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Te test results on hourglass specimens of steel under repetitive sine loads provide graphs that indicate the stress range in terms of the
number of cycles to failure and are known as S-N curves. Using this curve, it is determined that if the applied stress is less than
a certain level, failure will not occur as the number of load cycles increases. Te S-N curve can be afected by several factors such as
yield stress, temperature, surface properties, and corrosion. In this research, the S-N curve has been investigated for two types of high-
strength steels, S690 and S460, as well as two types of mild-strength steels, S235 and S355, at 25°C, and S355 with corrosion. Te
numbers of samples used for S235 and S460 steels were 45 each while S355 and S690 steels were 36 each and for S355 with corrosion
was 15 with the high cycle fatigue curve obtained for them. To investigate the efect of plate thickness on the high cycle fatigue of the
samples, four sets of 24-piece S235 steel samples, being 96 samples in total, were made of plates with diferent thicknesses of 8, 12, 15,
and 20mm and tested. Finally, a four-story three-span steel moment frame was designed, and under the Northridge earthquake
record, the high cycle fatigue was investigated. It was observed that the high cycle fatigue was not efective for thementioned structure
under the Northridge earthquake record, but in the corroded structure, damage from high cycle fatigue occurs under this record.

1. Introduction

Te term fatigue was frst used by a French mathematician
named Punklet in his book in French in 1841 [1]. In 1850,
Wohler frst systematically examined the fatigue behavior of
steel [2]. Since the concept of metal fatigue was unknown at
the time, the microscopic and mechanical aspects of the fa-
tigue data were not well understood, and therefore, Wohler’s
aim was to obtain rail fatigue data for which the fatigue
characteristics were not considered up to that time. Attempts
for obtaining fatigue parameters for diferent materials have
continued to this day sinceWohler introduced railroad design
for safe design [3]. Fatigue in microstructure scale is a com-
plex process of formation and cracking which depends on
microstructural features [4–9].

Ultralow cycle, low cycle, and high cycle fatigue are all
types of fatigue [10]. In ultralow cycle fatigue, failure will be
malleable due to strain greater than the yield stress in the
structure, which is characterized by high plastic strain

amplitudes (several plastic strains) and a very small number
of load cycles (typically about 10–20 cycles) [11–14]. When
a structure experiences low cycle fatigue, which has cycles
between 102 and 104, the strain is less than the yield strain,
causing brittle failure [15]. High cycle fatigue is character-
ized by a high number of cycles (more than 104 cycles) and,
like low-cycle fatigue, a brittle failure with a strain less than
the yield strain at the time of failure [16].

Considering alloy design, conditions that contribute to
nucleation resistance and growth of microcracks under fatigue
load may not help resist the growth of large macrocracks, and
vice versa. For example, fne grain tends to resist more nu-
cleation and microcracks growth, and in this case, the grain
boundaries act as defectors or stoppers of microcracks, thus
reducing the growth rate of microcracks of fatigue. However,
as the crack grows and the length of cracks increases, fne-
grained fatter the crack path and elevate the crack growth rate.
In contrast, coarse-grained materials tend to create a rougher
crack path for macrocracks, and due to crack closure and the
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crack tip defection mechanism, the rougher the crack path,
the greater the resistance to the growth of large cracks. As
mentioned, many variables are involved in fatigue, so it is best
to do the test to consider all of factors.

In the hot rolling process, the thickness of steel slabs
diminishes by passing through two rollers, while the direction
of the slab is opposite to the direction of rotating of the rollers,
and if the width of the slab is constant, its length rises [17].Te
general hot rolling process is displayed in Figure 1.

Te processes involved in hot rolling are as follows:

Reheating: the slab is heated to a temperature of
1200–1250°C in a furnace to remove dendrites from
casting as well as to combinemost of the alloying elements.
Rough rolling: before rolling, the scale created during
the heating stage is removed by spraying high-pressure
water in the descaling box. Te slab then moves to the
roughing mill. At this step, the thickness of the slab is
reduced between 270mm and 50mm by passing
through the roller. Also, its width is altered using
vertical rollers installed on the sides. After shaping, it is
transferred to the next stage using the transfer table.
Finish rolling: the fnal forming stage consists of fve to
seven rollers.Te slab enters this part, with temperature
and thickness measured by sensors for the fnal mill at
this stage and the temperature adjusted using the speed
of the rollers.
Cooling: after rolling, the strip is cooled by a water fow.
Coiling: in the last step, the strip temperature is mea-
sured and the strip is coiled by the coiler.

Due to the diference in the cooling rate of the sample, for
example, in the cooling stage, the size of the grain changes
with the thickness of the steel, and near the surface, the steel
grain will have a fner structure than the center of the strip
because it cools faster (the surface of the metal cools quickly,
and the crystals on the surface do not get a chance to grow, but
in the center of the section, due to the fact that the cooling
speed is lower than the surface, the crystals can grow). As
mentioned, the fner the steel grain, the slower the crack
nucleation rate, but the higher the crack growth rate, and if
the grain is coarse, the higher the crack nucleation rate but the
slower the growth rate.

Te estimated annual cost of corrosion in the United States
of America is about 30 billion dollars, which shows a huge
economic loss. Wherever there is metal, corrosion occurs with
diferent degrees and intensities. When protective coatings and
cathodic protection systems are either absent or inefective,
steel structures exposed to harsh environments such as urban,
industrial, and marine environments, such as transmission
towers, steel bridges, industrial buildings, and ofshore plat-
forms, show signs of surface corrosion [18, 19].

Signifcant degradation in the strength and ductility of
corroded steel plates, as well as a large decrease in the energy
dissipation capability of corroded H-shaped steel columns
with an increase in the percentage of corrosion, were ob-
served using the tensile test [20, 21].

Corroded steel members are more likely to experience
damage and failure when a strong earthquake occurs, for
example, the Wen Chuan earthquake in China, the Osaka
earthquake in Japan [22], the Northridge earthquake in 1994
[23], and the Alaska earthquake in 1964, where corroded
structures experienced more damage and failure than other
structures.

To study cyclic fatigue in this paper, S-N curves are used, in
which the vertical axis is the stress applied to the structure (σ)
and the horizontal axis is the number of cycles that can be
tolerated by the structure at the stress applied to the structure.
In order for the structure not to be damaged under high cycle
fatigue, the amount of stress applied in each cycle should be
lower than the corresponding amount of stress that cycle which
is obtained from the S-N diagram for the desired material.

Unfortunately, a one S-N diagram cannot be used for all
metals, and each metal has its own S-N curve, which changes
under factors such as corrosion, surface fnishing, and
treatments. [24], where S-N diagram requires a large number
of tests at diferent stress intensities and a large number of
cycles, which requires considerable time to perform the test.
In this study, the Wohler method was used to perform the
cyclic fatigue test. In theWohler method, or the same method
of the four-point bending test, which is very common, one
half of the sample is under tensile stress at all times, while the
other half, which is symmetrical to the frst half, is under
compressive stress, and thus, in a complete cycle, the average
received stress (Sm) is zero (see Figure 2). Te mean stress,
Sm, can have a substantial infuence on fatigue behavior. In
general, tensile mean stresses are detrimental, and com-
pressive mean stresses are benefcial. Substantial investigation
of tensile mean stress infuence on long-life fatigue strength
has been made [24].

sa is equal to the applied stress and also R is equal to −1
called the “fully reversed” condition, and the loading fre-
quency is 120Hz selected. Mean, Sm, maximum, smax,
minimum, smin, and range, ∆S, of applied stress are shown in
the following equations and also are displayed in Figure 3.

Sa �
∆S

2

�
Smax − Smin

2
,

(1)

Sm �
Smax + Smin

2
, (2)

R �
Smin

Smax
. (3)

Te samples to be tested for cyclic fatigue must have
polished surfaces so that the surface roughness of the samples
does not interfere with the results. Figure 4 displays the details
of fatigue sample as well as a number of samples before and
after failure. To report the amount of applied stress, the stress
range s or the stress amplitude Sa� S/2 is used. In this re-
search, all applied stresses are in the form of Sa.
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Another parameter that afects the S-N curve is corro-
sion. In the following, explanations are given regarding the
classifcation of corrosive environments and the amount of
consumption for diferent years.

Tis research investigates high cycle fatigue in common
steels in civil engineering, which include high-strength steels
(S690 and S460) and mild-strength steels (S235 and S355) used
in the construction industry, and also investigates the efect of
thickness on the fatigue limit. Since steel is prone to corrosion
in environments and atmospheric corrosion is one of the most
common types of corrosion in steel structures, at the end of this
research, the efect of corrosion on the fatigue of steel structures
is investigated. Te process of research is shown in Figure 5.

In the following, explanations are given regarding the
classifcation of corrosive environments and the amount of
consumption for diferent years.

2. Corrosion

Corrosion is defned as the destruction or corruption of
amaterial as a result of reaction with the environment in which
it is located. Some authorities insist that corrosion is limited to
metals, but in a comprehensive classifcation, even nonmetallic
materials such as plastic and ceramics are destroyed and
corroded in the vicinity of chemicals and even sunlight [26].

If the environments that cause corrosion are divided, they
can be divided into three general areas: corrosion in the at-
mospheric environment, corrosion in seawater, and corrosion
in soil. In this research, atmospheric corrosion has been in-
vestigated. Atmospheric corrosion is mainly due to moisture
and oxygen, but the problem becomes more critical with
impurities such as sulfur compounds and sodium chloride.

Te ISO 9223 standard examines the corrosion rate in
the frst year in diferent atmospheric environments. Tis
standard divides atmospheric corrosive environments into 6
categories, which are shown in Table 1.

By using the ISO 9224 standard, which is an annex to the
ISO 9223 standard, the amount of corrosion can be obtained
for diferent years based on the category of the corrosive
environment (Table 2).

Te corrosion rate considered for this article corresponds
to 20 years of corrosion in a corrosive environment with the CX
category, which is related to the subtropical region with high
humidity and high SO2 pollution (SO2 more than 250mg/m3).

3. The Method of Creating Corrosion

It is clear that it can in some way create the corrosion that
occurs in natural conditions in the samples with the nec-
essary instructions, with the diference that the time when
the corrosion occurs in the samples should be much shorter
than the time when the corrosion occurs in the real area, and
it should be able to be implemented with the same accuracy.
ASTM G60-1 standard is used to simulate corrosion; this
standard specifes the conditions of simulation corrosion for
atmospheric conditions [29].

Te specimens should be humidity cycle three times per
day, as shown in Figure 6, and a dip cycle once a day.

Te temperature of the air in the test chamber is 52± 1°C.
Te range of relative humidity can be extended by adding
a drying period to the humidity cycle. Teminimum relative
humidity shall be ≤20%, and themaximum relative humidity
shall be ≥95% for each cycle.

Te dip solution should be prepared by dissolving 1%
sodium chloride (NaCl), 1% calcium chloride (CaCl2), and
0.1% sulfuric acid (H2SO4) by solution weight in water (See
Figure 7). Te solution volume to specimen surface area
ratio should be a minimum of 250mL/cm2.

One dip cycle shall consist of three 5min immersion
periods. Te dip solution is drained from the test chamber for
a 1min period between each immersion period. Te samples
before corrosion and after 5months of exposure in the cor-
rosion simulator environment can be seen in Figures 8(a) and
8(c).Te two ends of the sample, which are placed in the clamp
of the fatigue testing machine, are coated with epoxy to
prevent the corrosion of these two areas.

Te amount of corrosion in the samples is equal to 10%.
For a column with S355 material with a total depth of 400,
a fange width of 250, a fange thickness of 20, and a web
thickness of 10mm, the amount of corrosion corresponding
to 20 years in environmental conditions CX (see Table 1),
which is the weather conditions in an industrial area, is equal
to 10%.

Te choice of 20 years when the structure is exposed to
a corrosion environment is because the protective coating of
the structures to prevent corrosion usually disappears after
5 years, and after the end of this time, the main structure
undergoes corrosion [30]. Considering that the life of
a structure is assessed to be 30 years, an estimate of the

(c)

Figure 4: (a) Sample detail for the fatigue test [25], (b) samples before the high cycle fatigue test, and (c) broken specimens after the high
cycle fatigue test.
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capacity of a structure that undergoes corrosion, during this
period and still has 5 years of its life remaining, is necessary.

4. Stress-Strain Diagrams of S235, S355, S460,
and S690 Steels

Te chemical composition of S235, S355, S460, and S690
steels is given in Table 3. Te strain-stress diagram of the
steels used in this study to test the high cyclic fatigue is
shown in Figure 9. It can be seen that as the strength of the
steel rises, its ductility decreases. For example, the ultimate

strength of S690 steel is one and a half times that of S235
steel, but its ductility is 0.3 times that of S235 steel.

5. Sensitivity of S-NDiagram to Plate Thickness

According to the thickness of the plates produced in hot
rolling mills in Iran, to investigate the efect of plate
thickness in high cycle fatigue, four plates with thicknesses of
8, 12, 15, and 20mm were selected and from each plate,
24 hourglass samples have been made for high cycle fatigue
testing (see Figure 10).
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45

36

15

45

36

S235

S355 without corrosion

S355 with corrosion

S460

S690
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Figure 5: Flowchart of the research process.
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Te samples are placed in a rotating bending fatigue
testing machine. Te shape of the rotating bending fatigue
testing machine used in this research is depicted in Figure 11.

Te results of the high cycle fatigue test for the S235 sample
made from diferent palates are reported in Table 4. Note that
in this table, the results of each sample are the average of the
results of the three samples at the same level of stress.

If the applied stress is plotted against the corresponding
number of cycles, the S-N diagram of the selected steel is
obtained. In this fgure, a horizontal line is marked in red with
a dashed line which indicates the fatigue limit (see Figure 12).

Because of the fattening of the S-N curve and the in-
dependence of fatigue life from stress cycles, this region is
fatigue limit and is the region of infnite life, at least for ferrous
alloys and titanium. A load can be applied indefnitely many
times below this limit without experiencing failure.

Five diferent results are likely to be obtained from the
same traction or fatigue test if fve specimens of the same
material, size, and surface fnish are used. Ten diferent
results are probably to be expected if there were ten test
pieces. Increasing the number of specimens will not change
this general outcome but will probably yield some new lower

Table 2: Te amount of corrosion for diferent atmospheric environmental conditions in micrometers based on the ISO 9224 standard
[28].

Metal Corrosivity category
Exposure time years

1 2 5 10 15 20

Carbon steel

C1 1.3 1.9 3 4.3 5.4 6.2
C2 25 36 58 83 103 120
C3 50 72 116 167 206 240
C4 80 115 186 267 330 383
C5 200 287 464 667 824 958
CX 700 1006 1624 2334 2885 3354
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Figure 6: Humidity cycle (schematic) [29].

(a) (b) (c)

Figure 7: Materials for making corrosion solution: (a) sulfuric acid (H2SO4); (b) calcium chloride (CaCl2); (c) sodium chloride (NaCl) [29].
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Samples of high-cycle fatigue tests

(a) (c)

(b)

Figure 8: (a) High cycle fatigue samples without corrosion inside the corrosion simulator environment. (b) High cycle fatigue samples after
5months of exposure to a corrosive simulation environment. (c)Te corroded surface in the middle part of the high cyclic fatigue specimen.

Table 3: Te chemical composition of S235, S355, S460, and S690.

Steel grade
Chemical composition

C Si Mn P S N B Cr Cu Mo Nb Ni Ti V Zr Al
S235 0.17 — 1.40 0.035 0.035 0.012 — — 0.55 — — — — — — —
S355 0.20 0.55 1.60 0.035 0.035 0.012 — — 0.55 — — — — — — —
S460 0.18 0.65 1.80 0.035 0.03 0.027 — 0.35 0.60 0.23 0.06 0.85 0.06 0.14 — 0.015
S690 0.20 0.80 1.70 0.025 0.015 0.015 0.005 1.50 0.50 0.70 0.06 2.00 0.05 0.12 0.15 0.015
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Figure 9: Continued.
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Figure 9: Stress-strain diagram of (a) S235, (b) S355, (c) S460, (d) S690 steels, and (e) all in one diagram.

(a) (b)
Figure 10: Continued.
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(c) (d)

Figure 10: Plates produced with diferent thicknesses of S235, (a) plates with thickness 8mm, (b) plates with thickness 12mm, (c) plates
with thickness 15mm, and (d) plates with thickness 20mm.

(a) (b)

Figure 11: Test process to obtain the S-N diagram: (a) rotating bending fatigue testing machine and (b) sample put in the fatigue testing
machine.

Table 4: Results of the S235 high cycle fatigue test for thicknesses: (a) 8mm, (b) 12mm, (c) 15mm, and (d) 20mm.

Sample number Stress applied (MPa) Average number of cycles Sample status at the
end of the cycle

(a) Chemical properties of tde sample made of plate witd a tdickness of 8mm
Sample yield stress: 366MPa Sample ultimate stress: 510MPa

Mechanical properties of tde sample made of plate witd a tdickness of 8mm
1 290 19,524 Failure
2 250 198,364 Failure
3 220 325,655 Failure
4 180 725,365 Failure
5 160 1,852,745 Failure
6 155 2,251,122 Failure
7 150 12,525,951 No failure
8 148 12,875,210 No failure

(b) Chemical properties of tde sample made of plate witd a tdickness of 12mm
Sample yield stress: 320MPa Sample ultimate stress: 468MPa

Mechanical properties of tde sample made of plate witd a tdickness of 12mm
1 260 35,852 Failure
2 250 431,251 Failure
3 230 752,328 Failure
4 170 1,335,586 Failure
5 155 2,582,457 Failure
6 150 4,745,362 Failure
7 145 11,784,965 No failure
8 143 11,994,264 No failure
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or higher value, as well [24]. In this research, the average of
three data at each stress level is used to draw the S-N
diagram.

Fatigue limit is the stress that, if the applied stress is equal
to or less than it, the fatigue failure will never occur in the
material, regardless of the number of loading cycles. As a re-
sult, in various industries such as aerospace engineering and
civil engineering, for the design of structures, design based on
the fatigue limit obtained from the S-N curve in such a way
that the size of the section and the amount of stress applied to
the member, always below the fatigue stress limit and in this
way, the long life of the member is guaranteed.

Tus, in designing for parts where access is not possible
to replace the part or the replacement cost is high, it is tried
to observe the fatigue limit for that member so that the
member does not get infuenced by failure due to high cycle
fatigue.

Te S-N diagram of S235 sample made from plates with
thicknesses 8, 12, 15, and 20mm is shown in Figure 13.

As displayed in Figure 13, for samples made of steel plate
with thicknesses of 8, 12, 15, and 20mm, respectively, at
stresses of 150MPa, 145MPa, 135MPa, and 115MPa, they
become insensitive to cycle loads. Te diagram can be di-
vided into two parts according to Figure 14: one part of the

Table 4: Continued.

Sample number Stress applied (MPa) Average number of cycles Sample status at the
end of the cycle

(c) Chemical properties of tde sample made of plate witd a tdickness of 15mm
Sample yield stress: 352MPa Sample ultimate stress: 458MPa

Mechanical properties of tde sample made of plate witd a tdickness of 15mm
1 250 52321 Failure
2 235 325674 Failure
3 200 825432 Failure
4 180 998365 Failure
5 150 1665258 Failure
6 140 3259745 Failure
7 135 11258456 No failure
8 133 11856789 No failure

(d) Chemical properties of tde sample made of plate witd a tdickness of 20mm
Sample yield stress: 287MPa Sample ultimate stress: 467MPa

Mechanical properties of tde sample made of plate witd a tdickness of 20mm
1 230 86,325 Failure
2 200 165,250 Failure
3 180 428,693 Failure
4 160 825,784 Failure
5 140 1,746,325 Failure
6 120 2,325,458 Failure
7 115 12,582,865 No failure
8 113 12,985,147 No failure
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ss
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Fatigue Limit

Figure 12: S-N diagram with a line indicating fatigue limit.
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Figure 13: S-N diagram for S235 samples made of steel plate with thicknesses: (a) 8, (b) 12, (c) 15, and (d) 20mm.
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Figure 14: Dividing the S-N diagram into two parts sensitive to applied stress changes and insensitive.
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diagram that changes with changing stress (area 1) and the
other part that is not sensitive to stress change (area 2).

Fitted diagram S235 sample made from plates with
thicknesses of 8, 12, 15, and 20mm is presented in Figure 15.
At the top of each diagram, the equation of the ftted lines
corresponding to the diferent parts of the diagram is
written. Te correlation coefcient for ftted diagram S235
from plates with thicknesses of 8, 12, 15, and 20mm is,
respectively, equal to 0.98, 0.92, 0.94, and 0.99.

To evaluate the sensitivity of the S-N diagram to the
thickness of the selected plate for producing the sample,
the frst part of the diagram for diferent thicknesses is
drawn in Figure 16 and the second part of the diagram,
which reveals the fatigue limit, is drawn in Figure 17.
Observing Figure 16, it is concluded that if the sample made
from plate with 8mm thickness is considered as a basis, the
maximum diagram changes in the frst region compared to
increasing the plate thickness to 20mm are equal to 25%,
suggesting that the fatigue strength of the sample made
from plate with 20mm thickness is about 25% less than the
plate with 8mm thickness.

For the second region of the S-N diagram (see Figure 17),
the fatigue limit for S235 samples made of steel plate with
a thickness of 20mm is about 24% lower than the fatigue
limit ratio of the sample made of steel plate with a thickness
of 8mm. Te reason for this diference, as stated, is due to
the diferent cooling rates in plates with diferent thicknesses
in the production process and the size efect strongly de-
pends on the average number of defects and inclusions in the
material, which increases with thickness [24].

It can be seen that the size of the diameter is afecting the
S-N curve of the material. A size factor Csz that reduces the
fatigue limit of thematerial as the specimen diameter increases.
One of the most common and rather conservative formulas is
that proposed by Shigley and Mitchell (equation (4)) [31].

CSZ �
1.0, if d≤ 8mm,

1.189 · d
− 0.097

, if 8≤ d≤ 250mm,
 (4)

where d is the diameter of the specimen or component.
Being empirical in nature, equation (4) can be used only in
the range of diameters considered, i.e., 8–250mm.

If the sample with a diameter of 8mm is set as a refer-
ence, according to equation (4), the fatigue limits 140, 137,
and 133 are obtained for samples with a diameter of 12, 15,
and 20mm, respectively.

Another formula for fatigue limit for specimens with
diferent diameters is proposed by Weibull (equation (5))
[24]. In this formula, l is the length of the specimen.

1
Csz

�
l2

l1
·
2 · d2 − 1( 

2 · d1 − 1( 
 

1/m

. (5)

If the sample with a diameter of 8mm is set as a reference
and the factor m is taken for steel 25, according to equation
(5), the fatigue limits 147, 146, and 144 are obtained for
samples with a diameter of 12, 15, and 20mm, respectively.
Table 5 shows the experimental values and the corresponding
values obtained from equations (4) and (5)

Equation (6) was proposed by the authors for size factor
in the fatigue limit for S235 specimens made of diferent
plate thicknesses. Te correlation coefcient for this equa-
tion is 0.97 and to use this formula, the fatigue limit must be
in MPa.

CSZ �
1.0, if d≤ 8mm,

−0.027 · d + 1.3, if 8≤d≤ 20mm.
 (6)

6. High Cycle Fatigue Diagram of S235, S355,
S460, and S690 Steels

Te following are the fatigue diagrams for S235, S355, S460,
and S690 steels, each containing 36, 45, 36, and 45 samples
made of plates with a thickness of 10mm, respectively.
Table 6 lists the data related to the S235 steel high cycle
fatigue test and Figure 18 depicts the diagram as well as the
line ftted for it. Te correlation coefcient for ftted diagram
for the sample S235 is equal to 0.99.

Te data for the S355 high cycle fatigue test are shown in
Table 7 as well as the line ftted for its fatigue diagram in
Figure 19. Te correlation coefcient for ftted diagram for
the sample S355 is equal to 0.99.

Table 8 relates to the high cycle fatigue test data of S460
steel and a ftted line is also drawn for it in Figure 20. Te
correlation coefcient for ftted diagram for the sample S460
is equal to 0.99.

Table 9 reports the data for the S690 high cycle fatigue test,
as shown in Figure 21, as well as the line ftted for it. Te
correlation coefcient for ftted diagram S690 is equal to 0.99.

7. High Cycle Fatigue Diagram of
S355 with Corrosion

S355 samples after being placed in the corrosion simulator
with the process explained in Section 3 to simulate atmo-
spheric corrosion with a corrosion rate of 10% (it should be
mentioned that it took fve months to create this amount of
corrosion with the described process for the creation of
corrosion), were subjected to the high cycle fatigue test, and
the S-N diagram for it is shown in Figure 22(a). Te S-N
diagram of S355 with 10% corrosion and without corrosion
is shown in Figure 22(b). As can be seen in Figure 22(b), the
fatigue limit in the case of the sample with corrosion has
decreased by 39%. In the area before the fatigue limit, the
stress reduction is equal to 25%.

Te reason for reducing the fatigue limit is explained
below. Corrosion created using the ASTM G60-1 standard
cause’s uniform corrosion on the surface of the member, but
due to the presence of materials such as calcium chloride and
sodium chloride in solution, along with uniform corrosion,
it causes pits on the surface of the member (Figure 23).Tese
pits are caused by the concentration of stress in the member,
and if the amount of stress concentration in the same area
increases due to the singularity of stress in diferent cycles, it
causes cracks to spread and causes the overall failure of the
member.
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8. Modeled Steel Moment Frame to Check High
Cycle Fatigue

As stated in the Introduction section, there are three types of
fatigue include ultralow cycle, low cycle, and high cycle. Ul-
tralow cycle fatigue is strain-dependent, but in the case of high
cycle and low cycle fatigue, it is stress-dependent. When
a strong earthquake occurs, in such a way that the structure
enters the nonlinear domain under the efect of this earthquake
and the amount of strains in the structure exceeds the elastic
strain limit, ultralow cycle fatigue becomes important. If the
structure under earthquake record does not enter the nonlinear
domain, high cycle and low cycle fatigue become important.

Te important point is that this low-intensity earthquake
that does not enter the whole structure into the nonlinear

domain may happen many times in a certain period, which
can be mentioned as an example; the Wenchuan earthquake
occurred on May 12, 2008, by September 8, 2008, and there
had been 42,719 total earthquakes [32].

Or as mentioned in the Introduction section, the
Northridge earthquake in 1994, and the Alaska earthquake in
1964 where corroded structures experienced more damage
and failure than other structures [23].

To investigate the high cyclic fatigue, a four-story three-
span steel moment frame with a story height of 3meters
and a span length of 6meters, as well as a load span of
6meters perpendicular to the frame beams, according to
ASCE/SEI 7–22 and AISC 360−22 for dead load 750 and
live loads 200 kg/m2 and soil type II design and is shown in
Figure 24. Te Northridge earthquake record of Canyon

S235 sample is made of the plate with 8 mm
thickness

0

50

100

150

200

250

300

350

St
re

ss
 (M

Pa
)

5.02E+06 1.00E+072.00E+04
Number of Loading Cycles

S=-30.07log (N)+596.65 ,N<2250000
S=150 ,N>2250000

(a)

S235 sample is made of the plate with 12 mm 
thickness

5.02E+06 1.00E+07 1.50E+072.00E+04
Number of Loading Cycles

0

50

100

150

200

250

300

350

St
re

ss
 (M

Pa
)

S=-26log (N)+548.97 ,N<5500000
S=145 ,N>5500000

(b)

S235 sample is made of the plate with 15 mm 
thickness

5.02E+06 1.00E+07 1.50E+072.00E+04
Number of Loading Cycles

0

50

100

150

200

250

300

350

St
re

ss
 (M

Pa
)

S=-28.66log (N)+576.2 ,N<5000000
S=135 ,N>5000000

(c)

0

50

100

150

200

250

300

350
St

re
ss

 (M
Pa

)

S235 sample is made of the plate with 20 mm 
thickness

5.02E+06 1.00E+07 1.50E+072.00E+04
Number of Loading Cycles

S=-30.58log (N)+574.38 ,N<4500000
S=115 ,N>4500000

(d)

Figure 15: Fitted diagram of S235 samples made of steel plate with thicknesses: (a) 8, (b) 12, (c) 15, and (d) 20mm.
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Country—W Lost Cany earthquake station in 1994 (see
Figure 25) is introduced into the structure and then the
history of stress carried out for the bottom of the column is
specifed in the fgure in which the highest amount of stress

is applied to this area due to the Northridge earthquake
record.

Te frame was once modeled with S235 material and again
with S355 material. Te cross-section of the column for S235

Table 5: Results of S235 high cycle fatigue test for thicknesses: (a) 8mm, (b) 12mm, (c) 15mm, and (d) 20mm.

Diameter of specimen Experimental fatigue limit
Fatigue limit from Te amount of diference with

Shigley formula Weibull formula Shigley formula Weibull formula
8 150 150 (reference) 150 (reference) — —
12 145 140 147 3% −1.4%
15 135 137 146 −1.5% −8%
20 115 133 144 −15% −20%
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Figure 16: Fitted diagram of the frst area of the S-N curve for S235 specimens made of plate with thicknesses of 8, 12, 15, and 20mm.
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Figure 17: Fitted diagram of the second area of the S-N curve for S235 specimens made of steel plate with thicknesses of 8, 12, 15, and
20mm.
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material is as a column with a total depth of 500 and a fange
width of 300 and web thickness of 20 and fange thickness of
10mm, and for a column with S355 material a total depth of
400 and a fange width of 250 and a fange thickness of 20 and
a web thickness of 10mm.Te stress history on the column for
S235 and S355 materials is depicted in Figure 26.

Te number of cycles for diferent stresses calculated by the
rainfow algorithm [3]; this is the most common and most
accurateway to count cycles.Te rules of rainfow are as follows:

(1) Rearranging the stress-time diagram of the events so
that the highest peak or the deepest valley comes frst.

(2) Starting from the highest peak (or the lowest valley),
go down to the next reversal.Te rainfow runs down
and continues unless either the magnitude of the
following peak (or the following valley, if we started

from the lowest valley) is equal to or larger than the
peak (or valley) from which it initiated, or a previous
rainfow is encountered.

(3) For the following reversal, follow the same procedure,
and so on until the end.

(4) For all ranges and parts of a range that were not used
in the previous steps, repeat the procedure.

Te result of rainfow is shown in Figure 27. As can be seen
from Figure 26, high cyclic fatigue does not matter for the
Northridge earthquake record for building with materials S235
and S355 but in the building with corrosion, this record has
caused damage to the structure. In fact, in the steel structure
with S355 , some lines of the stress, pass through the red area in
the fgure diagram, which means crossing the fatigue tolerance
threshold.

Table 6: Cyclic fatigue test data of S235 steel made of 10mm thick sheet.

Yield stress: 260MPa Ultimate stress: 372MPa

Sample number Sample
diameter (mm)

Stress
applied (MPa) Te number of cycles Average number of cycles Sample status at

the end of the cycle
1 5.95

250
268830

371057 Failure2 5.92 404627
3 6.01 439715
4 5.94

240
595450

628358 Failure5 5.91 630297
6 5.94 659327
7 5.95

230
827124

812358 Failure8 6.02 807659
9 6.01 802400
10 5.95

220
1114521

1140315 Failure11 5.95 1120896
12 5.95 1185527
13 5.64

210
1214591

1267647 Failure14 5.96 1228941
15 5.96 1359410
16 6.01

200
1444297

1464158 Failure17 6.02 1450677
18 5.94 1497500
19 5.99

190
1510297

1537064 Failure20 5.95 1551497
21 5.96 1549400
22 5.94

180
1554200

1699594 Failure23 5.99 1775123
24 6.01 1769459
25 6.02

170
3701311

3642997 Failure26 5.91 3549479
27 5.96 3678200
28 5.93

160
6197897

6517851 Failure29 5.95 6596359
30 5.98 6759297
31 5.95

150
10452400

10480652 No failure32 5.63 10387259
33 5.98 10602297
34 5.91

145
11256759

11608130 No failure35 5.99 11452327
36 6.01 12115304
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Figure 18: (a) S-N diagram for S235 samples made of steel plate with 10mm of thickness and (b) ftted diagram of S235.

Table 7: Cyclic fatigue test data of S355 steel made of 10mm thick sheet.

Yield stress: 390MPa Ultimate stress: 542MPa

Sample number Sample
diameter (mm)

Stress
applied (MPa) Te number of cycles Average

number of cycles
Sample status

at the end of the cycle
1 5.96

400
50895

50858 Failure2 5.95 50432
3 5.99 51247
4 5.65

395
268396

255831 Failure5 5.96 248659
6 5.99 250439
7 6.01

390
178459

182441 Failure8 6.03 181432
9 5.92 187432
10 5.93

380
375242

361173 Failure11 5.91 367529
12 5.92 340750
13 5.64

370
567476

554080 Failure14 5.96 554375
15 5.96 540389
16 5.63

360
970450

964576 Failure17 5.95 964389
18 5.96 958888
19 5.91

350
1259487

1265098 Failure20 5.95 1260348
21 5.63 1275459
22 5.84

340
1659432

1715909 Failure23 5.98 1740400
24 5.99 1747896
25 5.95

320
2059456

2013440 Failure26 6.01 1979869
27 6.02 2000997
28 5.95

300
2687512

2654319 Failure29 5.94 2679436
30 5.91 2596010
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Table 7: Continued.

Yield stress: 390MPa Ultimate stress: 542MPa

Sample number Sample
diameter (mm)

Stress
applied (MPa) Te number of cycles Average

number of cycles
Sample status

at the end of the cycle
31 5.95

260
3459658

3443070 Failure32 5.98 3654895
33 5.99 3214658
34 5.95

250
7524136

5757359 Failure35 5.63 4500403
36 5.98 5247540
37 5.91

245
11095900

11298364 No failure38 5.99 12694108
39 6.01 10105084
40 5.96

240
11454300

11455100 No failure41 5.95 11564200
42 5.99 11346800
43 5.96

200
12897989

12890890 No failure44 5.95 12984698
45 5.98 12789985
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Figure 19: (a) S-N diagram for S355 samples made of steel plate with 10mm of thickness and (b) ftted diagram of S355.

Table 8: Cyclic fatigue test data of S460 steel made of 10mm thick sheet.

Yield stress: 490MPa Ultimate stress: 680MPa

Sample number Sample
diameter (mm)

Stress
applied (MPa) Te number of cycles Average number of cycles Sample status

at the end of the cycle
1 5.97

383
276792

379134 Failure2 5.94 411349
3 6.02 449261
4 5.92

367
600653

632712 Failure5 5.93 638055
6 5.91 659427
7 5.95

352
835149

817226 Failure8 6.07 810631
9 6.00 805899
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Table 8: Continued.

Yield stress: 490MPa Ultimate stress: 680MPa

Sample number Sample
diameter (mm)

Stress
applied (MPa) Te number of cycles Average number of cycles Sample status

at the end of the cycle
10 5.94

337
1119689

1146724 Failure11 5.96 1126928
12 5.96 1193553
13 5.65

321
1220978

1272211 Failure14 5.96 1234737
15 5.97 1360915
16 6.03

306
1450363

1468975 Failure17 6.02 1452423
18 5.94 1504139
19 5.99

291
1518043

1540841 Failure20 5.97 1554605
21 5.96 1549875
22 5.94

275
1555385

1702605 Failure23 5.99 1779446
24 6.01 1772982
25 6.02

260
3704162

3646576 Failure26 5.91 3552156
27 5.96 3683407
28 5.93

245
6200475

6519115 Failure29 5.95 6596926
30 5.98 6759943
31 5.95

230
10457569

10486713 No failure32 5.65 10396714
33 5.96 10605856
34 5.95

214
11263775

11613758 No failure35 5.99 11458578
36 5.98 12118919
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Figure 20: (a) S-N diagram for S460 samples made of steel plate with 10mm of thickness and (b) ftted diagram of S460.
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Table 9: Cyclic fatigue test data of S690 steel made of 10mm thick sheet.

Yield stress: 656MPa Ultimate stress: 780MPa

Sample number Sample
diameter (mm)

Stress
applied (MPa) Te number of cycles Average number of cycles Sample status

at the end of the cycle
1 5.97

600
58570

59003 Failure2 5.97 59072
3 5.99 59367
4 5.68

593
272974

257712 Failure5 5.94 249085
6 5.96 251077
7 6.01

585
186490

189249 Failure8 6.03 187902
9 5.94 193353
10 5.95

570
384915

368670 Failure11 5.99 370881
12 5.92 350215
13 5.64

555
572253

558849 Failure14 5.94 556016
15 5.96 548277
16 5.64

540
979681

972321 Failure17 5.95 970287
18 5.96 966994
19 5.91

525
1261153

1266379 Failure20 5.97 1261819
21 5.63 1276164
22 5.84

510
1666170

1719041 Failure23 5.98 1742714
24 5.99 1748239
25 5.97

480
2066133

2020979 Failure26 6.06 1988098
27 6.01 2008707
28 5.95

450
2690265

2658772 Failure29 5.93 2681979
30 5.91 2604071
31 5.96

390
3461531

3445689 Failure32 5.98 3660486
33 5.97 3215050
34 5.95

375
7524827

5759884 Failure35 5.63 4501640
36 5.98 5253186
37 5.91

368
11101092

11304225 No failure38 5.96 12700822
39 6.01 10110760
40 5.96

360
11460209

11458223 No failure41 5.95 11565870
42 5.95 11348590
43 5.95

300
12903151

12893846 No failure44 5.98 12985800
45 6.00 12792586
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Figure 21: (a) S-N diagram for S690 samples made of steel plate with 10mm of thickness and (b) ftted diagram of S690.
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Figure 22: S-N diagram of (a) S355 with corrosion and (b) S355 without corrosion.
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Pits formation in 
the corrosion 

process

Figure 23: Formation of pits during the uniform corrosion process.
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Figure 24: Modeled four-story three span steel moment frames.
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Figure 25: Te accelerograph of Northridge earthquake at Canyon Country—W Lost Cany earthquake in 1994.
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9. Conclusion

In this study, high cycle fatigue was investigated for S235,
S355, S460, and S690 materials. Te number of samples used
for S460 and S235 was 45 each and S690 and S355 was 36 and
for S355 with corrosion was 15.Ten, to investigate the efect
of the selected plate thickness on cyclic fatigue, four sets of
samples, each containing 24 pieces, were made and tested
from plates with diferent thicknesses of 8, 12, 15, and
20mm. Te results of this study for the fatigue limit of the
abovementioned materials are as follows:

(i) By changing the thickness of the plates from which
the high cycle fatigue samples were made, the fa-
tigue limit was changed about 25%. Te reason for
this diference is due to the diferent cooling rates in
plates with diferent thicknesses in the production
process and the size efect strongly depends on the

average number of defects and inclusions in the
material, which increases with thickness.

(ii) Te S-N curve has been investigated for two types of
high-strength steels, S690 and S460, as well as two
types of mild-strength steels, S235 and S355, at 25°C.

(iii) For S355 steel, the ASTM G60-1 standard was used
to simulate atmospheric corrosion and by using the
ISO 9224 standard, which is an annex to the ISO
9223 standard, the amount of corrosion for 20 years
was obtained and the fatigue limit in the case of the
sample with corrosion has decreased by 39%.

Ten, high cyclic fatigue was calculated for a four-story,
three-span frame, once with S235 and again with S355,
which inputted the Northridge earthquake record of Canyon
Country—W Lost Cany earthquake station in 1994; high
cyclic fatigue does not matter for the Northridge earthquake
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Figure 26: Time history of stress for column with (a) S235 material and (b) S355 material.
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Figure 27: Number of cycles for diferent stresses for (a) S235 steel and (b) S355 steel.
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record for building with materials S235 and S355 without
crossing but in the building with corrosion, this record has
caused damage to the structure.

Data Availability

Te data used to support the study are available from the
corresponding author upon request.
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