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Abstract 11 

In this paper, an experimental program on cyclic loading of austenitic stainless steel specimens is presented. 12 
The program encompasses a series of forty specimens subjected both cyclic (low and extremely low) and 13 
arbitrary loading (following certain rules). These protocols include companion, multiple-step and a set of 14 
arbitrary earthquake-like strain history, which represents a novelty in the material understanding. Stainless 15 
steel exhibits strain hardening as a key feature for structural applications. This feature is fundamental in the 16 
definition of cross-sectional resistance, cross-section classification, ductility and energy dissipation. In recent 17 
years, the strategic use of stainless steel as a potential structural material in dissipative zones of earthquake-18 
resistant elements is under consideration. When it comes to seismic design, strain-hardening must be known 19 
precisely for further characterization of the seismic structural behaviour of the actual system in which stainless 20 
steel is used strategically. The use of stainless steel in dissipative zones of earthquake-resistant structures 21 
requires research related to cyclic loading at many levels. Thus, its potential use in seismic areas, as well as the 22 
performance of existing structures, can be considered. A systematic analysis of the results, which include cyclic 23 
hardening, stabilization and material degradation, is presented. In addition, these results are used for the further 24 
numerical implementation of cyclic hardening in non-linear models. 25 

 26 

1. Introduction 27 

The use of stainless steel in structures has increased in recent years due to its unique combination of mechanical 28 
properties, durability and aesthetics. Stainless steel is a metallic alloy whose usage increases in the construction 29 
industry. Its corrosion resistance, coupled with relatively high strength and ductility, makes stainless steel 30 
particularly appealing for its structural use in highly aggressive and corrosive environments. The chromium 31 
content provides beneficial effects when it comes to corrosion resistance but also modifies the mechanical 32 
behavior, resulting in a metallic alloy with a non-linear stress-strain response that has to be accounted for 33 
adequately at all stages of structural design. In particular, since cyclic hardening has been observed 34 
experimentally in these alloys, the potential use of stainless steel in dissipative zones of earthquake-resistant 35 
structures needs to be studied in detail for structural applications.  36 

In recent decades, several studies related to material non-linearity under monotonic incremental loading have 37 
been published [1]–[3]. When it comes to corrosion and durability, studies have also been published in recent 38 
years [4]–[6]. In the case of structural applications, a new generation of research projects aimed at studying 39 
stainless steel structures and the effects of the material non-linearity on the global behaviour of frames is 40 
nowadays active [7]–[14]. Other studies are focusing on the use of stainless steel on dissipative zones only 41 
(zones in which plastic strain is concentrated) as part of a more strategic use of the material [9][15][16]. In any 42 
case, stainless steel frames may provide a relatively different response when compared to carbon steel frames 43 
when subjected to arbitrary reversal loading with severe plastic strains as found in typical seismic episodes.  44 

As a result, characterization of the material is a paramount task for a further adequate modelling of the 45 
aforementioned cyclic characteristics. The characterisation includes defining cyclic hardening, stabilisation 46 
and degradation of the material while loading cyclically. In this paper, an experimental program on stainless 47 
steel elements subjected to cyclic loading is presented. The main objective of this research consists of providing 48 
experimental data to the research community together with contributing to the understanding of the cyclic 49 
behaviour and low-cycle fatigue of grade EN 1.4307 austenitic stainless steel when intended for dissipative 50 



zones. The experimental program encompasses a set of forty specimens tested under different protocols. The 51 
tests performed were low-cycle fatigue tests at strain amplitudes ranging from ±0.5% to ±5% and include 52 
several standard protocols such as companion and multiple steps but also, a set of arbitrary loading protocols 53 
that are aimed at understanding the effect of the loading history on the material. Experimental observations 54 
show that austenitic stainless steel under cyclic loading with relatively high plastic strain presents considerable 55 
hardening and a noticeable stabilisation after a certain number of cycles. From the performed tests, analytical 56 
parameters necessary for the implementation of further numerical models are extracted. Finally, experimental 57 
observations related to the effect of the loading history on stainless steel subjected to cyclic loading are 58 
provided.  59 

 60 

2. Review of earlier work. 61 
2.1. Analytical model 62 

Early studies on low cycle fatigue in stainless steel found a significant feature, strain hardening. Most of these 63 
studies used the Chaboche model [17] to characterise its behaviour, which includes strain hardening and the 64 
Bauschinger effect. 65 

Non-linear numerical models in which the Chaboche model is used are based on the following definitions: 66 

Isotropic hardening, which defines the increase of yield surface size (σ0), is given as Eq.(1): 67 

𝜎 𝜎| 𝑄 1 𝑒  (1) 

where 𝜎|  is initial yielding stress when plastic strain equals zero, 𝑄  is the maximum change in the size of 68 
the yield surface, 𝜀  is plastic strain, and 𝑏 is the parameter that defines the rate at which the size of the yield 69 
surface changes as plastic strain increases. For obtaining 𝑄  and 𝑏 experimental data in the form (𝜎 , 𝜀 ) for 70 
each 𝑖 cycle is needed.  71 

The size of the yield surface 𝜎  and the plastic strain 𝜀  in the arbitrary cycle i are defined as Eq. (2) and (3). 72 

𝜎 𝜎 𝜎 /2 (2) 

𝜀
1
2

4𝑖 3 ∆𝜀  (3) 

∆𝜀 ∆𝜀 2𝜎 /𝐸 (4) 

 73 

where 𝜎  is the maximum tensile stress, 𝜎  is the maximum compressive stress, and ∆𝜀  is the total plastic 74 
strain as Eq. 4 75 

On the other hand, for a defined backstress 𝛼, kinematic hardening is defined as Eq. (5). Backstress refers to 76 
the stress coordinate of the middle point between the yield stress in tension and compression. 77 

𝛼
𝐶
𝛾

1 𝑒 𝛼 𝑒  (5) 

where 𝐶  is the initial kinematic hardening modulus and 𝛾  is the rate at which the kinematic hardening 78 
modulus decreases with increasing plastic deformation.  79 

Again, the values of pair (𝜎 , 𝜀 ) data are obtained from test data. 𝜀  is the plastic strain in the cycle i and 80 
defined as Eq. (6) 81 

𝜀 𝜀
𝜎
𝐸

𝜀  (6) 

where 𝜀  is the strain when the curves intercept with the strain axis, the strain initial is zero 𝜀  = 0. The 82 
backstress can be obtained according to Eq. (7) 83 



𝛼 𝜎 𝜎  (7) 

where 𝜎  is the average of the first and last data points stress in a stabilised loop. When the tests reach a steady-84 
state condition, a stabilised loop is considered.  85 

The values required to fit the curves and the parameters are obtained from a stabilised hysteresis loop from 86 
cyclic test data. Therefore, cyclic test data in the 𝜎, 𝜀 form are necessary in order to use the Chaboche model. 87 

2.2. Experimental Studies 88 

The study of low and extremely low cycle fatigue in metals is widely developed by various authors [18]–[21]. 89 
In steels, a complete methodology to study the monotonic and cyclic test data of smooth geometries is detailed 90 
in [22], which could be used in other metals such as stainless steel.  91 

Experimental studies which used stainless steel specimens subjected to cyclic loading with several protocols 92 
are found. These studies characterise the cyclic behaviour of stainless steel with high accuracy on test data and 93 
determined the parameters of isotropic and kinematic hardening for the Chaboche model. Table 1 illustrates 94 
these parameters as well as the researchers that describe them, where the numbers in bold represent the average 95 
results. The values of isotropic and kinematic hardening show scattering, which can be affected by factors such 96 
as the grade of stainless steel and strain amplitude. 97 

Table 1: Parameters of isotropic and kinematic hardening from previous studies 98 

Reference 
Strain 

amplitudes 
(%) 

Isotropic hardening Kinematic hardening 
 

 

B 
Ck 

(MPA) 
γk 

K.H. Nip et al.[23] 

±1% 225 432 0.16 175450 421 

±3% 237 517 1.17 82675 186 

±5% 246 418 2.16 88520 180 

±7% 225 594 1.76 125600 216 

A. Dutta et al.[24] ±0,6% 225 60 9.71 42096 595 

S. Chandra et al.[25] ±0,5% 211 42 21.60 57805 619 

Y.Q. Wang et al.[26] ±0,4% 234 77 10.50 56760 420 

Chacón et al.[27] 
±3.0% 

319 
327 0.66 33396 163 

±5.0% 156 3.14 67381 206 

X. Chang et al.[28] max. +1.5% 299 62 6.60 

65020 662 

41222 417 

31286 319 

23210 249 

Baiguera et al.[29] 
max. 0.8dy 

(*) 
400 200 5.00 

6500 30 

100000 700 

F. Yin et al.[30] max. +1.5% 171 81 15.10 

18263 224 

15524 188 

13774 163 

11633 138 

A. Charles-Darwin et 
al.[31] 

±1%, ±2% 116 157 1.50 

100000 2000 

80000 1500 

40000 1000 

15000 300 

9450 101 
 

(*) dy stands for yield displacement 99 

𝝈|𝟎  
(MPA) 

𝑸  
(MPA) 



 100 

Table 2: Material, Loading protocol, Strain rates in previous experimental studies  101 

Reference Stainless 
steel type 

Test method Strain rate 
(s-1) 

K.H. Nip 
et al.[23] 

EN 1.4301 
and 1.4307 

Companion 5x10-3 

A. Dutta 
et al.[24] 

EN 1.4401 Companion 1x10-3 

S. 
Chandra 
et al.[25] 

EN 1.4404 Companion 3x10-3 

Y.Q. 
Wang et 
al.[26] 

EN 1.4401 Companion and 
multiple step 

0.05 Hz 

Chacón et 
al.[27] 

EN 1.4301 Companion  1x10-3 

X. Chang 
et al.[28] 

S220503 
(AISI) 

Companion, multiple 
step, descendant test 

- 

Baiguera 
et al.[29] 

S31803 F51 
(AISI) 

Multiple step 1mm/min 

F. Yin et 
al.[30] 

S30408 
(AISI) 

Companion, multiple 
step, descendant test 

- 

A. 
Charles-

Darwin et 
al.[31] 

304L 
(AISI) 

Multiple step (AISC 
protocol [32]) 

1x10-3 

 102 

Table 2 depicts the type of stainless steel studied, the method of test used and the strain rate of the tests. The 103 
material type was austenitic and duplex stainless steel due to their advantage in ductility and strength. The 104 
methods employed to carry out the aforementioned tests were: companion method [33], multiple step [33], and 105 
in some cases, an arbitrary protocol.  106 

Concerning these arbitrary protocols,  Xie et al. [34] studied 14 ascending/descending and 3 random cyclic 107 
loading tests of low alloy structural steel and found the conventional Chaboche model could not predict 108 
accurately the cyclic behaviour of this material under irregular loading protocol, thus developing a new 109 
constitutive model based on the multi-surface model. 110 

As for the multi-surface model, Chang et al. [28], Baiguera et al.[29], Yin et al.[30], and Annan et al.[31] used 111 
a yield surface and more than one backstress with appropriate accuracy on the tests data. In this case, they 112 
developed a unique numerical model with these features. 113 

On the other hand, Nip et al.[23] and Chacón et al.[27] showed a value of yield surface and backstress for each 114 
strain amplitude. Therefore, they developed several numerical models of stainless steel. 115 

Another important aspect is the strain rate at which tests were carried out, which had a range of 1 x 10-3 s-1 116 
([24],[27] and [31]), 3 x 10-3 s-1 ([35] and [25]) and 5 x 10-3 s-1 [23] to discard overheating in the specimen 117 
during the tests. Nevertheless, the seismic events occur in very short periods, i.e. very fast.  118 

S. Jia et al.[36] studied the difference between low, medium (100-102 s-1) and high strain rates (102-104 s-1) in 119 
stress-strain curves of austenitic stainless steel and found yield and ultimate strength increased with a strain 120 
rate ranging from 1 x 10-3 s-1 to 1 x 104 s-1. Therefore, the material proved to be stronger as the strain rate 121 
increased.  122 

As mentioned before, in this study we used a strain rate of 1 x 10-3 s-1 to prevent constant strain amplitudes 123 
protocols from overheating and an additional test with a strain rate of 1 x 10-2 s-1 for arbitrary protocols to 124 
assess the strength variation in function of the strain rate.  125 

 126 



 127 

3. Experimental program 128 

A set of tests of 40 specimens under different types of cyclic loading was carried out. The material studied was 129 
austenitic stainless steel EN 1.4307, whose composition can be seen in table 3. The specimens were smooth 130 
bars with a geometric design according to ASTM (2012) E606/E606M [37] as figure 1 illustrates. 131 

Table 3: Composition of austenitic stainless steel EN. 1.4307 132 

%C  % Si   % Mn  % P  % S  % Cr  % Ni  % Mo  N2 PPM  % Cu  % Sn  % Pb 

0.018 ‐ 
0.030 

0.25 ‐ 
0.45 

1.30 ‐ 
1.70 

≤ 
0.40 

0.022 ‐ 
0.030 

18.00 ‐ 
18.30 

8.00 ‐ 
8.20  ≤ 0.50 

700 ‐ 
900 

≤ 
0.50 

≤ 
0.025 

≤ 
0.0010 

 133 

 134 

Figure 1: geometries design of specimens (measures are in mm) 135 

3.1. Equipment 136 

All tests were carried out at the Structures and Materials Laboratory (LATEM) in the Polytechnic University 137 
of Catalonia. In all cases, Instron 8803 [38] was used, which has a servohydraulic fatigue testing system that 138 
performs monotonic and cyclic tests and loads and allows to reach loads up to 500 kN. Figure 2(a) shows the 139 
main components of Instron 8803. There is a distance between inner clamps of approximately 80mm. This 140 
distance was calculated using models of elastic buckling of pieces subjected to the maximum expected 141 
compressive strain (≈ ±5%). 142 

To input data, Instron 8803 uses a console named WaveMaker, a graphical user interface software that operates 143 
by entering data through blocks, which can be seen in figure 2(b). 144 

 145 

 (a)  146 

Actuator 

Base  

Inner clamps  



 147 

(b) 148 

Figure 2: (a) Instron 8803, (b) Console WaveMaker  149 

Two instruments were used to control the tests: the first one was a 3mm long strain gauge with the following 150 
features: type FLAB-3-17-3LJC-F [39], 2.11 as a gauge factor, and two terminals, which can be seen in figure 151 
3(a). The second instrument was an extensometer gauge model 3541-005M-0635M-ST with a gauge length of 152 
5.08mm and a range from -1.27mm to +6.35mm (manufacturer information). As figure 3(b) illustrates, this 153 
instrument requires additional clips in order to attach it to the corresponding sample.  154 

 155 

(a) 156 

 157 

(b) 158 

Figure 3: (a) Strain gauge sensor, (b) extensometer gauge 159 
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Adhesives used were cyanoacrylate adhesive for the strain gauge and the specimen. Before applying the 160 
adhesives, the surface of the specimens was polished to obtain a certain degree of roughness for warranting 161 
adhesion. 162 

It is important to note that in all tests, the main control was through the strain gauge. The test protocol was 163 
developed directly by entering the strain value. In some specific cases, the strain gauge malfunctioned. Since 164 
an extensometer was installed on the specimen as a redundant measurement and the relationship between strain 165 
and displacement was known and calibrated. It represented an extra safety measurement that was used for 166 
completing such tests. The number of cycles included those strain-controlled added to the extensometer-167 
controlled (if any).  168 

3.2. Types of tests 169 

Four types of tests were carried out: monotonic tests (MT), companion tests (CT), multiple step (MS) tests, 170 
and seismic recorder (SR) tests. The specimens were labelled respectively.  171 

The label notations used are specified as follows (figure 4): MT, CT, MS and SR are the type of tests, 0.5 is 172 
the ±0.5% of strain amplitude, 10C is the number of cycles of every ascendant block, V1 is the strain rate of 1 173 
x 10-3 s-1, and 1 refers to the number of specimens. There was a different type of seismic recorder test labelled 174 
SR-V1-0.5, where 0.5 refers to the ±0.5% pre-established set of strain cycles. Figure 4 shows examples of these 175 
notations. 176 

 177 

 178 

 179 

 180 

 181 

Figure 4: Example of companion test notation 182 

3.2.1. Monotonic test  183 

This test was carried out to obtain the key characteristics of stainless steel, i.e. Young’s Modulus, yield 184 
strength, etc. and consisted of the application of uniaxial displacement until reaching the fracture of the 185 
specimen. The displacement was applied to one end of the specimen whereas the other end was fixed. The 186 
control was through the position displacement of Instron 8803, data collection was through an 187 
extensometer and a strain gauge placed in the middle of the length with reduced cross-section. 188 

The displacement rate was the one recommended by [40] that consists of 4 stages: (1) elastic range from 189 
start to proportional elastic limit, (2) yielding range from proportional elastic limit to yield strength, (3) 190 
strain hardening range from yield strength to ultimate strength, and (4) post-ultimate range from ultimate 191 
strength to fracture. In this study, a yield strength of 0.2% proof stress was taken and ultimate strength was 192 
the maximum strength achieved. Figure 5 shows the values used in each stage. 193 



 194 

Figure 5: displacement rate in monotonic test 195 

The results obtained from MT-1 were corrected according to [40]. This is depicted in figure 6 as well as 196 
the representation of Young’s Modulus. Table 4 shows the key properties obtained from output data from 197 
the strain gauge in this test. 198 

 199 

Figure 6: Monotonic strain-stress curve (dynamic and corrected curve) 200 

 201 

It is worth mentioning that the dynamic curve showed greater values than the corrected ones due to the 202 
pause of 100 seconds performed in the test. 203 

Table 4: Key monotonic properties of stainless steel 204 

E 
 (N/mm2) 

𝝈𝟎.𝟐  
(N/mm2) 

Ey  
(N/mm2) 

n m 

184152.71 416.36 24113.92 6 4.4 
 205 

where E is Young’s Modulus; 𝜎 .  is the yield strength defined herein as the proof stress for a 0.2% offset 206 
strain; Ey is the tangent modulus at yield strength; n is a strain hardening exponent and m is a parameter 207 
of roundedness. These parameters are used in the Ramberg-Osgood [41], Mirambell and Real [3], and 208 
Rasmussen [2] formulations to characterise the stress-strain curve. 209 

3.2.2. Companion test  210 

This method is often used to characterise the low cycle fatigue behaviour and consists of the application 211 
of cycles of tension and compression with constant amplitude strain in each specimen as shown in figure 212 

Time

D
is

p
la

ce
m

en
t

0.5

Paused

100sPaused

100s

Stage 1

0.8
mm/min

Stage 4

Stage 2

0.8
mm/min

Stage 3

0.8
mm/min

mm/min

0 0.5 1 1.5 2 2.5

Strain (%)

0

100

200

300

400

500

600

S
tr

es
s 

(M
P

A
)

Dynamic curve
Corrected curve
Young's Modulus



7(a). As in the monotonic test, the strain was applied to one end of the specimen whereas the other end 213 
was fixed. This methodology was employed in all tests.  214 

A set of 21 specimens for several constant amplitude strains were used. Table 5 summarises the constant 215 
amplitude strains in this test. Strain gauges of 3mm were used for the control with a strain rate of 1 x 10-3 216 
s-1 for all tests. All tests were strain-controlled using the strain gauge. In some cases, it malfunctioned at 217 
an advanced level of cycles before the specimen failed. Then, the control was performed using an 218 
extensometer until the specimen reached failure. The number of cycles considered when studying low 219 
cycle fatigue was defined as the total amount of registered cycles (strain-controlled plus extensometer 220 
controlled). Tests were performed until they reached fracture of the material or buckling of the specimen.  221 

In some cases, buckling was observed when the specimens reached large values of axial load 222 
(compression). The tests were initially designed in such a way the maximum expected compression was 223 
lower than the expected buckling load on an ideal specimen. Throughout the cyclic loading, the material 224 
was degraded, which also degraded this ideal expected load. In some cases, due to this effect, that load 225 
might be achieved. Some authors suggest anti-buckling devices when studying cyclic loading in flat pieces 226 
subjected to compression greater than the expected out-of-plane buckling load [22]. 227 

 228 

 229 

(a) Companion test from 1% strain amplitude 230 

 231 

          (b) Multiple step test every 10 cycles               (c) Multiple step test every 2 cycles 232 

Figure 7: Load protocol, companion and multiple step test 233 

 234 

Table 5: Constant amplitude strain used 235 

Specimen Amplitude 
Cycles 

reached with 
strain gauge 

Cycles 
reached with 
extensometer 

Final state of 
specimen 

CT-0.5-1 ±0.5% 1735 6937 Fractured 

0 100 200 300 400 500
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CT-0.5-2 ±0.5% 2181 4238 Fractured 

CT-0.5-3 ±0.5% 1887 --- Buckling 

CT-0.75-1 ±0.75% 350 1869 Fractured 

CT-0.75-2 ±0.75% 472 1285 Fractured 

CT-0.75-3 ±0.75% 801 500 Fractured 

CT-1.0-1 ±1% 250 332 Fractured 

CT-1.0-2 ±1% 158 350 Fractured 

CT-1.0-3 ±1% 197 --- Necking* 

CT-2.0-1 ±2.0% 49 70 Fractured 

CT-2.0-2 ±2.0% 45 88 Fractured 

CT-2.5-1 ±2.5% 24 47 Fractured 

CT-2.5-2 ±2.5% 18 --- Buckling 

CT-3.0-1 ±3% 11 --- Buckling 

CT-3.0-2 ±3% 10 36 Fractured 

CT-3.5-1 ±3.5% 10 --- Fractured* 

CT-3.5-2 ±3.5% 12 22 Fractured 

CT-4.0-1 ±4% 4 --- Fractured* 

CT-4.0-2 ±4% 4 --- Fractured* 

CT-5.0-1 ±5% 1 18 Fractured 

CT-5.0-2 ±5% 1 --- Fractured* 
 (*) Necking and fractured due to detachment strain gauge  236 

Figure 8 (a) illustrates the number of cycles reached until the failure of the specimen by each strain 237 
amplitude. The failure was considered when the stress decreased 10% of the maximum stress reached in 238 
each test. Figure 8(b) improves the visualisation of the number of cycles of strain amplitudes from ±2% to 239 
±5%, because they are less than10 . It is important to note that the considered data from the extensometer 240 
only referred to the number of cycles. 241 

 242 

(a)                  (b) 243 

Figure 8: cycles reached in different strain amplitudes 244 

A significant variation in slope from values with <±1% strain amplitude was also observed, since the total 245 
number of cycles from ±0.75% and ±5% were greater than 1000 cycles and both of them could be 246 
considered as low cycle fatigue and rather than extremely low cycle fatigue. 247 

 248 
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3.2.3. Multiple Step test 250 

This is another standard method to characterise low cycle fatigue in materials, which is used when there 251 
are only a few specimens available for testing. It involves the cyclic loading in ascendant amplitude strain 252 
every 10 or 2 cycles, which started in ±0.75% and ±0.5%, respectively. A specimen for each set of 253 
ascendant amplitude was used and a test for ascendant amplitude every 10 cycles was developed twice 254 
(MS-10C-1 and MS-10C-2). This test was strain-controlled through a strain gauge of 3mm. The load 255 
protocol can be seen in figure 7(b-c). 256 

3.2.4. Seismic recorder test  257 

A seismic recorder from Ica-Perú 2007 [42] was used and normalised from the maximum acceleration to 258 
+3.5% of strain. This represents an arbitrary protocol for comparison purposes. 259 

The duration considered was from 4.81 to 19.81 seconds totalling 15.00 seconds and containing the 260 
maximum acceleration. Two types of adaptations of these signals were used: the first one was scaled to a 261 
total duration of 150 seconds at a strain rate of 1 x 10-2 s-1; the second one was scaled to 1500 seconds at 262 
a strain rate of 1 x 10-3 s-1. Figure 9 illustrates the adapted seismic registers. 263 

The duration of 15.00 seconds was scaled until reaching the strain rate which was approximately similar 264 
to the strain rate of the companion test. Additionally, the variation of the strain rate was also tested.   265 

In addition, two types of loading were used: a) the specimens were prestrained cyclically before executing 266 
the seismic recorder test; and b) the specimens did not have a prestrained history. This prestrained 267 
consisted of applying cycles of constant amplitude strain. Table 6 shows the tests, the strain rate and the 268 
prestrained type applied.  269 

This test was controlled through an extensometer gauge, and additional measurements through a strain 270 
gauge were obtained.  271 

Table 6: Values for seismic recorder test 272 

Specimen Duration  Strain rate Prestrain type 

SR-V1-1 1500s 1 x 10-3 s-1 without prestrain  

SR-V1-2 1500s 1 x 10-3 s-1 without prestrain   

SR-V2-1 150s 1 x 10-2 s-1 without prestrain   

SR-V2-2 150s 1 x 10-2 s-1 without prestrain   

SR-V1-0.5 1500 s 1 x 10-3 s-1 10 cycles of ±0.5% 

SR-V2-0.5 150 s 1 x 10-2 s-1 10 cycles of ±0.5% 

SR-V1-1.0 1500 s 1 x 10-3 s-1 10 cycles of ±1.0% 

SR-V2-1.0 150 s 1 x 10-2 s-1 10 cycles of ±1.0% 

SR-V1-2.0 1500 s 1 x 10-3 s-1 10 cycles of ±2.0% 

SR-V2-2.0 150 s 1 x 10-2 s-1 10 cycles of ±2.0% 

SR-V1-10C 1500 s 1 x 10-3 s-1 
10 cycles of 0.75 % + 

10 cycles of ±1.0% 

SR-V2-10C 150 s 1 x 10-2 s-1 
10 cycles of 0.75 % + 

10 cycles of ±1.0% 
 273 



  274 

Figure 9: Seismic recorder Ica-Perú 2007 (strain normalised). 275 

 276 
4. Results  277 

 278 
4.1. Companion test 279 

Table 5 shows the number of cycles reached in this test. Two stages are identified: the first one when the test 280 
was controlled by the strain gauge, and the second one when the test was controlled by the extensometer. The 281 
former was maintained until the strain gauge malfunctioned and the latter until the specimen failed.  282 

 283 
Stabilisation  284 
Stabilisation occurs when, after a certain number of developed cycles, the stress level reaches a steady-state 285 
[43] and no significant stress increment is observed in subsequent cycles. For tests ±0.75% and ±1%, strain 286 
hardening was observed, followed by a light softening, which could be considered as unstable cycles; and 287 
finally, a strain hardening until stabilisation was reached. It could be due to the martensitic transformation 288 
[44] of the stainless steel. The first hardening occurs at the first and second cycles, and the second hardening 289 
starts around the 50th and 20th cycle for ±0.75% and ±1.0% strain amplitudes, respectively.  290 
 291 
Figures 10(a) shows the variation of maximum stress in every subsequent cycle from tests of  ±0.5%,  292 
±0.75% and ±1.0% strain amplitudes. This variation is negative, i.e. less than zero for ±0.5% tests, which 293 
means a decrease of the maximum stress in each cycle. For ±0.75% and ±1.0% strain amplitudes, the 294 
variation starts with a high increase followed by a decrease of the maximum stress (negative values) and 295 
finally the values became positive, which represent an increase of the maximum stress at an elevated 296 
number of cycles as well. However, for ±0.5% strain amplitude, a short decrease of the maximum stress 297 
was observed (figure 10(a)), which could be defined as cyclic strain softening. 298 
 299 
In amplitudes greater than ±1%, strain hardening is clearly observed and stabilisation was considered after 300 
around 45, 20, 10 and 8 cycles for ±2.0%, ±2.5%, ±3%, and ±3.5% strain amplitudes, respectively. In some 301 
cases, such as strain amplitudes of ±4% and ±5%, the specimen fractured due to the detachment of the strain 302 
gauge, therefore not reaching stabilisation; however, one test controlled by an extensometer was developed 303 
for ±5% strain amplitude and its results were taken into account. Figure 10(b) shows the variation of 304 
maximum stress in cycles from tests of ±1.0%, ±2.0%, ±2.5%, ±3.0%, ±3.5%, and ±5.0% strain amplitudes. 305 
These variations are always positive, which means an increase of the maximum stress during cyclic loading. 306 
In addition, figure 11 shows the hysteresis loop from ±2.0% (figure 11(a))  and ±3.0% (figure 11(b)) and 307 
the strain hardening is clearly observed. Therefore, for ±2.0%, ±2.5%, ±3.0%, ±3.5%, ±4.0%  and ±5.0% 308 
strain amplitudes, the strain hardening is evident since the first cycles.  309 
 310 
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(a) 312 

 313 

(b) 314 

Figure 10: Variation of maximum stress  315 

  316 
                                       (a)                                                                                   (b) 317 

Figure 11: Hysteresis loops 318 
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 320 

 321 
                                        (a)                                                                                 (b) 322 

Figure 12: Firsts and last hysteresis loops  323 

 324 
Besides, figure 12(a-b) shows the difference between initial and last hysteresis loops from ±1% and ±2% 325 
strain amplitude respectively (data obtained from strain gauge). In both cases, the stress increases 326 
significantly in cycles 177 and 20, respectively, and the strain hardening is evident. In addition, in both 327 
cases, the stabilised hysteresis loop (cycle 177 and 20 for ±1% and ±2% strain amplitude) becomes narrower 328 
i.e. there is a little loss in ductility.  329 
Furthermore, a slight change in the slope of the curve can be seen. These features are similar for ±2.5%, 330 
±3%, ±3.5%, ±4% and ±5% strain amplitudes. 331 
 332 
Degradation 333 
In the first stage of tests with strain amplitudes equal to or less than ±1%,  a pinching effect [45] was 334 
observed after approximately 1800, 400 and 200 cycles for ±0.5%, ±0.75% and ±1.0% strain amplitudes 335 
respectively, which could be attributed to a degradation of the material. In figure 13, the start of the 336 
degradation can be seen. It should be noted that after the degradation was reached, the test stopped without 337 
any apparent damage.  338 

 339 
 340 

 341 

Figure 13: Degradation of the material  342 

Failure 343 
Fracture and buckling, which were considered as the end of the test, were observed after a certain number 344 
of cycles. In specimens with any apparent damage, the test was developed until it reached the fatigue 345 
fracture (controlled by extensometer) in which high elongation was not observed in all cases. However, 346 

-1.5 -1 -0.5 0 0.5 1 1.5

Strain (%)

-800

-600

-400

-200

0

200

400

600

800

S
tr

es
s 

(M
P

A
)

CT - 1.0 - 1
Cycle 1 Cycle 2 - 4 Cycle 177

S
tr

es
s 

(M
P

A
)

-1 -0.5 0 0.5 1

Strain (%)

-800

-600

-400

-200

0

200

400

600

S
tr

es
s 

(M
P

A
)

CT - 0.75 - 1

Begining of pinching effect
Loop with degradation



with amplitudes of ±1%, ±2.5% and ±3%, there was an inevitable buckling in a possibly degraded material. 347 
Figure 14 shows the final state of the specimens and the difference between the fracture from the monotonic 348 
test and low cycle fatigue.  349 
 350 

 351 
                         (a)                         (b)                           (c)                                (d) 352 
Figure 14: Final state of specimens. (a) Buckling, (b) Necking, (c) Fracture from the monotonic test, (d) 353 

Fracture from low cycle fatigue 354 
 355 
The Masing Model 356 
A Masing material is defined as one for which the hysteresis loops of various strain ranges from a certain 357 
material coincide when their compressive peaks overlap in a common origin. It can be seen in more detail 358 
in reference [46].  359 

 360 

  361 

                                                (a)                                                                             (b) 362 

Figure 15: (a) Masing from ±0.5%, ±0.75% and ±1% strain amplitudes (relative hysteresis loops); (b) 363 
Hysteresis loops in relative coordinates from ±2.0%, ±3.0% and ±4.0% 364 

 365 
Furthermore, this behaviour in stainless steel was studied by [47][48] and found that for small strain ranges 366 
(< ±1.5%), the material was shown as “Masing material”. However, for high strain ranges, stainless steel 367 
was a “no-Masing material” and this could be due to the variation of its microstructure.  368 
 369 
This behaviour was observed in tests with strain amplitudes of ±0.5%, ±0.75% and ±1% (figure 15a) 370 
whereas the remaining ones did not show this effect (figure 15b).  371 
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Figure 15a illustrates hysteresis loops drawn in a system of relative coordinates where the Masing model 372 
can be seen. It should be noted that the first cycles of hysteresis loops were compared before specimens 373 
reached the maximum stress in the established cycle.  374 

 375 

Finally, figure 16 shows a comparison between cyclic and monotonic stress-strain curves, where the hardening 376 
is clearly observed. 377 

 378 

 379 

Figure 16: Comparison of cyclic and monotonic stress-strain curves stainless steel EN.1.4307 380 

 381 
4.2. Multiple step 382 

The results obtained in these tests are indicated herein as a comparison of the stress peak of every test 383 
developed.  384 

For tests with ascendant strain amplitudes every 10 cycles, all specimens fractured after these 10 cycles reached 385 
± 2% strain amplitude. When the ascendant strain amplitudes were every 2 cycles, the specimen fractured in ± 386 
3% strain amplitude. In both cases, the fracture was due to the detachment of the strain gauge. Figure 17 shows 387 
hysteresis loops for both every 10 (figure 17a) and 2 cycles (figure 17b) developed. 388 

 389 
              (a)                                                                        (b) 390 

Figure 17: Hysteresis loops from multiple step, (a) every 10 cycles, (b)every 2 cycles 391 
 392 
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 393 
(a) 394 

 395 

 396 
(b) 397 

Figure 18: Maximum stress for multiple step test (every 2 cycles) 398 
 399 

In figures 18(a) and (b), maximum stress can be seen in both cases. It was noted that maximum stress from 400 
MS-10C-1 (specimen with ascendant strain amplitude every 10 cycles) of ± 1% strain amplitude was lower 401 
than MS-2C (specimen with ascendant strain amplitude every 2 cycles). When the strain amplitude was ± 2%, 402 
the maximum stress from MS-10C-1 was higher than MS-2C.  403 

 404 
Table 7: Maximum stress for multiple step test 405 

Every 2 
cycles 

Maximum 
stress 

(MPA)  

Every 10 
cycles 

Maximum 
stress 

(MPA) 

±0.5% 494.80   ±0.75% 525.01 

±1.0% 561.65   ±1.0% 529.28 

±1.5% 580.15   ±2.0% 665.06 

±2.0% 604.08     
±2.5% 643.80     
±3.0% 705.84     

 406 

Table 7 shows the values of maximum stress. These results are consistent with the ones obtained from the 407 
Companion test since a first strain hardening from the start of the test to the second cycle was observed in strain 408 
amplitudes lower than ± 1%, continued by a softening.  409 
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 410 
4.3. Seismic recorder  411 

The results of this type of tests are important for assessing non-constant strain amplitudes and high amplitudes 412 
in a short time. The maximum stress in cases both with and without prestrain are presented. Figure 19 depicts 413 
a hysteresis loop from the first 70 seconds of the SR-V2-1 (without prestrain) and SR-V2-2.0 (prestrained) 414 
tests. The stress proved to be higher in SR-V2-2.0 than SR-V2-1 due to the strain hardening developed in the 415 
prestrained specimen.  416 

 417 
Figure 19: Hysteresis loop from first 70 seconds of seismic recorder for specimens without and with 418 

prestrain. 419 
 420 
 421 

Table 8 depicts the maximum stress in every case and the moment when this occurs. It was at 436 s and 60 s 422 
when the duration was 1500 s and 150 s, respectively. The specimen SR-V1-1 fractured approximately at 300 423 
s; therefore, its maximum stress was discarded.   424 

 425 
Table 8: Maximum stress from seismic recorder 426 

1500 s at strain rate of 1x10-3 s-1  150 s at strain rate of 1x10-2 s-1 

Specimen 
Maximum 

stress 
(MPA) 

Time when 
stress peak 
occurs (s) 

 

Specimen 
Maximum 

stress 
(MPA) 

Time when 
stress peak 
occurs (s) 

SR-V1-1 - -  SR-V2-1 708.61 59.85 

SR-V1-2 720.73 436.16  SR-V2-2 654.62 59.86 

SR-V1-0.5 708.76 436.19  SR-V2-0.5 666.94 59.87 

SR-V1-1.0 675.29 436.24  SR-V2-1.0 672.09 59.87 

SR-V1-2.0 733.3 436.25  SR-V2-2.0 782.5 59.86 

SR-V1-10C 700.45 436.23  SR-V2-10C 681.96 59.87 

 427 
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  428 
Figure 20: Maximum stress from seismic recorder 429 

 430 

Figure 20 shows the difference between maximum stress from tests with and without prestrain (for 150 s and 431 
1500 s of duration), and a decrease of maximum stress can be noted in all cases with history loading except 432 
when the specimen was subjected to a prestrain of ±2.0% strain amplitude. In the latter case, the maximum 433 
stress was higher with prestrain than without prestrain, i.e. the material was stronger.  434 

These results again seem to confirm the ones obtained in the Companion test: a first strain hardening in one 435 
and two cycles followed by a softening since specimens with a minor or equal to ±1% strain amplitude prestrain 436 
showed lower maximum stress than the ones without any prestrain.  437 

As the prestrain in all cases was 10 cycles of constant strain amplitude, the prestrain of strain amplitudes of 438 
±0.5% and ±1.0%, specimens showed softening and therefore, maximum stress decreased. In addition, for a 439 
prestrain of ±2.0% of strain amplitude, specimens had a visible strain hardening, resulting in an increase in the 440 
maximum stress 441 

Additionally, for all cases, the maximum stress was higher, the longer the duration, i.e. tests which lasted 1500 442 
seconds (strain rate of 1x10-3 s-1) showed more stress than the ones at 150 seconds (strain rate of 1x10-2 s-1). 443 
One exception was observed when the specimen had a prestrain of ±2.0% strain amplitude. In this case, the 444 
maximum stress was lower, the longer the duration (1500 seconds versus 150 seconds). In conclusion, the 445 
stress was higher when the strain rate was lower, except for specimens with a prestrain of ±2% of strain 446 
amplitude.  447 

The results of the effect of the loading history reveal important aspects to consider in seismic design (for 448 
dissipative zones) since a building could undergo other occurrences before a considerable seismic event, and 449 
worth it more research in this aspect.  450 

 451 
4.4. Discussion of experimental results 452 

In this section, the main discussion points are presented:  453 

 For ±0.5% strain amplitudes, the strain hardening parameters were not found because, throughout 454 
all the tests, softening was observed. 455 

 For ±0.75% and ±1% strain amplitudes, we observed a first strain hardening followed by a short 456 
softening and finally, a second strain hardening until reaching the low cycle fatigue fracture. 457 
Thus, the strain hardening parameters were obtained from the second state of strain hardening. 458 

 For strain amplitudes of > ±1%, strain hardening was noted from the first cycles. Hence the 459 
parameters were obtained since the cycles became steady. 460 

 Regarding seismic recorder tests, an increase in the strength and an evident strain hardening were 461 
noted when the strain amplitudes from the loading history were > ±1%. However, a decrease in 462 
the strength was observed in the specimens with prestrain of <±1% strain amplitudes.  463 
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 The maximum stress was higher when the strain rate was lower, except for specimens with a 464 
prestrain of ±2% of strain amplitudes; in this case, the maximum stress was higher when the strain 465 
rate was higher.  466 

It is worth mentioning that a considerable strain hardening was noted in tests with >±1% strain amplitudes and 467 
different load conditions before some seismic event should be considered. 468 

 469 
5. Numerical reproduction of cyclic hardening 470 

Finally, cyclic hardening is an important feature observed in stainless steel and can be harnessed as an 471 
advantage for seismic design.  472 

This feature was observed in tests performed with strain amplitudes higher than ±1%. For the numerical model, 473 
the Chaboche model implemented in Abaqus was used; therefore, cyclic hardening was studied through 474 
isotropic and kinematic hardening components. 475 

Isotropic hardening 476 
Equations from (1) to (4) to characterise this behaviour were used. In all cases, a value of 𝜎|  (initial 477 
yielding stress) equal to 0.06% of proof stress was taken into account, with a suitable fit between tests and 478 
numerical data.  479 
It is worth noting that parameters to characterise isotropic hardening were performed for strain amplitudes 480 
> ±1% from the first cycle to the stabilised cycle, and strain amplitudes of ±0.75% and ±1% from the second 481 
strain hardening to the stabilised cycle (since others yielded softening).  482 
 483 
Kinematic hardening 484 
Equations (5), (6), and (7) were used herein. In all cases, the parameters to characterise kinematic hardening 485 
from a stabilised cycle were obtained. 486 
 487 
For ±0.5% strain amplitudes, parameters of strain hardening were not found because these tests showed a 488 
little softening without reaching any strain hardening.  489 
Table 9 depicts values of strain hardening and cyclic behaviour of austenitic stainless steel. Values shown 490 
in table 10 are the ones averaged from table 8 and can be used to characterise the cyclic behaviour.  491 
In some cases, values like CT-0.75-3, CT-1.0-3 and CT-4.0-1 were discarded due to their high scatter.  492 
CT-5.0-1 had detached from the strain gauge in the first cycle, therefore, parameters could not be obtained.     493 
 494 

Table 9: values of strain hardening and cyclic behaviour of austenitic stainless steel EN 1.4307 495 

Specimen Amplitude 

Combined hardening parameters 

σ0 
(MPA) 

b 
Q∞ 

(MPA) 
Ck 

(MPA) 
γk 

CT-0.75-1 ±0.75% 378 0.32 70 77270 70 

CT-0.75-2 ±0.75% 355 0.64 12 86090 180 

CT-1.0-1 ±1% 373 0.22 138 54597 310 

CT-1.0-2 ±1% 363 0.33 63 58647 304 

CT-1.0-3 ±1% 354 0.18 102 59596 310 

CT-2.0-1 ±2.0% 357 0.78 155 55750 227 

CT-2.0-2 ±2.0% 310 0.77 120 62720 224 

CT-2.5-1 ±2.5% 343 1.06 116 62450 214 

CT-2.5-2 ±2.5% 351 1.04 148 41050 215 

CT-3.0-1 ±3% 356 1.64 169 41680 199 

CT-3.0-2 ±3% 348 2.24 85 51610 182 

CT-3.5-1 ±3.5% 302 2.33 112 41900 175 



CT-3.5-2 ±3.5% 337 1.92 109 58450 186 

CT-4.0-1 ±4% 349 14.08 83 33510 175 

CT-4.0-2 ±4% 362 5.12 63 39500 157 

CT-5.0-1 ±5% - - - - - 

CT-5.0-2 ±5% 419 0.83 149 47692 131 
 496 
 497 

Table 10: Proposed values to characterise cyclic behaviour of austenitic stainless steel EN 1.4307 (average) 498 

Amplitude 

Combined hardening parameters 

σ0 
(MPA) 

b 
Q∞ 

(MPA) 
Ck 

(MPA) 
γk 

±0.75% 367 0.48 41 81680 125 

±1% 368 0.28 101 56622 307 

±2.0% 334 0.78 137.05 59235 226 

±2.5% 347 1.05 132 51750 215 

±3% 352 1.94 127 46645 191 

±3.5% 320 2.13 110 50175 181 

±4% 362 5.12 63 39500 157 

±5% 419 0.83 149 47692 131 
 499 
 500 

6. Conclusions  501 

The main aim of this research was the characterisation of austenitic stainless steel EN 1.4307 to understand the 502 
cyclic behaviour and low cycle fatigue for seismic use purposes when intended for dissipative zones. This 503 
study conducted a set of tests of 37 specimens subjected to several regular and arbitrary loading protocols. The 504 
conclusions of this study are as follows:    505 

 Hardening was observed in most of the specimens, i.e. ±0.75%, ±1%, ±2%, ±2.5%, ±3%, ±3.5%, 506 
±4%, ±5%. The greater the applied total strain amplitudes, the higher the strain hardening could be 507 
demonstrated 508 

 The standard protocol methods developed showed consistent results. 509 
 Using experimental results, values of interest for analytical models of stainless steel EN 1.4307 510 

subject to cyclic loading were obtained (𝑄 , 𝑏,  𝐶 , 𝛾 ). 511 
 Arbitrary protocol from a seismic recorder was carried out and specimens with prestrain higher than 512 

±1% cyclic strain amplitudes reached a high level of stress. 513 
 Our experimental results, which were at the material level, proved that the hardening was dependent 514 

on the load history. To assess the use of this material in dissipative zones of buildings, further studies 515 
at a structural level, which take the load history of the assessed structure into account, are needed. 516 
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