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1 Introduction
Within FASTCOLD project a number of full-scale and small-scale fatigue tests were conducted aiming
the establishment of fatigue resistance (details) categories for a set of relevant details typical of rack
structures. Details about the tests can be found in Deliverables 2.1 to 2.4. Deliverable 3.1 gathers all the
results and provides fatigue details categories for investigated details, which include:





Snug tight bolted joints
Preloaded bolted joints
Section profiles under corner local bending
Beam-to-upright bolted connections

The details categorizations followed statistical analysis [3] and the existing guidelines of EC3 Part 1-9
[1] and its recent revision under progress [2]. FASTCOLD is concerned with fatigue resistance
characterization, however for a fatigue design one must rely on a comparison between the fatigue
resistance and the fatigue actions. Regarding the fatigue actions qualification, it must be compatible with
the fatigue resistance, so FASTCOLD project also proposes appropriate ways to quantify the fatigue
actions, i.e. the stress classifications to be used together with the fatigue resistance curves.
In this deliverable, a fatigue design procedure is proposed for rack structures, which is based in the EC3
background and particularly in the ongoing revision.

2 Fatigue resistance
As a result of the FASTCOLD project, the fatigue S-N curves (fatigue categories), shown in Figure 1
were proposed for different details together with the relevant stress definitions. These curves were
proposed for constant amplitude loading and with a finite life slope of 5, with one exception. However,
in real design cases variable amplitude loading would be the most common. In those cases, S-N lines
with a second slope are being proposed in the EC3 [1][2]. This condition is represented in the Figure 2.
In general, the second slope results by increasing the finite life constant amplitude slope by 2: mm+2.

Figure 1: Fatigue strength curves to be used for rack structures details under constant amplitude loading.
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Figure 2: Fatigue strength curves to be used for rack structures details under variable amplitude loading.

For constant amplitude stress-time histories, fatigue strengths can be established through the following
relation (see Figure 1):

𝜎

𝑁 = 2 × 10 × 𝜎

(1)

where 𝜎 is the reference value of the fatigue strength in MPa, at 2 million cycles, which is used to
identify the detail category. Depending on the slope m adopted the constant amplitude fatigue limit 𝜎
can be established as:

𝜎 = 𝜎 , m=5
𝜎 =

/

𝜎 , m=3

(2)

For stress spectra with stress ranges above and below the constant amplitude fatigue limit 𝜎 , the
fatigue strength should be based on the extended fatigue strength curves as follows (see Figure 2):

𝜎
𝜎

𝑁 = 2 × 10 × 𝜎
𝑁 = 5 × 10 × 𝜎

, if m=3 and 𝑁 5 × 10 cycles

(3)

, if m=3 and 5 × 10 𝑁 10 cycles

for m=3, and

𝜎
𝜎

𝑁 = 2 × 10 × 𝜎
𝑁 = 2 × 10 × 𝜎

, if m=5 and 𝑁 2 × 10 cycles

(4)

, if m=5 and 2 × 10 𝑁 10 cycles

for m=5, where m must be understood as the constant amplitude finite life slope. A cut-off limit 𝜎 is
established at 10 cycles, as:

𝜎 =

/

𝜎 , m=3
2

(5)
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𝜎 =

/

𝜎 , m=5

Table 1 summarizes the important data regarding the fatigue strength values, namely the constant
amplitude fatigue limits 𝜎 and the variable amplitude cut-off limit 𝜎 for each detail category. Table
2 presents the summary about the details classified within the FASTCOLD project.
Table 1: Fatigue resistance data as a function of the detail category.

Detail category
(𝜎 , MPa)

Finite life constant
amplitude slope,
m

Constant amplitude
fatigue limit,

Cut-off limit,

𝜎 (MPa)

𝜎 (MPa)
*

@2 × 10 cycles or
@5 × 10 cycles

@10 cycles

**

180

5

180*

103

160

5

160*

91

100

5

100*

57

90

5

90*

51

80

5

80*

46

160

3

118**

65

Table 2: Classified structural details for rack structures.

Detail
category

1
2

Constructional detail

Description

Supplementary
requirements

90
m=5

Double
covered
symmetrical bolted joints
1
subject
to
normal
stresses with snug-tight
bolted joints. Zinc coated
thin plates (e.g. t=2~3
mm). Punched holes or
drilled with equivalent or
higher quality.


should
be
computed at the net
section
of
the
member
with
potential
fatigue
cracking site.

80
m=5

One-sided
fully
supported bolted joints
2
subject
to
normal
stresses with snug-tight
bolted joints. Zinc coated
thin plates (e.g. t=2~3
mm). Punched holes or
drilled with equivalent or
higher quality.


should
be
computed at the net
section
of
the
member
with
potential
fatigue
cracking site.

Also known as double lap joint or double shear splice.
Also known as lap joint or single lap joint or single shear splice.
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100
m=5

Double
covered
symmetrical
joints
subject to normal stresses
with preloaded bolts.
Zinc coated thin plates
(e.g.
t=2~3
mm).
Punched holes or drilled
with equivalent or higher
quality.


should
be
computed at the
gross cross-section
of the member with
potential
fatigue
cracking site.

90
m=5

One-sided
fully
supported joints subject
to normal stresses with
preloaded bolts. Zinc
coated thin plates (e.g.
t=2~3 mm). Punched
holes or drilled with
equivalent or higher
quality.


should
be
computed at the
gross cross-section
of the member with
potential
fatigue
cracking site.

Double
covered
symmetrical
joints
subject to normal stresses
or
one-sided
fully
supported joints subject
to
normal
stresses.
Punched holes or drilled
with equivalent or higher
quality. Both snug-tight
or preloaded bolts could
be considered.


should
be
computed at the
potential
crack
initiation site as the
peak or notch stress;
the
maximum
principal
stress
should be computed
accounting
for
actual friction and
preload level. The
critical
location
must be inspected by
a detailed stress
analysis.

Cold roll-formed rail
sections under local
bending induced by the
action of the shuttle
loads. Corner inner
radius/thickness ratios
higher than 1.0.


should
be
computed at the
potential
crack
initiation - the flange
to web corner - as
the peak or notch
stress; the maximum
principal
stress
should be computed
accounting
for
actual r/t ratio which
should be confirmed
by quality control.

160
m=3

180
m=5
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160
m=5

180
m=5

160
m=5

3

Cold roll-formed rail
sections under local
bending induced by the
action of the shuttle
loads. Corner inner
radius/thickness ratios
lower or equal to 1.0.


should
be
computed at the
potential
crack
initiation - the flange
to web corner - as
the peak or notch
stress; the maximum
principal
stress
should be computed
accounting
for
actual r/t ratio which
should be confirmed
by quality control.

Cold formed beam-toupright bolted joints;
push-pull bolt forces in
perforated
upright;
punched
perforations
(circular or squared
shapes); Corner inner
radius/thickness ratios
higher than 1.0.


should
be
computed at the
profile walls corner
as the peak or notch
stresses due to the
out-plane
deformation (local
bending) induced by
the push/pull bolt
loads3;
the
maximum principal
stress should be
computed
accounting
for
actual r/t ratios and
punched
holes
geometry.

Cold formed beam-toupright bolted joints;
push-pull bolt forces in
perforated
upright;
punched
perforations
(circular or squared
shapes); Corner inner
radius/thickness ratios
lower of equal to 1.0.


should
be
computed at the
profile walls corner
as the peak or notch
stresses due to the
out-plane
deformation (local
bending) induced by
the push/pull bolt
loads3;
the
maximum principal
stress should be
computed
accounting
for
actual r/t ratios and
punched
holes
geometry.

This stress measurement is directly related to crack pattern 2, being assumed as a local notch stress measurement;
regarding the other cracking patterns, this stress measurement works as a local nominal stress measurement. For
crack partners 1 and 3 the usage of local notch stresses (measured at the hot spot) could be considered a very
conservative approach.
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3 Fatigue actions
Actions on rack structures that are composed of loading events, whose number of reoccurrences cannot
be neglected in structural design, as their effect on the constructional details may cause fatigue, and
therefore must be properly evaluated. Example of fatigue actions are the shuttle-moving loads – wheel
loads of the shuttles carrying pallets on runway beams (rail profiles). The fatigue actions acting on a
structure must be presented in the form of loading histories, i.e. by arranging the expected loading events
in time order during the design service life. A loading spectrum should summarise the loading history
of a structure, presenting the different levels of fatigue actions with the associated relative frequency in
descending order, neglecting the sequence effects.
A loading spectrum has, as consequence, a stress spectrum for each constructional detail. That stress
spectrum results into stress cycles applied for a certain duration, which must be evaluated with a proper
cycle counting procedure. Cycle counting methods such as rainflow or reservoir methods should be
applied to derive a stress-range spectrum [1]. Then the linear damage summation as proposed by
Palmgren-Miner should be applied. Figure 3 illustrates the main steps of a fatigue damage analysis.
Miner damage summation is only required for spectra with stress ranges above the constant amplitude
fatigue limit (D), otherwise fatigue damage could be neglected (see Figure 4).
One important aspect on fatigue damage calculation is the effects of the mean stresses. In the
FASTCOLD project the stress ratio near 0.1 was explored. However, other values of stress ratio may
appear in a certain stress-time history and one must account for it in the analysis. However, cold rollformed profiles exhibits important residual stresses with may transform the applied stress ratio into
different effective ones. Therefore, for cold formed section profiles the applied stress range should be
considered fully effective in order to account for possible effects of high positive residual stresses. As
regards the bolted joints, when proved to be performed in regions free of residual stresses, the procedure
illustrated in the Figure 5 should be applied.
Relevant stresses to be used in the fatigue design are dependent of the constructional detail according
the specifications presented in the Table 2. In general, elastic stresses are considered and they could be
nominal stresses as proposed for bolted joints (net or gross cross-section stresses) or peak/notch
maximum principal stresses for cold roll-formed profiles. Since the resistance fatigue curves were
derived from actual rack structural details, the effects of residual stresses are already contemplated,
therefore there is no need for accounting for residual stresses in the stress range computations.
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Figure 3: Cumulative damage method [1].
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a)

b)

c)
Figure 4: Damageable and non-damageable stress ranges spectra: a) non-damageable constant amplitude stress spectra; b)
non-damageable variable amplitude stress spectra; c) damageable variable amplitude stress spectra [2].

∆𝜎 = 𝜎

−𝜎

∆𝜎 = 𝜎

− 0.6𝜎

∆𝜎 = 0.6𝜎

− 0.6𝜎

Figure 5: Effective design value stress ranges (adapted from adapted from [1][2]).

4 Fatigue design recommendations
Further design recommendations follow the background of the existing EC3 and some key aspects are
summarized bellow [1][2]:
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 A partial fatigue factor for fatigue resistance should be considered according to EC3
recommendations:
Table 4: Recommended values for partial factor for fatigue resistance MF (adapted from [1][2]) .

Design concept

Consequence of failure
Low consequence

Medium consequence

High consequence

Safe life

1.20

1.35

1.55

Damage tolerant

1.15

1.25

1.45

When computing the fatigue life of a rack structural component, the fatigue stresses should be amplified
by the MF factor. For rack structures the safe life design concept should be the common procedure. The
consequence of failure should be judged based on the system redundancy. Other possibility if the
verification with respect to the fatigue limit, i.e. infinite life of a constructional detail can be assumed if
the maximum stress range satisfies the relationship:

𝜎
𝜎 /𝛾

≤ 1,0

(6)
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