of 

stainless steel bars were applied to construct pile caps, tower seats, and piers for 

the Hong Kong-Zhuhai-Macao Bridge [3]. Stainless steel can also significantly 

reduce costs associated with durability maintenance and improve economic 

efficiency over a structure’s entire life cycle. 

The capability design criterion in the seismic design of structures allows 

designers to make full use of energy dissipation components or regions to 

reduce seismic responses by employing the elastoplastic hysteretic properties of 

materials with a rational design [4]. Under seismic loading, structures usually 

need to withstand short-term and huge reciprocating forces. Structural members, 

especially those acting as dissipation components [5], experience several large 

displacement cyclic loadings, which are manifested by low-cycle fatigue (LCF) 

with large strains at the material level. Therefore, it acts as a basis in which to 

investigate the stainless steel material’s low-cycle fatigue performance for 

application in structural seismic design. 

In previous studies, stainless steel exhibited an obvious nonlinear stress-

strain relationship, and it is different from that of typical plain steel. Arrayago 

et al. [6] compiled 600 monotonic tensile tests for ferritic, austenitic, and duplex 

stainless steels, including grades and rolling directions of a variety of materials. 

They then proposed amendments for the prediction of model constitutive 

parameters. Under cyclic loading, the hysteresis loop of stainless steel material 

is plump and stable, indicating a fine hysteresis behavior; further, the cyclic 

skeleton curve is different from the monotonic tensile curve tension, showing 

an obvious strain hardening phenomenon [7-9]. In addition, it has been revealed 

that the cyclic hardening characteristics are greatly affected by plastic strain 

amplitude as well as the loading process. Further, the history and amplitude of 

the first load before the next cycle can influence the cyclic stress-strain curve 

[10, 11]. The number of times the test piece can withstand cyclic loading, i.e., 

the fatigue life of coupons, is a factor to be considered in its application. Julie 

et al. analyzed the strain-fatigue life relationship of stainless steel materials with 

strain below 2.0% and introduced a prediction formula for fatigue life [12, 13]. 

Accurate material constitutive models and parameters are the foundation for 

structural design and seismic performance analysis of structures. Stainless steel 

presents mixed hardening characteristics when reciprocated loading is applied 

[14]. In addition, the Chaboche constitutive model is well used currently, and 

its applicability have been studied by some researchers [15, 16]. 

Austenitic and Duplex stainless steel, which have different low-cycle 

fatigue characteristics, are mainly used in structures. Austenitic stainless steel 

with low yield point and good elongation performance has the advantage of 

corrosion-resistance and characteristic of low yield point steel [17]. For a high 

production capacity and widely used austenitic stainless steel, S30408, has good 

cold working performance, high toughness and good high-temperature 

resistance. In general corrosion, it can satisfy the requirements of corrosion 

resistance [18]. And the price of S30408 is lower, which represents that it is 

more conducive to the use and promotion of structures. It is an optimal material 

choice under the consideration of reliable durability performance and cost 

economy. In structural seismic design, it is frequently used in energy-dissipating 

devices, as the core of a buckling-restrained brace (BRB), where its design 

interface mostly consists of plate specimens [19, 20]. These devices need to 

withstand large plastic deformations under seismic loads [21]. However, 

previous studies on materials, to the best of our knowledge, have mostly focused 

on small strain high- or low-cycle fatigue of round bars, which cannot satisfy 

the needs of seismic design. Fewer studies about cyclic loading and fatigue life 

of plate specimens had been reported. 

Therefore, three types of Austenitic stainless steel S30408 specimens, 

including plates and bars, are considered in this study. Three loading systems, 

consisting of monotonic tensile, constant, and variable strain amplitude cyclic 

loading with the strain amplitude reaching up to 5%, are carried out to analyze 

the material’s characteristics. The key mechanical indexes and constitutive 

parameters of the monotonic model are determined through a uniaxial tensile 

test. We adopt the Ramberg-Osgood model to depict the cyclic hardening 

performance and also use it to fit the cyclic skeleton curves for obtaining the 

cyclic hardening parameters. The Baqusin-Manson-Coffin model is utilized to 

fit the strain-fatigue life equation under constant strain amplitude cyclic loading. 

For the variable strain amplitude cyclic loading, the Chaboche constitutive 

model adopted from Abaqus is used to derive the mixed hardening parameters 

and simulate the cyclic stress-strain relationship. The test pieces used in this test 

were all from the same batch. 

 

2.  Experimental details 

 

2.1. Material and coupon specifications 

 

Austenitic stainless steel S30408, which is being increasingly applied in 

buildings, bridges, energy dissipation components, and so forth, was tested in 

the present study. The chemical components of the stainless steel material are 

tabulated in Table 1. The specimens were fabricated from the same batch of 

material along the same orientation into flat and round coupons, including a 

reduced effective section area in a central region, to constrain the location of the 
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fracture and a smaller length of the parallel section to avoid buckling [7, 22]. 

Three kinds of test coupons with different specifications and sizes, defined as 

LF, SF, and CF, were manufactured based on the Chinese National Standard 

GB/T26077 [25], and their cross-section forms are a rectangle, square, and 

circle, respectively, as presented in Fig. 1. The length and thickness of the 

parallel section for LF coupons is 40 mm and 8 mm, respectively, leading to a 

sectional length-to-width ratio of 5. To avoid compressive buckling instability 

in the LF specimen, a buckling-restrained device was designed and then given 

a heat treatment to ensure hardness. Sandpaper was used to polish the section to 

reduce the roughness; grease and boron nitride powder were applied on the 

splint to reduce friction between the test piece and the buckling-restrained 

device. The SF coupons have a section width of 16 mm with a parallel segment 

length of 25 mm. And the CF coupons have a section diameter of 20 mm with 

a parallel segment length of 25 mm. 

To accurately apply displacement and prevent the extensometer from 

sliding under large strain loading, two notches with the width and depth all equal 

to 0.2 mm were carved along the width direction of the coupons, as shown in 

Fig. 1. Their locations are at the tip of the extensometer fixed on the specimen. 

Another, coupon LF ,́ had the same size as the LF specimen, but for comparison 

no notch was carved. 

 

Table 1 

Chemical components of austenitic S30408 

Chemicals C Si Mn P S Cr Ni N 

Percentage (%) 0.04 0.37 1.10 0.032 0.001 18.17 8.03 0.05 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 1 Geometry of the specimens (units: mm): (a) LF; (b) SF; and (c) CF 

 

2.2. Test setting and loading codes 

 

Axially loaded tests were conducted for the monotonic tensile test to 

determine the basic mechanical parameters and for the low-cycle fatigue 

loading test to calibrate the hardening model parameters; then, the strain-fatigue 

life relationships were established. It should be noted that a larger length-to-

diameter (width) ratio is necessary for the standard tensile test piece, according 

to the Chinese National Standard GB/T 228.1-2010 [23]. Some related literature 

revealed that the difference in monotonic tensile curves between the standard 

and reduced length-to-diameter is negligible in cases of small strain [24]. As a 

result, test specimens LF, SF, and CF with reduced length-to-diameter (width) 

were used for the monotonic tensile test. The accuracy can be guaranteed within 

the scope of engineering applications. Nine coupons were subjected to the 

monotonic tensile test. For each specimen specification, three coupons were 

performed to calculate the average value of the engineering stress-strain 

response. 

In addition, a total of 88 coupons were performed for the cyclic loading test 

with two loading patterns, i.e., the constant and the variable strain amplitude 

loading systems. The constant strain amplitude cyclic loading includes 10 

loading protocols, where the strain amplitude ranged from ±0.5% to ±5% with 

strain ratios Rε equal to -1, as shown in Table 2. In general, three coupons were 

tested for obtaining the mean value under each constant amplitude scenario. The 

variable strain amplitude cyclic loading consists of multiple loading protocols, 

i.e., cyclic ascend and cyclic descend, to investigate stainless steel’s hysteresis 

characteristics, as shown in Fig. 2. 

 

Table 2 

Constant amplitude cyclic loading system 

Amplitude(%) 0.5 0.75 1.0 1.25 1.5 2.0 2.5 3.0 4.0 5.0 

Label L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 

 

 

 

 

Fig. 2 Variable amplitude cyclic loading system 

 

An MTS 793 system that can apply tension and compression loads was used 

to conduct monotonic tensile and cyclic loading tests, as presented in Fig. 3. 

The test coupons were gripped by hydraulic jaws. The monotonic tensile test 

coupons were executed by using an axial actuator with a loading frequency 

equal to 2 mm/min under displacement-control according to the Chinese 

National Standard GB/T228 [23]. Tests of cyclic loading were performed under 

nominal strain-control of the parallel segment measured by the extensometer, 

according to the Chinese National Standard GB/T26077 [25]. The 

extensometer’s gauge length was 25 mm with a measuring range equal to ±20% 

in tension and compression. A triangular waveform loading history was adopted, 

and the loading frequency was set as 0.02 Hz, through which a slow strain rate 

can be maintained to reduce instability and heat produced in the loading process. 

The sampling frequency is 32 Hz. Specimens were marked before applying the 

load in order to measure the elongation after a fracture. All test data and input 

information were recorded by the MTS data acquisition system. The 

experimental device diagrams of the three different specifications and sizes of 

test specimens are shown in Fig. 4. 

 

 

Fig. 3 Loading system with hydraulic grips (MTS793) 
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 (a) 

 

 

(b) 

 

(c) 

 

Fig. 4 Cyclic axial test setup: (a) LF; (b) SF; (c) CF 

 

3.  Experimental results and discussion 

 

3.1. Results of monotonic experiments 

 

Specimens of different sizes, LF-M1-3, CF-M1-3, and SF-M1-3 (where M 

represents the monotonic tensile test, and the numbers 1 to 3 indicate the speci-

men serial number), were subjected to the monotonic tensile loading until they 

fractured. Table 3 shows the basic mechanical parameters obtained for Austen-

itic stainless steel S30408. The experiment data reveals that the material has a 

larger strength-yield ratio of nearly 2.5, which indicates higher safety redun-

dancy for seismic design and higher strain hardening compared with carbon 

steel. The elongation measured after fracture exceeded 50%, thus demonstrating 

better ductility and strong plastic deformation ability than the carbon steel. This 

result is consistent with the result of previous studies on the characteristics of 

the stainless steel materials [26, 27]. The test data for the LF and CF specimens 

are not much different from each other in strain, stress, and Young’s modulus. 

The stress of SF was different from the other two specimens, however; the rea-

son for this phenomenon may be that the mechanical performance of the test 

specimens was affected by temperature during the laser cutting process on ac-

count of thickness. When there was a small width-to-thickness ratio, a measure-

ment deviation in the test data would be caused. 

 

Table 3 

Mechanical parameters under monotonic tensile loading 

Specimen E/GPa σ0.01/MPa σ0.2/MPa σ1.0/MPa σ2.0/MPa σu/MPa ε0.2/(%) ε2.0/(%) εu/(%) n E0.2/GPa n  ́ b a σu /σ0.2 

LF-M1 195 170 281 319 340 715 0.34 2.18 54.5 5.96 27.02 2.53 1447 315 2.55 

LF-M2 199 180 292 335 359 708 0.36 2.20 56.5 6.19 21.08 2.53 1364 336 2.42 

LF-M3 190 155 288 329 353 711 0.34 2.17 52.1 4.83 25.74 2.94 1443 329 2.49 

AVG. 195 141 287 328 355 710 0.35 2.19 54.4 5.66 22.61 2.66 1418 327 2.48 

SF-M1 184 102 343 401 445 747 0.38 2.24 47.9 2.47 50.41 2.16 1423 423 2.17 

SF-M2 196 122 316 414 457 736 0.40 2.25 50.2 3.14 39.96 2.19 1330 437 2.33 

SF-M3 172 98 337 398 456 720 0.41 2.24 51.6 2.42 49.48 2.06 1266 436 2.13 

AVG. 184 107 332 430 453 734 0.39 2.24 49.9 2.68 53.62 2.13 1340 432 2.21 

CF-M1 205 160 261 307 345 668 0.33 2.18 42.9 6.12 19.31 1.59 1478 320 2.55 

CF-M2 189 178 259 307 343 659 0.33 2.19 46.6 7.98 14.93 1.52 1385 321 2.54 

CF-M3 186 165 262 310 347 698 0.34 2.18 50.1 6.47 18.24 1.67 1446 322 2.66 

AVG. 193 167 261 308 345 675 0.33 2.18 46.5 6.87 17.49 1.59 1437 321 2.58 

Note: E is the Young’s modulus; ε0.2 and ε2.0 are the strain value of offset strain of 0.2% and 2.0%; εu is the ultimate strain. σ0.01, σ0.2, σ1.0, and σ2.0 are the stress values 

corresponding to offset strains of 0.01%, 0.2%, 1%, and 2%. 

 

The stress-strain curves of stainless steel under the monotonic tensile load-

ing are presented in Fig. 5. Unlike carbon steel, it can be seen that 1) stainless 

steel exhibits nonlinear stress-strain behavior without a yield plateau and well-

defined yield point; the stress corresponding to the offset strain 0.2% was usu-

ally used as the nominal yield stress; 2) it requires a more complex and suitable 

monotonic model than the bilinear model usually used in steel. Three commonly 

used nonlinear metal constitute modes [28-30], given by Eq. (1) to Eq. (3), were 

adopted to describe the stress-strain curves with the fitted constitute parameters 

obtained from the experimental tests listed in Table 3. 
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Ⅲ) Quach Model 
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(3) 

 
where E and E0.2 are the Young’s modulus and the corresponding elastic 

modulus when the offset strain is 0.2%. n and n΄0.2,1.0 are the coefficients of strain 

hardening; σ0.2 and σ1.0, are the stress values which correspond to offset strains 

of 0.2% and 1%, respectively; and a and b are parameters in the R-O constitutive 

model. A more detailed explanation of the monotonic tensile constitutive model 

is referred to in [31, 32]. 

A comparison between the fitting curves and the testing curves is shown in 

Fig. 5. It can be concluded that the Ramberg-Osgood model with a single 

constitutive parameter accurately represents the stress-strain curve until the 

strain is below 0.2%; however, it would overestimate the strain hardening 

degree of stainless steel with the strain increases. Both the G-N and Quach 

models can fit the stress-strain curve exactly while the strain is over 0.2% and 

less than 2.0%. However, it is not recommended to use the G-N model to 

represent the stainless steel in the case of large strains due to significant 

deviation, e.g., the strain is larger than about 5.0%. In general, the Quach model 

is the most accurate monotonic tensile constitutive model for stainless steel with 

complicated parameters and is recommended for describing the monotonic 

tensile stress-strain curve in cases with large strain. 

 

(a) 

 

(b) 

 

 

(c) 

 

Fig. 5 Monotonic tensile σ-ε curve: (a) LF; (b) SF; and (c) CF 

3.2. Results of cyclic loading experiments 

 

In this section, the stress-strain curves of the specimens under completely 

reversed constant strain amplitude in the cyclic loading are illustrated and 

analyzed. The parameters of cyclic hardening are calibrated; the strain-fatigue 

life relationship is established. First, it is essential to discuss the effect of the 

buckling-restrained device and the notch on the test data before the analysis of 

the stress-strain relationship. 

When the specimens were compressed under cyclic loading, the cross 

section along the thickness of the LF specimen enlarged, and friction force was 

generated between coupons and the buckling-restrained device. Further, the 

lateral deformation of specimens caused by the Poisson effect was restrained on 

account of the buckling-restrained device. As a result, the measured axial force 

is the summation of the compressive stress, friction force, and lateral force. In 

order to understand the influence of friction and lateral force on the axial 

compress, comparisons between stress-strain curves with and without the 

buckling-restrained device are plotted and shown in Fig. 6. It can be concluded 

that the difference between the two curves is negligible, and the stress values 

are approximately the same under identical strain. Therefore, the compressive 

stress in the present paper is directly measured by the axial stress without 

considering the influence of friction and the Poisson effect. 

The stress-strain curves of coupons with and without the notch were shown 

in Fig. 7 to show the influence of the notch on the specimens’ performance. The 

notch has little effect on the mechanical properties in the case of small strain or 

little number hysteresis, but it has a great impact on the specimens’ strain-

fatigue life, which will be introduced in detail in Chapter 3.2.3. The stainless 

steel’s cycle characteristics in this section are analyzed with LF specimens. 

 

 

Fig. 6 Effect of buckling-restrained device on stress 

 

Fig. 7 Effect of the notch on stress 

 

3.2.1. Skeleton curve 

To analyze the characteristics of the stress-strain response under various 

strain amplitudes and to compare its difference with the monotonic tensile curve, 

a family of stable hysteresis loops which corresponds to the half fatigue life 

under each constant strain amplitude was plotted in a similar graph. The cyclic 

skeleton curve was generally fitted using the Ramberg-Osgood model [33], 

which is given in Eq. (4) by tracing the peak stress tips of each hysteresis curve 

(shown in Fig. 8). 
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where Δε, Δεe, and Δεp are the total, elastic, and plastic amplitudes; Δσ is the 

total stress amplitude; E is the Young’s modulus; K  ́is the coefficient of cyclic 

strength; and n  ́is the exponent of cyclic strain hardening that can be fitted by 

the peak stress versus strain amplitude data by ordinary least squares. 

 

 

Fig. 8 Constant strain amplitude cyclic skeleton curve 

 

It can be seen that the hysteresis curves of stainless steel are shuttle-shaped 

with good symmetry and plump, indicating good hysteretic performance as well 

as energy dissipation. The hysteresis curve width gradually increases with the 

increment of the strain amplitude, indicating that the share of plastic strain 

amplitude rises. The cyclic skeleton curve of stainless steel, observed from the 

above-mentioned figure, is always over the monotonic tensile curve, showing 

evident cyclic hardening. With the augmentation of the strain amplitude, the 

difference between the cyclic loading curve and monotonic tensile curve 

continues to grow, indicating a more obvious strain hardening. The stress under 

cyclic loading at the 5% strain is approximately 1.63 times the stress of the 

monotonic tensile loading. Therefore, it is inappropriate to apply the monotonic 

tensile curve of stainless steel to calculate the hysteretic behavior in elastoplastic 

studies, as the monotonic tensile curve would underestimate the strain hardening 

characteristic under cyclic tension-compression loading. The fitted cyclic 

skeleton curve does not accurately pass through all stress tips, the reason is that 

the cyclic plastic parameters were calibrated by the average value of tensile and 

compressive stress but are not equal to each other due to the kinematic 

hardening during cyclic loading. 

From the test results, the calculated values of cyclic hardening parameters 

K  ́and n  ́under different loading cases, including constant and variable strain 

amplitudes were listed in Table 4. The cyclic hardening parameters fitted under 

various strain amplitudes were different from each other, indicating that the 

cyclic skeleton curve is greatly affected by strain amplitude and loading history. 

These cyclic hardening parameters between loading case L11 and L12 represent 

a small difference under the loading system with the same strain amplitude but 

opposite loading order. Loading cases L13 and L14 have the same phenomenon. 

The results reveal that the hysteretic characteristics of the stainless steel are less 

affected by the direction of tension and compression, and the buckling-

restrained device restrained the buckling effect of the specimen under 

compression well. 

 

Table 4 

Cyclic loading skeleton curve parameters 

Case L1-L10 L11 L12 L13 L14 AVG. 

K /́MPa 2213 1376 1375 1806 1956 1745 

n  ́ 0.428 0.405 0.413 0.468 0.519 0.447 

 

Comparisons of the cyclic skeleton and monotonic tensile curves under sev-

eral typical cyclic loading systems with different amplitudes are shown in Fig. 

9. When the Ramberg-Osgood model is used to fit the cyclic skeleton curves, 

some results are acceptable under partial strain amplitudes, but the deviation is 

larger in some strain amplitudes. For example, in the small strain amplitude (the 

strain is less than 1.5% in Fig. 9 (a) and (b)) and a few initial loading laps (the 

first two loops at 4% and 5% in Fig. 9 (c) and (d)). The reason for this may be 

related to the cumulative plastic strain value, but further research is needed to 

verify this conclusion. Fig. 9 (c) and (d) show that the peak stress value of the 

first large strain at±5% under variable strain amplitude loading cases L13 and 

L14 coincides with the stress versus large strain of monotonic tensile curve, 

confirming accuracy of the test. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 9 Variable strain amplitude cyclic skeleton curve 

 

3.2.2. Cycle stress-strain characteristics 

The changes in the stress-strain hysteresis loop along with the increasing 

number of fatigue cycles (Nf) under fully reversed constant strain amplitudes 

are shown in Fig. 10. In terms of each given strain amplitude, the hysteresis 

curves do not overlap and exhibit cyclic hardening or softening as the cumula-

tive plastic strain increases. Fig. 11 shows the stress amplitude variation against 

the increasing number of fatigue cycles (Nf) under each constant strain value 

and also explains the trend of cyclic behavior in another aspect. 
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Fig. 10 Change of the hysteresis loop with an increasing number of fatigue cycles (Nf) 

under constant amplitude strain 

 

The characteristics of cyclic behavior for stainless steel can be summarized 

from the above-mentioned figure: 1) The specimens have obvious cyclic sof-

tening before fracturing along with an increase of cumulative plastic damage if 

the total strain is less than 1%. The specimens have undergone four stages; slight 

hardening also occurred at first several cycles. And then, it came into being rel-

atively stable for a long duration. Then, slight cyclic softening occurred before 

the second phase of significant cyclic hardening until fracture with a rapid drop 

of stress. This phenomenon is consistent with the findings in [34]. 2) When the 

total strain is between 1% and 2%, the specimens have undergone three stages: 

a greater cyclic hardening during the initial stage compared with the case where 

the strain is less than 1%, followed by cyclic stabilizing for a short period, then 

a second cyclic hardening appeared before fracture; there is no cyclic softening 

in the whole process. 3) In the case with a strain amplitude over 2%, the maxi-

mum cyclic stress increases until the specimen fractures, and no cyclic stabiliz-

ing and softening were observed. The specimen only undergoes one stage with 

cyclic hardening until fracture. It is a continuous-growth process in the peak 

stress where the rate grew slowly along with the number increment of fatigue 

cycles in the later stage. 

 

 

 

Fig. 11 Change of the peak stress with the increasing number of fatigue cycles (Nf) of LF 

specimen under constant strain amplitude loading: (a)Tensile stress; (b) Compressive 

stress 

 

The peak value of cyclic tensile and compressive stress changes in sync 

with the increasing number of fatigue cycles (Nf). The cyclic stress peak ex-

ceeded the ultimate stress only when the value of strain is larger than 4%. And 

the peak cyclic stress remained between the yield stress and the ultimate stress 

if the strain amplitude is less than 4%. This phenomenon is different from the 

discovery in [7], which reported that the peak cyclic stress exceeds the ultimate 

stress after approximately thirteen load reversals at a strain amplitude of 2%. 

To quantify the cyclic hardening magnitude, a measure is defined in Eq. (5), 

which employs the ratio of the maximum cyclic stress ,max
fN N

t
=

 during the whole 

life to the stress amplitude 
1

,max

N

t
=

 at the first cycle corresponding to the same 

strain. It is also an important indicator in seismic design: 

 

1

,max ,max

1

,max

= =

=

−
=

fN N N

t t

N

t

R
 



 
(5) 

 

The cyclic hardening ratios increase gradually along with the increments of 

strain amplitude under fully reversed strain-control, as illustrated in Table 5. It 

can be fitted into a straight line roughly with a slope of 0.22 that is passing 

through the origin point, as shown in Fig. 12, indicating that stainless steel 

S30408’s cyclic hardening degree increases linearly with the increase in strain 

amplitude. 

 

 

Fig. 12 The cyclic hardening ratios under different constant strain amplitude 
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The stiffness of the material decreases quickly after yielding when plain 

carbon steel is used as the core component of BRB, resulting in a large residual 

displacement [35, 36]. The significant cyclic hardening of stainless steel with 

strong post-yield stiffness can alleviate the core of BRB from generating large 

offset strain during cyclic loading for energy dissipation components, which can 

increase the safety margin of the structure. 

 

Table 5 

Degree of cyclic hardening of LF specimen 

Case L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 

1

,max / MPaN

t
=  

297 316 332 347 352 368 374 391 412 435 

,max / MPafN N

t
=  

334 369 390 431 455 525 630 672 792 858 

R* 0.13 0.16 0.17 0.24 0.29 0.43 0.68 0.72 0.92 0.98 

*Note: R is the ratio of the peak stress increment in the cyclic loading process to the maximum stress in the first cycle. 

 

3.2.3. LCF life 

The LCF life of specimens subjected to cyclic loading is also an important 

factor to be considered in the seismic structure application. The strain-fatigue 

life relationship is employed through the constant strain amplitude test results, 

which vary from 0.5% to 5.0%. 

The total strain-fatigue life relationship contains two parts: the elastic part 

corresponding to the description of the Basquin model [37, 38]; and the plastic 

part, which corresponds to the description of the Manson-Coffin model [39-41]. 

The curves of the elastic and plastic strain vs the fatigue life (ε-2Nf) are linear 

on the diagram with log-log coordinates. This paper employs the Basquin-

Manson-Coffin model described in Eq. (6), which takes elasticity and plasticity 

into account to fit the strain-fatigue life relationship of Austenitic stainless steel 

S30408 in all specifications mentioned above.  

 

( ) ( )
'

'= 2 2
2

b cf

f f fN N
E

e
e


+  (6) 

 

where Δε is the total strain amplitude, σ´f and ε´f are the coefficients of fatigue 

strength and fatigue ductility, b and c are the exponents of fatigue strength and 

fatigue ductility, and 2Nf represents the number of reversals to failure. 

The parameters shown in Table 7 were derived using the mean of the spec-

imens’ fatigue life shown in Table 6 under each strain amplitude. The plots il-

lustrating the number of reversals against elastic, plastic, and total strain ampli-

tudes with logarithmic coordinates are presented in Fig. 13. Then, the relative 

cumulative plastic deformation strain value (CPDrv) [42], which is an important 

indicator used to measure the capacity of energy dissipation, was calculated 

through Eq. (7), in which εpi is the plastic strain range of the ith cycle, εy
 is the 

nominal yield strain: 

 

/rv pi yCPD e e=    (7) 

 

The results concluded that the fatigue life of stainless steel S30408 de-

creases gradually along with the increment of the strain amplitude, as shown in 

Table 6. The cumulative plastic deformation capacity and ductility also gradu-

ally decrease, which is shown by the decreasing value of CPDrv, on account of 

the increasing plastic damage. The plastic strain, which accounts for the major-

ity of the total strain, has a great influence on the material’s low-cycle fatigue 

life, seen in Fig. 13; further, the Basquin-Manson-Coffin model can fit the ma-

terials’ strain-fatigue life, because there is good agreement between the fitted 

curve (described in Eq. (6) with fatigue parameters) and the test data.  

 

Table 6 

Results of the low-cycle fatigue life 

Δε/2(%) Δεp/2(%) 

2Nf    

LF /́LF 

CPDrv/(LF )́ 

LF SF CF LF  ́ LF SF CF LF  ́

0.5 0.325 722 532 560 5024 6.95 1564 1152 1213 10855 

0.75 0.535 426 365 306 2342 5.49 1221 1046 877 9293 

1.0 0.735 264 204 182 1036 3.92 1108 856 764 4351 

1.25 1.015 162 115 133 726 3.42 996 707 818 4466 

1.5 1.26 90 62 60 474 5.27 687 473 458 3619 

2.0 1.67 56 - 46 256 4.57 561 - 461 2567 

2.5 2.13 32 - 20 - - 408 - 255 - 

3.0 2.58 22 - - - - 325 - - - 

4.0 3.51 12 - - - - 238 - - - 

5.0 4.45 8 - - - - 204 - - - 

 

Table 7 

Parameters of Basquin-Manson-Coffin model 

Specimen LF SF CF LF  ́

σf  ́ 1108 769 819 1738 

b -0.1848 -0.1195 -0.1300 -0.1789 

εf  ́ 0.1369 0.1133 0.1006 0.3307 

c -0.5246 -0.5241 -0.4902 -0.5358 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 13 Strain-fatigue life relationship: (a) LF; (b) SF; (c) CF; (d) LF  ́

 

Fig. 14 plots the test data for the number of reversals versus the constant 

strain for all specifications and their Basquin-Manson-Coffin curves with a total 

strain amplitude of 5%. By comparing the strain-fatigue life relationship of dif-

ferent specification specimens LF, SF, and CF, it can be summarized that the 

material’s fatigue life is less affected by the specimen size. The hysteresis cycle 

number corresponding to the specimens with different sizes they can withstand 

is not much different. Comparing the fatigue life of specimen LF with a notch 

and specimen LF' without a notch in the same specification characters shows 

that the maximum ratio of the number of hysteresis cycles for LF' to LF can be 

up to about seven times at the same strain amplitude, which proves that the notch 

has a significant influence on the low-cycle fatigue performance, and even small 

damage would reduce the fatigue life of the material significantly. 

Fig. 15 illustrates the comparison of strain-fatigue life curves between the 

test results of LF specimens and that in previous literature[7,12,13]. The results 

show that there exists a great difference among the fitted fatigue life curves of 

Austenitic stainless steel S30408 obtained by each paper, which may be related 

to the production batch of the material and the test process of the specimen. 

However, this needs further study and confirmation. It is obvious from Fig. 15 

that the variation trend of fatigue life with the strain amplitude increase of Aus-

tenitic stainless steel S30408 in this test is close to that in reference [13], but the 

experimental fatigue life is much lower. The test result for this experiment is 

between the strain-fatigue life curve fitted in references [7] and [12], which 

proves that the deviation of the test results is not large and is reasonable. In this 

cyclic loading test, the peak strain value of the LF specimen reached ±5%. 

There are more data values and a larger strain range compared with the fitted 

stain-fatigue curves in the previous literature (<2%) [7,12,13]. Although the in-

itial damage caused by the notch on the LF specimen will lead to a reduction of 

fatigue life, it is reliable and relatively conservative to use the fitted strain-fa-

tigue life equation of the LF specimen to predict the fatigue cycles of Austenitic 

stainless steel S30408 as less than the strain amplitude of 5%. The damage is 

inevitable due to the cutting and welding factors in the processing of material 

and components, and the fatigue life is sensitive to damage under large strain 

loading. 
 

 

Fig. 14 Comparison of strain-fatigue life curve for different specimens 

 

 

Fig. 15 Comparison of the strain-fatigue life between the test results of the LF specimen 

and other literature 

 

4.  Finite element modeling 

 

The experimental results in the previous section show the basic properties 

of Austenitic stainless steel S30408 under axial tensile loading and the stress-

strain characteristics under cyclic loading, which are useful for understanding 

how the material works. And it is necessary to further study the specific 

hardening paremeters of the material under cyclic loading for representing the 

hysteretic behavior accurately in finite element analysis. In addition, a 

numerical simulation of the structures and components under reciprocating 

loading is needed in the absence of tests. The precise material cyclic plasticity 

parameters are beneficial for the response analysis of structures. In this section, 

the behavior of specimens is analyzed and simulated using finite element 

software under variable strain amplitude cyclic loading to further understand 

hysteretic performance and provide basic data for the seismic analysis of 

stainless steel structures. 

8 12 22 32 56 90 264 722

10

0.1

0.5

1

2

3
4
5

Number of reversals to failure, 2Nf


e/

2
(%

)

 Δε/2-2Nf

 Δεe/2-2Nf

 Δεp/2-2Nf

 Total strain

 Elastic strain

 Plastic strain

100 100062 204 532
0.1

1

10

0.5

1.5


e/

2
(%

)

Number of reversals to failure, 2Nf

 Δε/2-2Nf 

 Δεe/2-2Nf

 Δεp/2-2Nf

 Total strain

 Elastic strain

 Plastic strain

10 100020 4660 100 182 560

1

10

0.1

0.5

1.5
2

2.5


e/

2
(%

)

Number of reversals to failure, 2Nf

 Δε/2-2Nf

 Δεe/2-2Nf

 Δεp/2-2Nf

 Total strain

 Elastic strain

 Plastic strain

100 10000256 474 7261036 2342 5024

0.1

10.0

0.5
0.75

1
1.25

1.5
2

Number of reversals to failure, 2Nf


e/

2
(%

)

 Δε/2-2Nf

 Δεe/2-2Nf

 Δεp/2-2Nf

 Total strain

 Elastic strain

 Plastic strain

101 102 103 104
0.1

1.0

10.0

Number of reversals to failure, 2Nf

 LF' data

 LF data

 SF data

 CF data

 LF' fitted curve

 LF fitted curve

 SF fitted curve

 CF fitted curve


e/

2
(%

)

101 102 103 104
0.1

1

10

2

 Ref [7]

 Ref [12]

 Ref [13]

 LF fitted cure

 LF data


e/

2
(%

)

Number of reversals to failure, 2Nf



Lei Chen et al.  525 

 

4.1. Calibration of mixed hardening parameters 

 

It is concluded from the cyclic stress-strain relationship curve that the 

austenitic stainless steel S30408 exhibits a nonlinear mixed hardening behavior, 

which includes isotropic hardening and kinematic hardening under cyclic 

loading. That means the evolution rule of the subsequent yield surface includes 

two parts: 1) an isotropic hardening process that depicts the yield surface 

expansion through equivalent strain; and 2) a kinematic hardening process that 

describes the yield surface translation in the stress space via backstress. 

The nonlinear mixed hardening model is numerically built-in Abaqus [43], 

which employs the Chaboche constitutive model put forward by Armstrong and 

Frederick [44-46] and improved by Chaboche [14]. This model can be used to 

describe characteristics of the material under cyclic loading, such as nonlinear 

strain hardening, the Bauschinger effect, the ratcheting effect, and mean stress 

relaxation. The cyclic plastic model parameters are calibrated, and the test and 

simulation curves are compared. 

According to the von Mises yield criterion, the strengthening expression is 

calculated as follows: 

 

( ) 0 0F f   = − − =  (8) 

 

where σ denotes the tensor of stress, α represents the backstress tensor, and σ0 

refers to the current yield stress, indicating the size of the yield surface. 

The plastic flow law of the model associated with von Mises yield criterion 

is as follows: 

 

pl pl F
e e




=


 (9) 

 

The evolution in the yield surface size, as defined by the isotropic hardening 

component, is a function of the equivalent plastic strain, which is calculated by: 

 

( )0

0= | 1
pbQ e e  −

+ −  (10) 

 

where σ|0 denotes the yield stress when the plastic strain is zero, which can be 

obtained from the first-quarter cycle of the test, Q∞ and b are the model’s iso-

tropic hardening parameters, andεp is the equivalent plastic strain. 

The determination of the elastic limit stress is dependent on the detection 

accuracy of the offset strain because the stainless steel has no yield platform and 

exhibits an obvious nonlinear stress-strain relationship. It is appropriate to use 

0.55 times the nominal yield stress at a 0.2% offset strain as the yield stress σ|0. 

And there gave a detailed introduction to the definition of the elastic limit stress 

in references [47, 48]. Q∞ denotes the maximum change value of the yield sur-

face size, indicating the hardening degree, and b denotes the rate of the yield 

surface size changes with the equivalent increase in the plastic strain. 

The size of the yield surface stress σi
0 in the ith cycle is calculated from the 

average of the peak tensile stress σi
t and the maximum elastic limit compressive 

stress σi
c:  

 

0

2

t c

i i
i

 


−
=  (11) 

 

The equivalent plastic strain which corresponds to the yield surface σi
0 is: 

 

( )1

1
2

2

p p p

i i ie e e−=   +   (12) 

 

where Δεi
p is the range of plastic strains corresponding to the ith cycle. The 

equivalent plastic strain equals the sum of twice of the plastic strain range of the 

(i-1)th cycle and half of the plastic strain of the ith cycle. 

The isotropic hardening model formula described in Eq. (10) has been fitted 

by data pair (
0

i ,
p

ie ), including the data ( 0| ,0) when the equivalent plastic 

strain is zero, and then hardening parameters Q∞ and b are obtained.  

To better depict the kinematic hardening under high plastic strain, multiple 

sets of backstress were selected, which are expressed as: 

 

( )- -

,11-
p p

k kk

k k

k

c
e e

 e  e 


= +  (13) 
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N
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 
=
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where αk is the backstress, Ck represents the kinematic hardening modulus in the 

initial stage, andγk represents the rate of change in the kinematic hardening 

modulus, along with the plastic deformation. k is the Chaboche component num-

ber. 

The plastic strain corresponding to the backstress is shifted as follows: 

 

0p

j j p
E


e e e= − −  (15) 

 

where 1 =0pe , and 
0

pe  is the value of plastic strains at the time the hysteresis 

loop passes through the X axis. The backstress j
 is calculated by: 

 

j j s  = −  (16) 

 

where 
( )1 / 2s

n  = +
 is the mean value of the first data point σ1 and last data 

point σn, representing the size of the stable yield surface. Data pairs ( j
,

p

je ) are 

used to fit the model described in Eqs. (13) and (14) to calculate kinematic hard-

ening parameters kc
 and k . 

From general experience with stainless steel, the application of two to five 

backstress components may obtain a better fitting result. The stress-strain curve 

shows that the backstress curve contains several distinct shape features: 1) an 

initial part close to a straight line; 2) a curve segment with a sharp curvature; 3) 

a curve segment with a smaller curvature; and 4) a straight part close to flat to 

the end. Therefore, the number of backstresses is N=4, which corresponds to the 

count of the characteristic for the kinematic hardening curve. In order to prevent 

over-fitting while fitting the kinematic hardening parameters C and γ, it is nec-

essary to calibrate parameters manually at first by using the endpoints of each 

curve segment [47]. More detailed steps are referred to in the literature [49, 50]. 

The final fitted results were obtained and are presented in Table 8.  

 

Table 8 

Fitted parameters of Chaboche constitutive model  

Parameters Q∞ b C1 γ1 C2 γ4 C3 γ4 C4 γ4 

First fitted 177 7.5 13183 174 9497 83 4112 36 1271 20 

Optimize  284 5 15894 432 9050 154 4359 52 1422 20 

 

4.2. Comparison between test and simulation curves 

  

The ABAQUS was utilized to simulate the cyclic loading test. Regarding 

the specimens’ symmetry, half of the specimen size was simulated by using 

solid element C3D8R, and the material properties values were obtained based 

on the monotonic tensile test and the previous calibration of cyclic hardening 

parameters in section 4.1. The end of the specimen clamped by the actuator hy-

draulic jaws was applied fixed constraint in the simulation. The reference point 

and the loading surface were set for coupling constraint to have the same defor-

mation, and the set displacement amplitudes were applied to the reference point. 

The FEM and specimen details are shown in Fig. 16. 

 

 

Fig. 16 FEM and specimen details  



Lei Chen et al.  526 

 

The experiments and simulation curves were carried out for comparison 

under the various strain amplitude cyclic loadings. Fig. 17 shows that the mixed 

hardening parameters obtained by fitting can depict the key behavior character-

istic of the hysteresis curves and can be applied to simulate the test curve ac-

ceptably. In addition, the parameters can provide a data basis for seismic anal-

ysis of the stainless steel structure. 

 

 

 

 

 

Fig. 17 Comparison of the σ-ε curve under variable strain amplitude between the test and 

simulation 

 

5.  Conclusion 

 

This study analyzed the basic mechanical properties under the monotonic 

tensile loads, and the characteristics of the hysteretic loop under cyclic loads 

with a larger strain amplitude (5%) of Austenitic stainless steel S30408. We 

calibrated the cyclic plastic parameters, and the strain-fatigue life relationship 

was obtained based on the constant strain amplitude varying from 0.5% to 5.0%. 

Furthermore, variable strain amplitude loading tests were performed to calibrate 

the mixed hardening model parameters for application in numerical simulations. 

The above-presented investigation was summarized below. 

(1) The stress-strain of Austenitic stainless steel S30408 shows nonlinear 

characteristics without a yield plateau, presenting a large strength yield ratio of 

about 2.5 and high strain hardening that indicates a higher safety redundancy in 

seismic design. The Quach model fits the monotonic tensile curve well. 

(2) The hysteresis curve of Austenitic stainless steel S30408 is shuttle-

shaped with good symmetry and plumpness with constant strain amplitude, 

which reveals good hysteretic behavior and energy dissipation. Cyclic 

hardening was observed in that the cyclic skeleton curve is above the tensile 

skeleton curve. The Ramberg-Osgood model employed to fit the cyclic skeleton 

curve was appropriate, whose hardening parameters were calibrated. 

(3) The cyclic stress of the material varies along with increasing the number 

of reversals, which consists of cyclic hardening, cyclic softening, and cyclic 

stability phenomena. The cyclic hardening ratio is the peak stress throughout 

the whole fatigue life to the maximum stress of the first cycle versus the same 

strain amplitude to indicate the cyclic hardening degree. The larger the strain 

value, the higher the cyclic hardening degree. 

(4) The fatigue life is mainly affected by plastic strain, and it declines slowly 

with the augment of the strain amplitude. The Basquin-Manson-Coffin model 

fits the strain-fatigue life well, and the calibrated fatigue parameters could 

predict the low-cycle fatigue life of Austenitic stainless steel S30408 in a larger 

plastic strain range (5%). 

(5) The Chaboche constitutive model employed in Abaqus, representing a 

mixed hardening model comprising isotropic and kinematic hardening, can 

simulate the performance of Austenitic stainless steel S30408 by comparing the 

test data under variable strain amplitude cyclic loading. 
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