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Abstract

Cold-formed thin-walled steel members are extensively used in rack storage struc-
tures due to their advantageous geometrical and mechanical properties for a mini-
mum weight. In automatic multi-deep rack systems, shuttles are used to bring pal-
lets to their final storage position; these shuttles are usually circulating on elements
made of Z sections, which facilitates their movements and ensuring a sufficient
bearing and stiffness capacity. Due to the multiple passages of the shuttles, fatigue
problems could occurred on these profiles, but this issue is not fully covered by the
existing European normative document EN1993-1-9. This paper presents part of the
results of a large experimental fatigue test campaign, in which 34 members made
of thin-walled cold formed steel Z sections have been tested, in order to characterize
the fatigue resistance of two details as a part of the Z-rail. The main objective of
these tests was to derive the S-N curve associated to both studied details. As a
result, design provisions to assess the fatigue resistance of Z-rails subjected to fa-
tigue load are proposed for the practitioners, referring to the recommendations of
prEN1993-1-9.
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1 Introduction

In the competitive self-supporting storage rack structures
market, there is a growing need to optimize the structural
solutions and maximize the storage capacity within a min-
imum given area. The utilization of cold-formed sections is
a promising solution, particularly in multi-deep systems
that can accommodate multiple pallets over an extended
length. This system generally implies the use of an auto-
matic shuttle circulating on elements which carry the pal-
lets, and, due to the multiple passages, the members are
subjected to several stress variations in a limited time.
Consequently, a fatigue failure may be observed after a
certain number of cycles.

Nowadays, fatigue phenomenon has been the topic of ex-
tensive research, with a particular emphasis on the char-
acterization of the fatigue resistance of structural details
[1] that have not yet been addressed by the relevant code,
EN1993-1-9 [2]. Although this normative document con-
tains provisions for the design of structural details against

fatigue, only a limited list of details is proposed in its cur-
rent version, such as elements with welded parts, ortho-
tropic desks and runway support beams.

Even if the forthcoming version, prEN1993-1-9 [3], ex-
tends the number of the characterised details and pro-
poses new modified S-N curves, a humber of details that
can be encountered in steel buildings need to be further
investigated. Additionally, there is no clear indications for
the application of these rules to details made of cold-
formed elements. Regarding the fatigue behaviour of
structural details made of cold-formed steel members for
racking structures, no recommendation is given in the ref-
erence normative document EN15512 [4].

In addition to the research conducted on hot-rolled profile
made of high strength steel [5], several investigations
have been also performed on cold-formed elements. Souto
et al. [6] presents the results of an experimental fatigue
test campaign performed on Z-shaped section members in
the framework of the RFCS European project FASTCOLD



[7]. During this project, analytical, numerical and experi-
mental investigations have been performed with the ob-
jective of deriving the S-N curve for the detail for a specific
section at mid-span with a support that restrained vertical
displacements on the web.

Within the present paper, the results of the investigations
conducted on the fatigue resistance behaviour of Z-rail
members used in multi-deep rack storage structures, sub-
jected to the load of the shuttle that circulates on their
lower flanges, are presented. To reach this objective, an
experimental campaign including 34 fatigue tests on two
specific details was carried out by applying different con-
stant load variations on the lower flange of the Z-section
rail. Among these 34 tests, 18 were performed to study
the detail at mid-span (first structural detail, named as
MSXX) and 16 to investigate the fatigue resistance of the
support detail. In addition, for each setup configuration,
static tests have been realised. As an outcome of this ex-
perimental campaign, an S-N curve was derived following
the philosophy of prEN1993-1-9. In the following, only the
first type of fatigue tests is detailly addressed (i.e. the
mid-span test configuration). All the details about this ex-
perimental campaign can be found in [8].

This research is part of a Walloon region project, called
ACTIONS (convention N° 8528), involving the industrial
partners STOW and GDTech, the private research com-
pany CRM group and the University of Liége.

2 Description of the experimental campaign

2.1 Tested specimens and characterisation of the
material

The experimental campaign was performed using for all
the tests a unique profile made of cold-formed rolling
HX420LAD steel grade; the geometrical properties are il-
lustrated in Figure 1(a). The ratio between the internal ra-
dius and the thickness is equal to 1.23. This section has
been identified as one of the most frequently used sections
by the industrial partners of the aforementioned project
amongst a wide range of available profiles on the market,
with heights varying between 160 and 220 mm and thick-
ness between 2.5 and 3.5 mm. The 34 fatigue tests have
been performed in two sets, aiming at characterizing two
distinct details.

Tensile coupon tests have been performed in order to de-
fine the actual material properties. As specified in ISO377
[8], the mechanical properties of the material exhibit var-
iation according to the orientation of the extracted coupon
specimens, caused to the roll forming technique that in-
volves coiling and uncoiling processes. By consequence,
three dog-bone specimens have been extracted: (i) per-
pendicular to the longitudinal direction on the web (named
AV) (ii) longitudinally on the web (named AH), and (iii)
longitudinally in the larger flange (named S); the orienta-
tions are schematized in Figure 1(b). Those tensile tests
have been performed twice.

Tests results are provided in Figure 2 and Table 1 gives
the main mechanical properties. Compared both orienta-

tions, it could be clearly seen that as expected, the prop-
erties are note the same, as the longitudinal properties are
smaller than the vertical orientation ones. Compared to
the values given in prEN1993-1-3 [10], the actual mean
longitudinal yield strength, equal to f, ongitudinatmean =
438.82 MPa, is 9.7% higher than the nominal one
(fypreni9es—1-3 = 400 MPa) while the actual longitudinal ulti-
mate stress f,, jongitudinatmean = 530.75 MPa is 17.55% higher

(fu,prEN1993—1—3 =450 MPa).
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Figure 1 (a) Geometrical properties of the tested Z section and (b)
orientation and notation of the extracted coupon samples

L N R
N
~
A N
R\ \
W \

——AVI
- - AV2|]
——AHI
----AH2| |
—sl
---82

600

wn
(=3
(=}

N
=3
S

53
(=3
(=}

Engineering stresses [MPa]
W
(=3
(=]

[=3
(=}

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Engineering strain [-]

Figure 2 Stress-strain experimental curves

Table 1 Actual mechanical properties of HX420LAD steel grade

Sample fy [MPal  f, [MPa] E [MPa]

AV1 456.7 538.22 204008

AV2 456.4 539.6 209514

AH1 434.7 527.9 200762

AH2 435.5 529.0 202887

S1 442.6 533.2 203548

S2 442.5 532.8 194374

Mean Value 444.7 533.5 202515

2.2 Set-up and instrumentation of “mid-span”

tests

The objective of the first type of experimental tests is to
induce a fatigue failure at the mid-span section of a simply
supported Z-rail with a length of 1350 mm, as this section
is the most loaded in terms of stresses creating by the
bending moment around the strong axis. A 3D CAD
presentation of the tested specimens is given in Figure 3.



Figure 3 Mid-span test 3D view

As in a rack structure, the shuttle is running on the lower
flange of two rails in mirror, two Z-rails (green members
in Figure 3) are tested together. The load is applied,
through the actual wheel of the shuttle, on the lower
flange of the Z-rails, at a horizontal distance of 9 mm from
the profile’s web. The wheel, made of rubber and steel,
has a diameter of 150 mm, a width of 38 mm and the
thickness of the rubber is 10 mm around the circumfer-
ence. In the test set-up, the wheels are rigidly connected
to the extremities of a distribution beam (purple in Figure
3), to which the jacks are attached. As the wheel remains
vertically, the torsional deformation is limited. Addition-
ally, the out-of-plane displacement of the distribution
beam is blocked.

For each specimen, one support is fixed in all displace-
ments, while the other one is free to move in the longitu-
dinal direction of the member (rolled support). For both
supports, the rotation around X-axis is allowed while about
Y and Z axis, forks restrained the rotations (see Figure 3
for the determination of the axes). To avoid any local in-
stabilities due to the concentrated force at the supports,
30 mm stiffeners (orange in Figure 3), were placed on
each side of the web. Those pieces restrained also the tor-
sion of the Z-rail at the support, as it is the case in the real
racking structure.

The load from the jack is applied through load control, with
a frequency varying between 1 Hz and 2.5 Hz according
to the intensity of the applied load range. Throughout the
fatigue test, the load was measured using a reaction cell
placed at the level of the jack while the displacement was
obtained directly from the elongation of the jack. Addition-
ally, for some specimens, strain gauges measuring the de-
formations in two perpendicular directions have been in-
stalled at the mid-span section, at two critical locations
(from both sides of the radius corner between the lower
flange and the web) numerically determined through a
FEM analysis, which is not presented in this paper. For
sake of simplicity, the two bi-directional strain gauges
have been glued on the external face of the Z section just
next to the corner, as indicated in Figure 4 by the red
square. The specimens MS1-MS4, MS15-MS18 were in-
strumented (8 specimens in total).
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Figure 4 Position of the strain gauges indicated with red squares

3 Fatigue at mid-span : Experimental results

3.1 Static test

Prior to the fatigue tests, a three-point bending test was
performed to assess the behaviour of the Z-rails within the
particular configuration. The objective of this test was to
determine the load range intensity to be applied during the
high cycle elastic tests subsequently. The force was imple-
mented in a quasi-static manner until failure of one of the
two specimens. This test ended due to a slip of the wheel,
accompanied by a significant torsional and distortional de-
formation of the section at the position of the applied load,
as shown in Figure 5.

Figure 5 Failure of the member due to excessive torsional deformation

As illustrated in Figure 6, the measured force is plotted
against the vertical displacement for this static test. It can
be observed that the maximum applied force was 22.24
kN for MS1s: and 21.82 kN for MS2s. The black dashed line
in Figure 6 reflects the initial elastic stiffness of the MS1st
F-u curve and it can be concluded that the Z-rail remains
within the elastic range as long as the applied force does
not exceed 11kN.

25 ; : ~
—Msl K
st ,
20 H|—Ms2,
Z /'
4, ./
15y
& P
el
S0}
B /
(=% Z
<
st
0 ‘ ‘ ‘ ‘
0 5 10 15 20 25

Vertical displacement [mm]

Figure 6 Mid-span quasi-static test results



3.2 High cycle elastic fatigue test

Among the 18 tested specimens (MS1 to MS18 - see Table
2), 16 were subjected to a constant load range varying
from AP = 3.3 kN to AP = 10.1 kN so that no global yielding
was reached. In order to investigate the fatigue behaviour
of the beam against a high load range involving local yield-
ing, the two remaining specimens (MS5-MS6) were sub-
mitted to constant load range higher than 11kN. By com-
parison with the actual load on the shuttle, it can be
deduced that the shuttle transferred the pallet load using
four wheels. Considering a total weight of 2000 kg [11],
each load transferred 4.9 kN. It should be noted that high
loads do not accurately reflect actual conditions; however
applying such a load allows to obtain a point to be reported
in the S-N curve for a high stress range.

Following the provisions of Masendorf et al. [12], the en-
tire experimental campaign was performed by considering

a constant load ratio of 2 =10 for all tests. Table 2

summarizes for each tested Z-rail, the applied load range,
the associated maximum and minimum load, as well as
the number of cycles when the tests were stopped and the
number of cycles corresponding to an increase of 10 % of
the specimen displacement (see explanations here after).

Table 2 Experimental results of the mid-span tests

Number Number
Spec- AP Ao of cycles of cycles
imen [N] [MPa] - Tests -10 %
sopped difference
MS1 3,328.43 171.17
MS2 3,337.34 171.63 Run out
MS3 3,333.69 171.44 (2,800,000)
MS4 3,331.43 171.33
MS11 3,872.22 199.14
MS12 3.897.08 200.42 Runout (6,500,000
MS13 4,554.94 234.25 1,055,150
MS14 4,579.58 235.52 1274345 15157655
MS15 4,595.58 236.36
MS16 4,598.27 23648  Runout(3,500,00)
MS9 5,981.45 307.61 201,380
MS10 5,955.28 306.26 290,536 226,575
MS7 9,868.96 507.54 36.613 27,563
MS8 9,901.78 509.22 ! 27,563
MS17 10,070.84 517.92 30.079 24,622
MS18 9,964.85 512.47 ’ 27,245
MS5  14,775.72 759.88 2 782 5,866
MS6 14,815.11 761.91 ! 5,416

Throughout the experimental campaign, 8 tests resulted
in “run out”, meaning that no fatigue failure occurred even
after a substantial number of cycles. Furthermore, it was
observed that, for the same applied load, fatigue cracks
developed in two Z-rails (MS13-MS14), while following a
careful observation of specimens MS15-MS16, no such
cracks were observed, even after a consequent number of
cycles. This can be due to the material structure of the
steel, a leading parameter in the fatigue behaviour [13].

As the tests were running continuously, the accurate num-
ber of cycles leading to a crack development was challeng-
ing to determine. For safety reasons, a displacement limit
was imposed during the force-controlled test to prevent
the failure of the entire system. Given the lack in the lit-
erature of a criterion to identify the number of cycles as-

sociated with the fatigue failure, a novel criterion is pro-
posed here. This involve the derivation of the number of
cycles to be reported in the S-N curve as a result of the
number of cycle that corresponds to a 10 % increase in
the specimen displacement. This is graphically repre-
sented in Figure 7 for the results of the MS9 specimen.
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Figure 7 Number of cycles derivation criterion for MS9 specimen

For all specimens in which fatigue failure occurred, the
crack initiates along the inner corner between the web and
the flange on which the force is applied on the member’s
section. Then, the crack progresses towards the outer cor-
ner and, once is fully developed through the thickness,
propagates towards the extremities of the specimens. This
is illustrated in Figure 8 for MS9 specimen, for which the
evolution of the crack could be monitored. This highlights
that local stresses responsible for the crack development
are the transversal ones resulting from the relative open-
ing of the flange compared to the web of the profile.

Due to the unfeasibility of strain measurement throughout
the duration of the test, the strains were recorded after
some specified number of cycles. This was achieved by
stopping the test, loading the members in a quasi-static
manner, and subsequently re-starting the fatigue test.
Figure 9 shows the curves that link the vertical displace-
ment with the measured micro strains for the gauge placed
on the web that recorded the vertical strain for MS18 spec-
imen. It can be observed that the strain in the vertical di-
rection on the web is decreasing as the number of cycles
increases above 15,000 cycles, leading thus to a reduction
of the stresses, and highlighting a loss of rigidity of the
rail.

Figure 8 Fatigue crack pattern of specimen MS9 (number to be multi-
plied by 103)
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Figure 9 Strain measurement for the vertical gauge on the web
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Figure 10 Derived S-N curves for the midspan detail

The experimental dot results reported in Figure 10 were
derived by computing the stress variation from the strains
measured in the non-damaged initial state (number of cy-
cle = 0) of the specimen during one load cycle through the
vertical gauge placed on the web. The strain was con-
verted into stress by using the Hook Law (E = 206761
MPa). Subsequently, to extrapolate the results for the
other specimens that were not instrumented with strain
gauges, the mean value of the ratio between the applied
force and the induced stress (AP/Ac = 19.14) was com-
puted. Finally, by applying Ac = AP/19.14, the stress
ranges for the other specimens can be computed.

In order to define, from the experimental results, the slope
k = 4.65 and the constant amplitude fatigue limit C =
1.09 - 107 of the S-N curve, the pearl string method pro-
vided in DIN50100 [14] has been applied, considering all
the tests except the run out ones (MS1-MS4, MS11-MS12,
MS15-MS16) and the yielded ones (MS5-MS6); the calcu-
lations are detailly explained in [8]. Additionally, to assess
the accuracy of the test results, the standard deviation is
computed by applying the recommendations available in
the same code. The obtained standard deviation 3jogy,, . is
equal to 0.085. Finally, the scatter bands, computed for a
failure probability of 10% and 90% are represented in Fig-
ure 10. It can be easily observed that the interval between
those curves is very limited.

The obtained slope k = 4.65, is similar to the one proposed
by prEN1993-1-9, for the characteristic fatigue resistance
curve of a non-welded constructional detail subject to
nominal stress ranges that corresponds to a light notch
effect, for which k = 5. For indicative purposes, the red
curve in Figure 10 corresponds to the available detail 180,
the highest detail curve available in Figure 8.1(a) of
prEN1993-1-9, but it should be noted that the computa-
tion of the stress for this normative curve and for the cur-
rent curve is different (nominal stress vs. structural hot
spot stress).

4 Comparisons and discussion

The experimental results obtained in the current research
study have been compared to the ones of the FASTCOLD
project [7]. Figure 11 presents the S-N curve resulting
from the stress range derived for the 18 fatigue test per-
formed for the downward loading situation compared to
the one obtained in the current study. The stress ranges
reported in the FASTCOLD project are computed based on
a numerical model reflecting the experimental conditions
using Abaqus software, considering the maximum princi-
pal stress at the crack location, while the reported number
of cycles corresponds to a decreasing of 10% in the stress
range measured by strain gauges at the level of the inner
corner between the flange and the web, as FASTCOLD
mentioned.
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Figure 11 Comparison between results coming from the current re-
search and FASTCOLD project

At first glance, it can be seen that the FASTCOLD curve (in
green), is much higher than the one obtained in the frame-
work of the presented research; this could be induced by
the computation of the stress range as FASTCOLD applied
the hotspot method and the current study the structural
hot spot method. Furthermore, comparing the slopes of
the obtained lines and the one proposed by the code, the
current study (k = 4.65) gives a closest value to the one
proposed by prEN1993-1-9 for a light notch detail, than
FASTCOLD (k = 4.51). In addition, the standard deviations
are smaller with Si,gn corrmia = 0.085, than the ones ob-
tained in FASTCOLD where Sign corr Fastcola = 0.194. Fi-

nally, the crack pattern is identical between the two ex-
perimental campaigns and the design recommendations
are similar as both studies suggest to use a slope of k = 5
with a class detail of 180.



5 Conclusions

The fatigue behaviour of cold formed thin-walled rolling Z
members with unequal flanges subjected to cyclic punctual
loading on their larger lower flange was studied through-
out this research. This loading configuration is typically ob-
served in rack structures in which shuttles with pallets are
in motion on such structural members used as rails. In a
first step, static tests were performed in order to under-
stand the behaviour of the members in those specific con-
figurations. Then, in a second step, the fatigue life of two
details was experimentally investigated (i) at mid-span of
the member which is presented in this paper and (ii) at
support (see [8]). In total, 34 specimens have been
tested.

The main outcomes of this study can be summarized as
follows:

- A consequent fatigue experimental campaign was con-
ducted, studying two different details, during which 34
elements were tested, with a range of force intensity
included between AP=3.33 kN and AP=14.81 kN re-
sulting to a number of cycles that is included between
5,416 and 6,500,000;

- The fatigue crack is initiating at the level of the load
application, in the inside radius of the corner between
the web and the lower flange on which the load is ap-
plied; then the crack penetrates through the thickness
to the outer radius and develops towards the extremi-
ties of the beam;

- The obtained crack pattern demonstrates that the fail-
ure appears due to the opening of the flange compared
to the web of the section, independently of the test
configuration;

- The slope of the experimental fatigue curve is similar
to the one proposed by prEN1993-1-9.

- The investigated details could be designed against fa-
tigue using the proposed fatigue midspan curve (Figure
10) and by computing the stresses according to Ac =
AP/19.14.

- The experimental results and the design recommenda-
tions are in line with the ones found in the literature.

This research takes place in the framework of the Walloon
Region project with the acronym ACTIONS studying the
behaviour of rack structures. Relevant outcomes of this
project can be found in [15]-[17].

References

[1] Bartsch, H., Drebenstedt, K., Seyfried, B., Feldmann, M.,
Kuhlmann, U., & Ummenhofer, T. (2020). Analysis of fa-
tigue test data to reassess EN 1993-1-9 detail categories.
Steel Construction, 13(4), 280-293.
https://doi.org/10.1002/stc0.202000019

[2] EN 1993-1-9: Design of steel structures - Part 1-9: Fa-
tigue, Brussels, Comité Européen de Normalisation
(CEN), 2005.

[3] prEN 1993-1-9: Design of steel structures - Part 1-9: Fa-
tigue, Brussels, Comité Européen de Normalisation
(CEN), 2023.

[4] EN15512 : Systémes de stockage en acier - Systémes de

rayonnages a palettes réglables - Principe applicable au
calcul des structures, Brussels, Comité Européen de Nor-
malisation (CEN), 2020.

[5] Saufnay, L., Jaspart, J., & Demonceau, J. (2021). Eco-
nomic benefit of high strength steel sections for steel
structures. Ce/Papers, 4(2-4), 1543-1550.
https://doi.org/10.1002/cepa.1454

[6] Souto, C., Gomes, V., Figueiredo, M., Correia, J., Lesiuk,
G., Fernandes, A., & De Jesus, A. (2021). Fatigue behav-
iour of thin-walled cold roll-formed steel sections. Inter-
national Journal of Fatigue, 149, 106299.
https://doi.org/10.1016/j.ijfatigue.2021.106299

[7] FASTCOLD, Fatigue strength of cold-formed structural
steel details. Research Program of the Research Fund for
Coal and Steel, Grant Agreement Number 745982

[8] Vermeylen, M., Bezas, M.-Z., Ginckels, K., Morch, H., &
Demonceau, J.-F. (2025). Experimental investigations on
the fatigue resistance of thin-walled cold-formed Z-sec-
tions. Engineering Structures, 337, 120502.
https://doi.org/10.1016/j.engstruct.2025.120502

[9] EN ISO 377 : Steel and steel products - Location and
preparation of samples and test pieces for mechanical
testing, European committee for standardization, Brus-
sels, Belgium, 1997

[10]prEN 1993-1-3: Design of steel structures - Part 1-3:
General rules - Supplementary rules for cold-formed
members and sheeting, European committee for stand-
ardization, Brussels, Belgium, 2020

[11]Union Internationale des Chemins de fer, UIC 435-2 - Pa-
lettes en bois de type Europe (EUR), UIC, 2005.

[12]Masendorf, R., & Miiller, C. (2018). Execution and evalu-
ation of cyclic tests at constant load amplitudes-
DIN50100:2016.MaterialsTesting, 60(10), 961-968.
https://doi.org/10.3139/120.111238

[13]Schijve, J. (2009). Fatigue of Structures and Materials
(2nd ed. 2009.) [Book]. Springer Netherlands.
https://doi.org/10.1007/978-1-4020-6808-9

[14]DIN50100: Load controlled fatigue testing - Execution
and evaluation of cyclic tests at constant load amplitudes
on metallic specimens and components (in German),
Beuth, Berlin, Germany (2016)

[15]Vermeylen, M.; Bezas, M.Z; Crispin, M.; Jaspart, J.P;
Demonceau, J.-F. (2023) Lateral-torsional buckling of
beams made of mono-symmetrical thin-walled sections.
ce/papers, 6(3-4), 1649-1654.

[16]Vermeylen, M.; Bezas, M.Z; Morch, H.; Ginckels, K.;
Demonceau, J.-F. (2024) Bolted connection between
thin-walled and thick elements made of cold-formed sec-
tion, ICSAS 2024, Rio de Janeiro, Brazil.

[17]Bezas, M.-Z.; Vermeylen, M.; Morch, H.; Ginckels, K.;
Demonceau, J.-F. (2025) Design guidelines for SHS thin-
walled columns with large holes at their extremities. Ernst
& Sohn, Steel Construction, Vol. 18, Iss. 1,pp. 27-37.
https://doi.org/10.1002/stc0.202400024


https://doi.org/10.1002/stco.202000019
https://doi.org/10.1002/cepa.1454
https://doi.org/10.1016/j.ijfatigue.2021.106299
https://doi.org/10.1016/j.engstruct.2025.120502
https://doi.org/10.3139/120.111238

