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1 Introduction 
Table 1.1 presents the proposed details for fatigue tests on full-scale specimens. In this deliverable, 
Section 2 and Section 3 present the contributions from University of Porto. Section 4 presents the 
contributions from University of Pisa.  

Table 1.1: Full-scale test specimens. 

Fatigue details Loading conditions Detail n. 
Detail ref. in 
FEM 10.2.10 

 

Local bending of lower flange 1 C 

 

Local bending of upper flange 2 C 

 

Tension 3 - 

 

Tension 4 - 

 
Thickness = 2 mm | Normal slots 

Bending in vertical plane 5 D4 

 
Thickness = 3 mm | Normal slots 

Bending in vertical plane 6 D4 

 
Thickness = 2 mm | Round slots 

Bending in vertical plane 7 D4 

 

In Section 2, a specific thin-walled rail used for full-scale fatigue tests at the University of Porto is 
presented; this rail is known as Z-rail. In this section, the rail’s dimensions and geometry are shown, 
and its elastoplastic material properties are defined for further uses in numerical models. Section 2 also 
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presents the in-house developed experimental setup for full-scale fatigue tests on Z-rail specimens. The 
iterative development process of this new setup is also shown in detail. Finally, the obtained 
experimental results are shown in tabular form. 

In Section 3, the experimental tests on full-scale bolted joints conducted at the University of Porto are 
described. These tests can be categorized into three sections: i) monotonic static tests; ii) monotonic slip 
tests; iii) fatigue tests. The material and geometry of the specimens is presented, as well as the testing 
matrices and the tests’ conditions. Finally, experimental results are shown in tabular form. 

In Section 4, the experimental tests on full-scale beam-to-upright connections are described. The tests 
were organized in three steps: 1) preliminary investigation for the definition of the optimal connection 
of the uprights to the tests setup; 2) execution of monotonic bending tests for the definition of the 
monotonic curve and the calibration of the load recording system; 3) execution of the fatigue tests.  
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2 Fatigue tests on Z-rail specimens (details 1 and 2) 
In this section, a specific thin-walled rail known as Z-rail is introduced, its dimensions and geometry 
are shown, and its elastoplastic material properties are defined for further uses in numerical models. 

The newly developed experimental setup for full-scale fatigue tests on Z-rail specimens is also 
presented. The iterative development process of this setup is also shown in detail. 

Finally, the obtained experimental results are shown in tabular form. 

2.1 Characteristics of the Z-rail 

The Z-rail is used in rack structures as tracks for automatic pallet-caring shuttles. These shuttles are 
responsible for the intensive transportation of goods inside warehouses that operate in a 24/7 economy. 
On effect, the Z-rail is subjected to cyclic loading caused by the passage of shuttles, experiencing fatigue 
phenomena. 

The Z-rail is manufactured by the cold roll-forming process. Since this process occurs at room 
temperatures, much lower than the required temperatures for material recrystallization, the Z-rail 
contains left over internal residual stresses. These stresses may play a role on the rail's fatigue/structural 
performance. 

Applications of the Z-rail are shown in Figure 2-1 and Figure 2-2. 

 
Figure 2-1: A shuttle being placed onto its tracks, Z-rails 

(courtesy from NEDCON). 

 
Figure 2-2: A loaded shuttle moving along Z-rails (courtesy 

from NEDCON). 

2.1.1 Dimensions and geometry 

The dimensions of the Z-rail are shown in Figure 2-3. The corner with an outer radius of 8 mm, labeled 
as R8 corner or web-flange corner, is a critical location of the rail's section and it is referenced several 
times. During experimental fatigue testing, the rail is loaded through its 61 mm flange, so the mentioned 
corner, due to the rail's section geometry, will gather a great concentration of stresses due local flange 
bending. Furthermore, during testing, cracks appeared in the web-flange corner. 

2.1.2 Material model 

 

Table 2.1: S355MC elastic properties. 

Young’s modulus, 𝑬 [GPa] Poisson’s ratio, 𝝂 
200 0.3 
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Figure 2-3: Z-rail technical drawing (dimensions in millimeters). 

The Z-rail is produced in mild steel, denoted S355MC. The elastoplastic properties of this material must 
be defined and validated for further uses in numerical models and simulations. As reported from RWTH 
Aachen University, the elastic properties of the S355MC steel are shown in Table 2.1. To obtain the 
plastic properties of the material, experimental material testing was conducted both at the Faculty of 
Engineering of the University of Porto and at RWTH Aachen University, using dog-bone type 
specimens. The obtained experimental tensile curves, in terms of nominal stresses and strains, are shown 
in Figure 2-4. The curves were then converted into true stresses and true strains, as shown in Figure 2-5, 
by using Equation 2.1 and Equation 2.2: 

𝜖 = ln(1 + 𝑒) Equation 2.1

𝜎 = 𝜎 ∙ (1 + 𝑒) Equation 2.2

The Swift law was used as a curve fitting model to extrapolate points from the material's tensile curves. 
These points are later used as an input in numerical models to define the material's hardening curve. The 
Swift law with the chosen parameters for the S355MC material is shown in Equation 2.3. The selected 
points, 197 in total, where the true plastic strain ranges from 0 to 1, are shown in Figure 2-6. It should 
be noted that the first point was modified in order to capture the yield plateau of the curves. 

𝜎 = 𝐾 ∙ 𝜖 + 𝜖 = 750 ∙ 0.005 + 𝜖
.

 [MPa] Equation 2.3

 

In order to validate that the selected points model correctly the S355MC material, a uniaxial tensile test 
was simulated in both Marc® and Abaqus®. These classic finite element models consist in a unitary 
cube with isostatic boundary conditions subjected to a uniaxial load. Both models are using the elastic 

 

 

 
 



FASTCOLD                                                                                         Work Package 2 – Deliverable 2.1 

5 
 

material properties presented in Table 2.1, as well as the hardening curve defined by the selected points 
shown in Figure 2-6. 

Figure 2-7 shows the results for the mentioned uniaxial test simulations. As shown by the figure, a very 
good match is visible between the numerical and the experimental results, meaning that the material's 
elastoplastic behavior is being correctly modeled in finite element models. 

Figure 2-4: S355MC experimental tensile curves in terms of 
nominal stresses and strains. 

 
Figure 2-5: S355MC experimental tensile curves in terms of 

true stresses and strains. 

Figure 2-6: Selected Swift law points to define the S355MC 
hardening curve. 

 
Figure 2-7: S355MC tensile curves, numerical vs. 

experimental results. 

2.2 Experimental fatigue testing setup 

A new fatigue testing setup for full-scale Z-rail specimens was developed at the Faculty of Engineering 
of the University of Porto. This setup was developed and improved successively throughout thoughtful 
trial and error in order to obtain the best possible experimental results. The final setup is able to generate 
representative fatigue cracks at the rail's web-flange corner due to the shuttle's cyclic loads (example in 
Figure 2-10). 

For each setup iteration, numerical simulations were conducted to replicate the experimental setup. 
These simulations helped in identifying problems with the setup and allowed it to be improved. 
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Since the real-life cyclic loads due to the passage of a shuttle are impractical to replicate at the laboratory 
(would result in excessive low frequency test), these loads were reproduced by placing a loading device 
at the mid-span of the rail, on/under the flange, exerting an down/up loading. The loading device was 
also developed in such a way that it allows for different load actuator geometries (the part that contacts 
the rail and transfers the load). The rails are clamped at both ends and, for optimal results, a mid-span 
support was also included to represent a rail-upright connection. Fatigue testing is done through load 
control, while strain data is gathered through a strain gauge placed near the rail's web-flange corner. 
Loading cycles were applied with a loading ratio of 𝑅 = 0.1, i.e., the minimum load of the load cycle is 
equal to 10% of the maximum load. 

In this setup, depicted in Figure 2-8 and shown in Figure 2-12 and Figure 2-14, two rail specimens are 
tested at the same time, which is made possible due to the pin-joint connection between the loading 
device and the load cell, as depicted in Figure 2-9, allowing for an even load distribution between the 
two rails, as well as a constant load amplitude during testing, obtaining, in this way, two distinct 
experimental lifetimes (endurance). 

In order to better understand the importance of the residual stresses left over on the rail from its 
fabrication process, the experimental setup allows for two loading scenarios: a downward loading 
scenario, where the rail is loaded through the top of its flange; and an upward loading scenario, where 
the rail is loaded through the bottom of its flange. Figure 2-11 and Figure 2-12 show the final downward 
loading setup, while Figure 2-13 and Figure 2-14 show the final upward loading setup. 

After fatigue testing, it is necessary to process the experimental data obtained through each specimen's 
strain gauge to determine the lifetime for each specimen in terms of number of load cycles endured. The 
strain gauges were placed in a free region allowing crack monitorization. As an example, Figure 2-15 
shows the strain gauge data obtained for specimen 7. For plotting purposes, strains were converted into 
stresses through the constitutive law shown in Equation 2.4: 

𝜎 = 𝐸 ∙ 𝜖 Equation 2.4

Then, a stress range was calculated for each load cycle, as shown in Figure 2-16. For each load cycle, 
the stress range is given as the difference between its maximum and minimum registered stresses. 

The lifetime of a specimen is usually determined by a 10% load reduction on the stress range plot, as 
shown in Figure 2-16. As an example, specimen 7 had a lifetime of approximately 325,000 cycles. 

 

Figure 2-8: Experimental setup for full-scale fatigue tests on Z-rail 
specimens. 

 

Figure 2-9: Pin-joint connection between the 
loading device (red) and the load cell (magenta). 
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For some specimens, the obtained data from the strain gauge was not so well-behaved. In these cases, 
common sense was used to determine the lifetime of the specimen, combined with visual inspections 
and written records on crack development from the laboratory staff. 

 

Figure 2-10: Example of a representative fatigue crack generated by the experimental setup. 

 
Figure 2-11: Downward loading setup. 

 
Figure 2-12: Experimental setup used on a downward loading scenario. 

 
Figure 2-13: Upward loading setup. 

 
Figure 2-14: Experimental setup used on an upward loading scenario. 
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Figure 2-15: Strain data gathered during fatigue testing 
(specimen 7 example). 

 

Figure 2-16: Calculated stress range per load cycle (specimen 
7 example). 

2.2.1 Iterative development of the experimental setup 

As shown in Figure 2-17, the development of the presented setup was an iterative process. Two final 
setups were obtained, a setup for the downward loading scenario, and another setup for the upward 
loading scenario. For the downward and upward loading scenarios, four and three setup iterations were 
required, respectively. In the following sections, the history of the presented experimental setup is shown 
in detail, allowing readers to have a better understanding of its iterative development process. 

 

Figure 2-17: Iterative development process of the experimental setup 

2.2.1.1 Downward loading setup #1 

The first experimental setup for fatigue testing considering a downward loading scenario consisted in 
the following characteristics: 

 Steel load actuators with a 5 × 10 mm2 contact area, as shown in Figure 2-18, placed at the mid-
span of the rail, on top of its flange; 

 Rails clamped at both ends (without a mid-span support); 
 Cycling was done through displacement control; 
 Rigid connection between the loading device and the load cell; 
 Strain gauge placed at the web, near the web-flange corner, as shown in Figure 2-19; 
 Specimens 1 and 2 were tested. 
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With this setup, in both used specimens, material failure occurred in the opposite side of the load 
actuator's contact zone, as shown in Figure 2-20 to Figure 2-23, while it was expected to occur in the 
local web-flange corner. Figure 2-24 shows the registered load cell's load during the experiment. Notice 
that the plot shows half of the load's magnitude, since two specimens are being tested at the same time. 
A visible trend in the decrease of the load's magnitude is noticeable (cycling was done through 
displacement control). Figure 2-25 shows the strain gauge data obtained for the specimens during 
testing. As stated before, strains were converted into stresses using the constitutive law shown in 
Equation 2.4. The figure shows that the cracks that developed on the other side of the load actuator's 
contact zone did not affect the strain gauge readings in a noticeable manner. 

A numerical simulation replicating the current experimental setup was conducted in Abaqus®. The 
simple 3D finite element model consists of the Z-rail clamped at both ends, using the elastoplastic 
material model previously presented. The numerical model also includes hard contact, with a friction 
coefficient of 𝜇 = 0.2, between the steel actuator and the rail's flange, as well as non-linear geometry 
effects. To replicate the experimental setup, the actuator was displaced until a reaction force of 5000 N 
was achieved. The actuator is also free to rotate along the rail's length axis, and it is considered a non-
deformable rigid part. The rail was discretized with the C3D8 element, a continuum hexahedral element 
with 8 nodes and 8 integration points (full integration). 

 

Figure 2-18: Load actuators for downward setup #1. 

 

Figure 2-19: Strain gauge placement (downward setup #3, in 
setup #1 the shown drilled hole is not present). 

 
Figure 2-20: Specimen 1 

(bottom view). 

 
Figure 2-21: Specimen 1 (top 

view). 

 
Figure 2-22: Specimen 2 

(bottom view). 

 
Figure 2-23: Specimen 2 (top 

view). 
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Figure 2-24: Registered load for specimens 1 and 2. 

Figure 2-25: Strain gauge data obtained for specimens 1 and 2. 

 

Figure 2-26: Numerical simulation of the downward setup #1 (𝑃 = 5000 N). 
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Figure 2-26 presents the results of the mentioned simulation. The figure shows the absolute maximum 
principal stresses (also known as major principal stresses). As shown by the figure, a significant 
concentration of tensile stresses can be seen on the bottom of the flange, opposite side of the contact 
zone, where cracks developed during fatigue testing. This concentration of stresses is not ideal and may 
be the reason for why results using this setup were not satisfactory. Moreover, this stress concentration 
tends to be aggravated as the test continues due to fretting and local indentations on the rail's flange on 
account of the hard contact between it and the steel actuator. 

2.2.1.2 Downward loading setup #2 

The second experimental setup for fatigue testing considering a downward loading scenario was 
prepared based on the following characteristics: 

 The same load actuators as in the previous setup; 
 Rails clamped at both ends, but now with an added mid-span support to improve the local stiffness 

of the rail and to simulate the worst-case scenario (a shuttle wheel passing through the rail-upright 
connection); 

 Cycling was done through displacement control (same as last setup); 
 Rigid connection between the loading device and the load cell (same as last setup); 
 Strain gauge placed in the same location as the previous setup; 
 Specimens 3 and 4 were tested. 

With this setup, results were similar to previous ones. In both used specimens, material failure occurred 
in the opposite side of the load actuator’s contact zone, as shown in Figure 2-28, while expected to occur 
in the local web-flange corner. Figure 2-27 and Figure 2-29 show some local indentations and fretting 
due to the hard contact. 

Figure 2-30 shows the registered load cell's load during the experiment. Again, a visible trend in the 
decrease of the load's magnitude is noticeable (cycling was done through displacement control). 

Figure 2-31 shows the strain gauge data obtained for the specimens during testing. As stated before, 
strains were converted into stresses using the constitutive law shown in Equation 2.4. The figure shows 
that the cracks that developed on the other side of the load actuator's contact zone did not significantly 
affect the strain gauge readings. One can see a decreasing trend that is likely due to the load reduction. 

 

Figure 2-27: Specimen 3 (top view). 

 

Figure 2-28: Specimen 3 (bottom view). 

 

Figure 2-29: Specimen 4 (top view). 
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Figure 2-30: Registered load for specimens 3 and 4. 

Figure 2-31: Strain gauge data obtained for specimens 3 and 4. 

 

Figure 2-32: Numerical simulation of the downward setup #2 (𝑃 = 5000 N). 
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Identical to the previous setup, a numerical simulation replicating the current experimental setup was 
conducted in Abaqus®. The numerical model was reused from the previous setup, with the addition of 
the new mid-span support. 

Figure 2-32 presents the results of the mentioned simulation. The figure shows the absolute maximum 
principal stresses (also known as major principal stresses). Comparing Figure 2-26 and Figure 2-32, the 
concentration of stresses at the flange is reduced due to higher stress values at the rail's web-flange 
corner. However, experimental results using this setup were still not satisfactory, since an undesired 
cracking pattern was obtained, probably due to local indentations and fretting observed in the 
experiments. 

2.2.1.3 Downward loading setup #3 

The third experimental setup for fatigue testing considering a downward loading scenario consisted in 
the following conditions: 

 New load actuators with a larger 16 × 30 mm2 contact area, as shown in Figure 2-33; 
 Rails clamped at both ends with an added mid-span support (same as last setup); 
 Cycling was done through displacement control (same as last setup); 
 Rigid connection between the loading device and the load cell (same as last setup); 
 Strain gauge placed in the same location as the previous setup Figure 2-33; 
 Specimens 5 and 6 were tested. 

 
Figure 2-33: Load actuators for downward setup #3. 

With this setup, results were similar to previous ones. In both used specimens, material failure occurred 
in the opposite side of the load actuator's contact zone, as shown in Figure 2-34 to Figure 2-36, while it 
was expected to occur in the local web-flange corner. However, with this setup, cracks were 
perpendicular to the rail's length axis, with some crack bifurcation. 

Figure 2-37 shows the registered load cell's load during the experiment. Again, a visible trend in the 
decrease of the load's magnitude is noticeable (cycling was done through displacement control). 

Figure 2-38 shows the strain gauge data obtained for the specimens during testing. As stated before, 
strains were converted into stresses using the constitutive law shown in Equation 2.4. The figure shows 
that the cracks that developed on the other side of the load actuator's contact zone did not affect the 
strain gauge readings in a decisive way to identify fatigue cracking. 

Like in the previous setup, a numerical simulation replicating the current experimental setup was 
conducted in Abaqus®. The numerical model was reused from the previous setup, with the updated load 
actuator's geometry. 
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Figure 2-34: Specimen 5 (top view). 

 

Figure 2-35: Specimen 6 (top view). 

 

Figure 2-36: Specimen 5 and 6 (bottom 
view). 

 

Figure 2-37: Registered load for specimens 5 and 6. 

Figure 2-38: Strain gauge data obtained for specimens 5 and 6. 
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Figure 2-39: Numerical simulation of the downward setup #3 (𝑃 = 5000 N). 

Figure 2-39 presents the results of the mentioned simulation. The figure shows the absolute maximum 
principal stresses (also known as major principal stresses). Comparing Figure 2-26 with Figure 2-32 and 
Figure 2-39, it is possible to visualize that the concentration of stresses at the flange has disappeared. 
However, experimental results using this setup were still not satisfactory due to peak contact stresses 
from imperfect contact between the loading facet and flange. 

2.2.1.4 Downward loading setup #4 

The fourth and final experimental setup for fatigue testing considering a downward loading scenario 
consisted in the following characteristics: 

 New steel cylindrical actuators with hemispherical ends, as shown in Figure 2-40 and Figure 2-41; 
 Rails clamped at both ends with an added mid-span support (same as setup #2 and #3); 
 Cycling is now done through load control instead of displacement control; 
 New pin-joint connection between the loading device and the load cell allowing for an even load 

distribution between the two rails and a constant load amplitude during testing (Figure 2-9); 
 Strain gauge placed in the same location as the previous setup; 
 Specimens 7 to 10 were tested at 5 kN of maximum load; 
 Specimens 49 and 50 were tested at 5.5 kN of maximum load; 
 Specimens 19, 20, 23 and 24 were tested 6.25 kN of maximum load; 
 Specimens 11 to 14 were tested at 7.5 kN of maximum load; 
 Specimens 17, 18, 21 and 22 were tested at 9 kN of maximum load; 
 Specimens 15 and 16 were tested for monotonic loading (useful for calibrating numerical models). 
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With this setup, results were now optimal, i.e., the setup is now able to generate representative fatigue 
cracks at the rail's web-flange corner due to the shuttle's cyclic loads, as shown in Figure 2-42 (specimen 
12 example). 

Figure 2-44 shows the registered load cell's load during experiments (example for specimens 11 and 
12). The load amplitude is constant during testing, which is expected since, in this setup, fatigue testing 
is done through load control. 

Figure 2-43 shows the strain gauge data obtained for the specimens during testing (example for 
specimens 11 and 12). As stated before, strains were converted into stresses using the constitutive law 
shown in Equation 2.4. Also as stated before, the lifetime of a specimen is usually determined by a 10% 
load decrease on the stress range plot. As an example, specimen 11 and 12 had a lifetime of around 
160,000 and 120,000 load cycles, respectively. Again, for some specimens, the obtained data from the 
strain gauge was not so well-behaved. In these cases, common sense was used to determine the lifetime 
of the specimen, combined with visual inspections and written records on crack development from the 
laboratory staff. 

Like in the previous setup, a numerical simulation replicating the current experimental setup was 
conducted in Abaqus®. The numerical model was reused from the previous setup, with the updated load 
actuator's geometry. 

 
Figure 2-40: Load actuators for downward setup #4. 

 
Figure 2-41: Load actuators for downward setup #4 (CAD). 

 
Figure 2-42: Representative fatigue crack generated by the experimental setup (specimen 12 example). 



FASTCOLD                                                                                         Work Package 2 – Deliverable 2.1 

17 
 

 

Figure 2-45 presents the results of the mentioned simulation. The figure shows the absolute maximum 
principal stresses (also known as major principal stresses). Comparing Figure 2-45 to Figure 2-39, an 
ever so slight increase of concentration of stresses in the rail's flange is visible. However, partially due 
to the smooth nature of the load actuator's geometry, which reduces fretting, experimental results are 
now very satisfactory. 

Figure 2-43: Strain gauge data obtained for specimens 11 and 12 (example). 

 
Figure 2-44: Registered load for specimens 11 and 12 (example). 
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2.2.1.5 Upward loading setup #1 

The first experimental setup for fatigue testing considering an upward loading scenario consisted in the 
following: 

 The same load actuators from the final experimental setup considering a downward loading 
scenario, but now placed underneath the flange, as shown in Figure 2-46; 

 Rails clamped at both ends with an added mid-span support (same as last setup); 
 Cycling done through load control (same as last setup); 
 Pin-joint connection between the loading device and the load cell (same as last setup); 
 Strain gauge now placed underneath the rail's flange, between the load contact zone and the web-

flange corner (Figure 2-47); 
 Specimens 25 and 26 were tested at 9 kN of maximum load; 
 Specimens 27 and 28 were tested for monotonic loading (useful for calibrating numerical models). 

With this setup results were not satisfactory. In specimen 25, a single crack developed on the opposite 
side of the load actuator's contact zone (Figure 2-48), while in specimen 26 two cracks appeared, the 

 

 

 

 

 

Figure 2-45: Numerical simulation of the downward setup #4 (𝑃 = 5000 N). 

 
Figure 2-46: Load actuators for upward setup #1. 

 
Figure 2-47: Strain gauge placement (upward setup #1). 
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first on the opposite side of the load actuator's contact zone and then the second in the web-flange corner 
(Figure 2-49). 

Figure 2-50 shows the strain gauge data obtained for the specimens during testing. As stated before, 
strains were converted into stresses using the constitutive law shown in Equation 2.4. The figure shows 
that the developed cracks affected the strain gauge readings with a sudden increase in strain values. 

Again, a numerical simulation replicating the current experimental setup was conducted in Abaqus®.  
The numerical model was reused from the previous setup, with the updated load actuator's placement, 
as well as an updated load of 9000 N. 

Figure 2-51 presents the results of the mentioned simulation. The figure shows the absolute maximum 
principal stresses (also known as major principal stresses). Comparing Figure 2-51 to Figure 2-45, an 
interesting phenomenon can be seen. When the load actuator is placed on the bottom of the rail's flange, 
a significant concentration of tensile stresses now appears on the opposite side of the flange. This 
concentration of stresses on the top of the flange may explain why experimental results were not 
satisfactory (cracks appeared on the top of the flange). 

 

Figure 2-48: Specimen 25 (top view). 

 

Figure 2-49: Specimen 26 (top view). 
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Figure 2-50: Strain gauge data obtained for specimens 25 and 26. 

 

Figure 2-51: Numerical simulation of the upward setup #1 (𝑃 = 9000 N). 

2.2.1.6 Upward loading setup #2 

The second experimental setup for fatigue testing considering an upward loading scenario consisted in 
the following: 

 The same load actuators from the last setup, but now with an added aluminum plate (with a 
24 × 40 mm2 contact area) between the load actuator and the rail's flange (Figure 2-52). The idea 
is to reduce the concentration of stresses in the rail's flange by increasing the contact area; 

 Rails clamped at both ends with an added mid-span support (same as last setup); 
 Cycling done through load control (same as last setup); 
 Pin-joint connection between the loading device and the load cell (same as last setup); 
 Strain gauge re-placed in the same position as the downward setups; 
 Specimens 29 and 30 were tested at 9 kN of maximum load. 

With this setup, material failure occurred opposite to the load actuator's plate contact zone, along the 
edge closest to the web-flange corner (Figure 2-53 to Figure 2-55). 
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Figure 2-52: Load actuators for upward setup #2. 

Figure 2-56 shows the strain gauge data obtained for the specimens during testing. As stated before, 
strains were converted into stresses using the constitutive law shown in Equation 2.4. The figure shows 
that the cracks that developed on the other side of the load actuator's plate contact zone did not affect 
the strain gauge readings significantly, therefore, the strain gauges cannot be used as a cracking detection 
method for this setup. 

 
Figure 2-53: Specimen 29 (bottom view). 

 
Figure 2-54: Specimen 30 (top view). 

 
Figure 2-55: Specimen 30 (bottom view). 

Figure 2-56: Strain gauge data obtained for specimens 29 and 30. 
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Figure 2-57: Numerical simulation of the upward setup #2 (𝑃 = 9000 N). 

Again, a numerical simulation replicating the current experimental setup was conducted in Abaqus®. 
The numerical model was reused from the previous setup, with the updated load actuator's plate. 

Figure 2-57 presents the results of the mentioned simulation. The figure shows the absolute maximum 
principal stresses (also known as major principal stresses). Comparing Figure 2-57 to Figure 2-51, the 
concentration of stresses on the rail's flange is significantly reduced. However, experimental results 
using this setup were still not optimal. 

2.2.1.7 Upward loading setup #3 

The third and final setup for fatigue testing considering an upward loading scenario consisted in the 
following: 

 The same load actuators from the last setup, but with an updated steel plate (with a 26 × 50 mm2 
contact area) between the load actuator and the rail's flange (Figure 2-58). Since this plate is now 
larger, it is expected a reduction in the concentration of stresses on the rail's flange due to a larger 
contact area; 

 Rails clamped at both ends with an added mid-span support, but now with an added steel plate 
(142 × 30 × 5 mm3) to clamp the rail's web at the mid-span support (Figure 2-59); 

 Cycling done through load control (same as last setup); 
 Pin-joint connection between the loading device and the load cell (same as last setup); 
 Strain gauge now placed on the top of the rail's flange (Figure 2-60); 
 Specimens 31 and 32 were tested at 9 kN of maximum load; 
 Specimens 33 to 36 were tested at 17.5 kN of maximum load; 
 Specimens 37, 38, 41 and 42 were tested at 15 kN of maximum load; 
 Specimens 39, 40, 43, and 44 were tested at 12.5 kN of maximum load; 
 Specimens 45 to 48 were tested at 10 kN of maximum load; 
 Specimens 31 and 32 were reused for monotonic loading. 
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Figure 2-58: Load actuators for upward setup #3. 

 
Figure 2-59: New steel cover plate (red) for upward setup #3. 

With this setup, results were now optimal, i.e., the setup is now able to generate representative fatigue 
cracks at the rail's web-flange corner due to the shuttle's cyclic loads, as shown in Figure 2-60 (specimen 
34 example). 

Figure 2-61 shows the strain gauge data obtained for the specimens during testing (example for 
specimens 41 and 42). As stated before, strains were converted into stresses using the constitutive law 
shown in Equation 2.4. Also as stated before, for some specimens, the obtained data from the strain 
gauge was not so well-behaved. In these cases, common sense was used to determine the lifetime of the 
specimen, combined with visual inspections and written records on crack development from the 
laboratory staff. As an example, in the case of specimens 41 and 42, a lifetime of 180,000 and 240,000 
load cycles was determined for each specimen, shown by a significant stress range variation in Figure 
2-61 combined with laboratory staff inspections.  

Finally, as done for all the other setups, a numerical simulation replicating the current experimental 
setup was conducted in Abaqus®.  The numerical model was reused from the previous setup, with the 
updated load actuator's plate and the added steel plate to clamp the rail's web. 

Figure 2-62 presents the results of the mentioned simulation. The figure shows the absolute maximum 
principal stresses (also known as major principal stresses). Comparing Figure 2-62 to Figure 2-57, a 
slight decrease in the concentration of stresses on the rail's flange is noticeable. Experimental results 
using this setup were now optimal. 

 
Figure 2-60: Representative fatigue crack generated by the experimental setup (specimen 34 example). 
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Figure 2-61: Strain gauge data obtained for specimens 41 and 42 (example). 

 
Figure 2-62: Numerical simulation of the upward setup #3 (𝑃 = 9000 N). 

2.3 Experimental testing results 

Table 2.2 shows the experimental fatigue testing results for each specimen. Notice that in this table’s 
Setup column, the letter D stands for a downward loading scenario setup, while the letter U stands for 
an upward loading scenario setup. 
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Table 2.2: Experimental fatigue testing results. 

Setup Specimen 
Maximum 
load [N] 

Minimum 
load [N] 

Frequency 
[Hz] 

Cycles 
endured 

Comments 

D #1 1 - - - - Bad results 
D #1 2 - - - - Bad results 
D #2 3 - - - - Bad results 
D #2 4 - - - - Bad results 
D #3 5 - - - - Bad results 
D #3 6 - - - - Bad results 
D #4 7 5,000 500 3 325,000 Outlier 
D #4 8 5,000 500 3 5,000,000 Run out 
D #4 9 5,000 500 3 5,000,000 Run out 
D #4 10 5,000 500 3 5,000,000 Run out 
D #4 11 7,500 750 3 160,000 - 
D #4 12 7,500 750 3 120,000 - 
D #4 13 7,500 750 3 200,000 - 
D #4 14 7,500 750 3 95,000 - 
D #4 15 - - - - Monotonic 
D #4 16 - - - - Monotonic 
D #4 17 9,000 900 2 75,000 - 
D #4 18 9,000 900 2 42,500 - 
D #4 19 6,250 625 3 580,000 - 
D #4 20 6,250 625 3 325,000 - 
D #4 21 9,000 900 2 90,000 - 
D #4 22 9,000 900 2 45,000 - 
D #4 23 6,250 625 3 220,000 - 
D #4 24 6,250 625 3 120,000 - 
D #4 49 5,500 550 3 550,000 - 
D #4 50 5,500 550 3 800,000 - 
U #1 25 - - - - Bad results 
U #1 26 - - - - Bad results 
U #1 27 - - - - Monotonic 
U #1 28 - - - - Monotonic 
U #2 29 - - - - Bad results 
U #2 30 - - - - Bad results 
U #3 31 9,000 900 2 5,000,000 Run out 
U #3 32 9,000 900 2 5,000,000 Run out 
U #3 31 - - - - Monotonic 
U #3 32 - - - - Monotonic 
U #3 33 17,500 1,750 1 45,000 - 
U #3 34 17,500 1,750 1 62,000 - 
U #3 35 17,500 1,750 1 22,000 - 
U #3 36 17,500 1,750 1 64,000 - 
U #3 37 15,000 1,500 2 200,000 - 
U #3 38 15,000 1,500 2 255,000 - 
U #3 39 12,500 1,250 3 850,000 - 
U #3 40 12,500 1,250 3 700,000 - 
U #3 41 15,000 1,500 2 180,000 - 
U #3 42 15,000 1,500 2 240,000 - 
U #3 43 12,500 1,250 3 550,000 - 
U #3 44 12,500 1,250 3 645,000 - 
U #3 45 10,000 1,000 3 550,000 - 
U #3 46 10,000 1,000 3 650,000 - 
U #3 47 10,000 1,000 3 700,000 - 
U #3 48 10,000 1,000 3 900,000 - 
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3 Tests on bolted joints (details 3 and 4) 
In this section, the experimental tests on full-scale bolted joints conducted at the University of Porto are 
described. These tests can be categorized into three groups: 

 Monotonic static tests; 
 Monotonic slip tests; 
 Fatigue tests. 

The material and geometry of the specimens is presented, as well as the testing matrices and the tests’ 
conditions. Finally, experimental results are shown in tabular form. 

3.1 Materials description 

Two steel grades with very similar tensile and yield strengths, namely the S355MC and S350GD steels 
were investigated. 

The S355MC is a low-alloy mild steel, thermomechanically-rolled exhibiting outstanding formability; 
the S355MC is used for cold-forming, replacing conventional construction steel where high strength is 
paramount. In addition, S355MC is easily galvanized and welded. On the other hand, S350GD is a zinc 
coated mild steel, which is obtained by hot-dip galvanization processes, providing it a good corrosion 
resistance. Table 3.1 shows the chemical composition and the typical mechanical properties for S355MC 
and S350GD steels in accordance with the EN 10149 and EN 10346 standards, respectively. S350GD 
steel was also supplied with a painting coating, namely HEMPEL HEMPADUR 15553 (60μm) plus 
HEMPEL HEMPATEX ENAMEL 56360 (60μm). HEMPADUR 15553 is a two-component epoxy 
paint, which has good abrasion and impact resistance and well adherence properties. It is usually applied 
like primary paint over galvanized steel, aluminium, and stainless-steel surfaces. HEMPADUR 15553 
is also suitable when it is necessary to increase the roughening on surfaces. Moreover, HEMPADUR 
15553 may be used as a low flame spread material. HEMPATEX ENAMEL 56360 is used as a finishing 
coating based on acrylic resin and non-chlorinated plasticizer. It is also resistant to salt water, splashes 
of aliphatic hydrocarbons and animal and vegetable oils. HEMPADUR 15553 and HEMPATEX 
ENAMEL 56360 are usually applied in moderately to severely corrosive environments. 

 

Table 3.1: Maximum chemical composition and main mechanical properties of S355MC and S350GD steels, according to EN 
10149 and EN 10346 standards (𝜎 , , minimum yield strength, 𝜎 , ultimate tensile strength and 𝜖 , total elongation). 

 Chemical composition (max %) Mechanical properties 

 C Si Mn P S Al Nb V Ti 
𝜎 ,  
[MPa] 

𝜎  
[MPa] 

𝜖  
[%] 

S355MC 0.12 0.50 1.5 0.025 0.02 0.015 0.09 0.2 0.15 ≥ 355 430-550 19 
S350GD 0.20 0.60 1.70 0.10 0.045 - - - - ≥ 350 420 16 

 

Initially and due a lack of knowledge about mechanical behavior of the two steel grades, preliminary 
tensile tests were performed in order to obtain more information that will be very useful for correct 
modelling of the joints and to explain some differences between the two steel grades. Figure 3-1 (left) 
illustrates uniaxial engineering stress-strain curves for S355MC (blue) and S350GD (red); Figure 3-1 
(right) shows the final aspect of the tested specimens. Regarding to the experimental curves, they show 
that the S350GD has some differences in comparison with S355MC steel. Firstly, S350GD has an 
ultimate strength lower than S355MC however the S350GD showed greater ductility. Zinc coated steel 
does not present yield plateau like S355MC. The yield plateau is a typical characteristic of the hot-rolled 
steels, while the transition from elastic to plastic behavior without a perfectly defined point is 
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characteristic of the cold-formed steels [1] [2]. As regards the failure modes of tensile specimens, Figure 
3-1 (right), both steels show a typical mild-steels failure behavior with necking followed by final 
perpendicular to slightly inclined to loading direction cracking. 

 

 

Figure 3-1: (Left) Conventional stress-strain curves of two steel grades under investigation (S355MC and S350GD); detail 
shows the yield zone of the steel grades. (Right) Specimens tested (first four are S355MC and last two are S350GD). 

 

3.2 Experimental setup description 

3.2.1 Monotonic static tests 

Monotonic static tests were performed on double-shear bolted butt joints to evaluate the influence of the 
connection geometry, bolt preloads, surface treatments, and the plate thickness effects in the mechanical 
strength and failure modes. Thus, several tests were performed with M16x30 bolts (DIN933, Grade 8.8), 
M16 washer (DIN 125) and M16 nuts (Grade 8). Two types of geometries (1+1 and 4+4 bolts), two 
preload levels (70%𝐹  and 25% × 70%𝐹 , where 𝐹  is the bolt ultimate tensile resistance), three 
different surface finishing (uncoated, zinc coated and zinc coated plus painted), and two plate thickness 
(2 and 3mm) were considered, with three repetitions for each set, resulting into 72 monotonic static tests. 

 

 

Figure 3-2: Geometry of the specimens used in static monotonic tests, with photo of the experimental setup: A) 1+1 bolted 
joint; B) 4+4 bolted joint. 

 

The lowest preload level is proposed to represent non-preloaded bolted joints often used in rack 
structures and often called as snug-tight bolted joints. Figure 3-2 shows the experimental setup used to 
perform the static tests, its respective scheme, and the dimensions of the tested specimens. In addition, 
the geometry data was listed in order to evaluate the influence of geometry and hole locations on failure 
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modes. Table 3.2 shows the geometric parameters used and Figure 3-3 illustrates them. 𝐷  parameter 
corresponds to the plate hole diameters, 𝑒  the end distance, 𝑒  the edge distance, and 𝑝  and 𝑝  the 
distances between centers of holes. Table 3.2 summarizes the series of specimens that were tested for 
two preloads and three repetitions (12 × 2 × 3 = 72 tests), where the first letter in the specimen 
reference is related to the type of test (S-static), the second letter is the type of connection (S-single; M-
multiple), the third letter is the type of coating (C-uncoated, Z-zinc coated and P-zinc coated plus 
painted); lastly, the numbers 2 or 3 in the specimens reference are related to plate thickness in mm. 

 

 

Figure 3-3: Definition of symbols used in characterization of bolted joints geometry: A) 1+1 bolted joint, B) 4+4 bolted joint. 

 

Table 3.2: Average dimensions (mm) of the test series (refer to Figure 3-3 for nomenclature). 

Specimen Thickness Width 𝑫𝒉𝒐𝒍𝒆 𝒆𝟏 𝒆𝟐𝒔𝒖𝒑 𝒆𝟐𝒊𝒏𝒇 𝒑𝟏 𝒑𝟐 
SSC2 2 80 18.03 35.01 40 - - - 
SSC3 2.89 80.06 17.97 34.96 40.04 - - - 
SSZ2 2.07 80.02 18.08 34.97 40.01 - - - 
SSZ3 3.03 80.08 18.05 34.64 40.04 - - - 
SSP2 2.5 80.3 17.65 34.94 40.15 - - - 
SSP3 3.32 80.13 17.6 34.5 40.06 - - - 
SMC2 2.06 130.01 17.9 34.94 40.06 40.12 50.01 50.07 
SMC3 3.09 129.98 17.97 34.97 40.09 40.09 50.02 50.04 
SMZ2 2.1 130.1 18 35.05 40.11 39.86 49.81 50.02 
SMZ3 3.09 130.23 17.95 35.08 40.25 40.01 49.99 50.08 
SMP2 2.4 130.32 17.65 35.02 40.18 40.15 49.82 49.95 
SMP3 3.31 130.4 17.57 34.86 40.31 40.22 49.7 49.95 

 

3.2.2 Monotonic slip tests 

Monotonic slip tests were performed in accordance with the EN 1090-2 standard. The main goal of the 
slip tests was to evaluate the slip factors for three surface conditions mentioned before and the 
comparison of the obtained slip factors with static friction coefficients estimated by load-displacement 
curves obtained in monotonic static tests. The chosen parameters for the slip tests were: one preload 
level (70% of bolt ultimate tensile resistance, 𝐹 ) and the three surface conditions already mentioned. A 
total of five repetitions for each type of surface finishing were performed, resulting in 15 slip tests. 

According to EN 1090-2 standard, the slip factors shall be evaluated for a sliding load correspondent to 
0.15mm measured with LVDTs. LVDTs with a stroke limit of ±5mm were used to evaluate the relative 
displacement between the exterior and interior plates of the joints. Figure 3-4 shows the experimental 
setup used to perform the slip tests, its respective scheme, and the dimensions of the tested specimens. 
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The experimental setup is composed by two blocks fixed on middle plates, which support four LVDTs 
(two LVDTs per block) and two stop plates fixed on cover plates. The slip factor values, 𝜇 , and the 

characteristic values, 𝜇 , of the slip factors that accounts for 5% of occurrence probability, for a 
confidence interval of 75%, are obtained by Equation 3.1 and Equation 3.2: 

𝜇 =
𝐹

𝑛 × 𝑛  × 𝐹
 Equation 3.1

𝜇 = 𝜇  − 2.05 × 𝑆  Equation 3.2

Where 𝐹  is the load applied by machine test leading to slip, 𝑛  is the number of bolts, 𝑛   

is the number of shear planes (equal to 2), 𝐹  is the preload applied to the connection, 𝜇   is 

the average value and 𝑆  the standard deviation of the slip factors obtained for all the tests. In accordance 

with EN 1090-2 standard, preload force may be applied from different methods: torque method; 
combined method; HRC method or direct tension indicator method. In this study, torque method was 
considered, and the calibration of the preload level was performed. The torque clamping, 𝑀 , is 

related with bolt nominal diameter 𝑑 , preload force and the calibration coefficient 𝐶 as shown in 
Equation 3.3. Before performing the monotonic static and slip tests, the calibration of the preload level 
for two preloads was measured in order to obtain the calibration coefficient 𝐶, using a dedicated load 
cell. The results confirmed a coefficient 𝐶 equal to 0.2. 

In addition, tensile tests on samples of the steel grades used in the bolted joints were also performed to 
evaluate the differences on their mechanical behaviors. Tensile tests were performed with extensometer 
with gauge length equal to 50 mm. 

𝑀 = 𝐶 × 𝑑 × 𝐹  Equation 3.3

 

 

Figure 3-4: Geometry of the specimens for slip tests (left), test setup with LVDTs (center) and scheme of the test setup (right) 
according with EN 1090 standard. 

 

3.2.3 Fatigue tests 

An experimental testing campaign was designed in order to evaluate the fatigue behavior of double shear 
bolted joints. In this campaign, the influence of the bolt preload, reduction of specimen section, hole 
manufacturing process, and fatigue stress 𝑅-ratio were analyzed. Only the S350GD steel was 
investigated. 
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Most fatigue tests were performed with M12x30 bolts (DIN933, grade 8.8), M12 washers (DIN125) and 
M12 nuts (Grade 8). Two geometries were tested: single bolt (1+1) and multiple bolts (4+4); two plate 
widths (70 mm and 80 mm); two preload levels (preloaded 70% 𝐹  and snug tights bolts 25% of 70% 
𝐹 ); two manufacturing processes (punched holes and drilled holes), and three stress 𝑅-ratios (𝑅 = 0.1, 
𝑅 = 0.3 and 𝑅 = 0.5), resulting in 54 tests. 

Preliminary tests with M16 bolts were also performed. In this case, only one-hole manufacturing process 
(punched) and one stress 𝑅-ratio of 0.1 were investigated. Both preloaded and snug tight conditions 
were analyzed resulting in 8 tests. Table 3.3 shows an overview of the experimental campaign. The total 
number of tests is 62 (54 tests with M12 bolts plus 8 preliminary tests with M16 bolts). 

 

Table 3.3: Overview of the performed test matrix. 

Bolt 
type 

Bolt 
arrangement 

Preload 
level 

Hole 
production 

Stress 
𝑹-ratio 

Repetitions Obs. 

M12 Single Snug tight Punched 0.1 13 Ref. condition 
M12 Single Snug tight Punched 0.1 4 Red. section 
M12 Single Snug tight Punched 0.3 4 - 
M12 Single Snug tight Punched 0.5 4 - 
M12 Single Preloaded Punched 0.1 12 - 
M12 Multiple Snug tight Punched 0.1 9 - 
M12 Multiple Snug tight Drilled 0.1 8 - 
M16 Single Snug tight Punched 0.1 2 Prelim. test 
M16 Single Preloaded Punched 0.1 2 Prelim. test 
M16 Multiple Snug tight Punched 0.1 3 Prelim. test 
M16 Multiple Preloaded Punched 0.1 1 Prelim. test 

 

 

Figure 3-5: Geometries of test fatigue specimens (dimension in mm): (a) single connection (width = 80mm); (b) multiple 
connection (width = 130mm); (c) single connection (width = 70mm). All plate thicknesses were 2mm and total length of 500 

mm for single connections and 600 mm for multiple connections. 

 

Figure 3-5 illustrates the test specimens’ configurations with their dimensions. The fatigue tests were 
conducted at the Laboratory of Technological Testing from the Department of Mechanical Engineering 
of the Faculty of Engineering of the University of Porto with two MTS servo-hydraulic machines with 
maximum loads of 100kN and 200kN each. 
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3.3 Experimental results 

3.3.1 Monotonic static tests 

3.3.1.1 Friction coefficients (slip factors) 

Friction coefficients were evaluated from static monotonic tests. Static friction coefficients were 
estimated from load-displacement curves. The method consisted in detecting the load peak or the curve 
slope variation, the latter being useful for load-displacement curves with abrupt slope variation. In other 
cases, the slope variation was softer or for some cases some vibration occurred and therefore the correct 
detection of peak load was not possible. In these cases, the minimum values were considered to identify 
the starting of sliding. Table 3.4 shows the results. 

 

Table 3.4: Slip factors (𝜇  ) obtained from the static monotonic tests. 

Bolt preload 
Bolt 

arrangement 
Thickness 

[mm] 

Surface finish 

Without 
coating 

Zinc 
coating 

Zinc plus paint 
coating 

Snug tight 
 

25% × 75%𝐹  

1+1 
2 0.18 0.09 0.06 
3 0.22 0.10 0.09 

4+4 
2 0.23 0.11 0.13 
3 0.14 0.11 0.14 

Preloaded 
 

70%𝐹  

1+1 
2 0.17 0.15 0.08 
3 0.16 0.14 0.10 

4+4 
2 0.13 0.11 0.09 
3 0.14 0.13 0.10 

Average friction coefficient from static tests 0.17 0.12 0.10 
 

3.3.1.2 Failure loads 

Table 3.5 presents the summary of maximum failure loads and coefficients of variation from three tests 
performed for each case (72 tests). 

 

Table 3.5: Summary of maximum failure loads and coefficients of variation from three tests performed for each case. 

Steel grade 
(Coating) 

Preload Snug tight Preloaded 

Thickness 2mm 3mm 2mm 3mm 

Bolt 
arrangement 

1+1 4+4 1+1 4+4 1+1 4+4 1+1 4+4 

S355MC 𝐹  [kN] 36.69 100.57 59.18 153.45 39.03 105.1 63.05 161.66 

(Without) 𝐶𝑜𝑉 [%] 1.71 0.8 0.42 0.86 1.64 5.42 1.91 0.46 

S350GD 𝐹  [kN] 39.81 101.18 55.16 150.77 42.84 110.37 56.28 141.71 

(Zinc) 𝐶𝑜𝑉 [%] 1.38 1.55 1.15 0.24 3.83 5.08 5.46 2.11 

S350GD 𝐹  [kN] 37.96 100.18 52.09 139.17 39.85 99.91 55.45 140.35 

(Zinc+paint) 𝐶𝑜𝑉 [%] 2.05 0.73 0.87 1.48 0.92 1.24 0.85 1.46 
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3.3.2 Monotonic slip tests 

Regarding the slip tests, sliding forces, 𝐹 , measured between plates with LVDTs were used to 

compute the slip factor values, 𝜇 . Slip factors for each test were calculated using Equation 3.1. In 

addition, the characteristic values of the slip factors were also calculated according to Equation 3.2, 
taken into account the average and standard deviation of the slip factors calculated previously. Table 3.6 
shows the sliding forces, slip factors and their correspondent coefficient of variations for the three tested 
surface treatments. Results showed that zinc and zinc plus paint coatings resulted in the greatest and 
lowest slip factors, respectively. From Table 3.6, it is also possible to verify that the coefficients of 
variations were relatively high. Reminder: results from Table 3.6 are relative to preloaded bolts (70%𝐹 ) 
in a 2+2 bolt pattern. 

 

Table 3.6: Average sliding forces (𝐹  ), average slip factors (𝜇  ), characteristic slip values (𝜇 ) and respective 

coefficient of variations (𝐶𝑜𝑉) obtained from the slip tests, for the three investigated surface treatments. 

Steel grade Surface treatment 𝑭𝒔𝒍𝒊𝒑 𝑨𝑽𝑮 [kN] 𝝁𝒔𝒍𝒊𝒑 𝑨𝑽𝑮 𝝁𝒄 𝑪𝒐𝑽 [%] 
S355MC Without coating 97.06 0.28 0.16 21.65 
S350GD Zinc coating 107.90 0.31 0.20 18.77 
S350GD Zinc plus paint coating 47.28 0.14 0.09 15.56 

 

Comparing Table 3.4 and Table 3.6, it can be verified that the slip factor according to the slip tests is 
very different when compared with average friction coefficients according to the static tests. However, 
according to Picard [3] for steels without special treatment, the average slip coefficient is 0.33 for most 
of steels, being able to occur values around 0.23. These slip factor values are characteristic of steels 
provided by clean mills. In addition, for surfaces as rolled, the slip factors could be 0.20, according to 
EN 1090-2. As regards the steel submitted to hot-dip galvanizing process (zinc coating), the average 
slip values from slip and static tests are within the interval from 0.08 to 0.36 [3], validating the approach 
assumed initially. The friction coefficient values obtained from static tests are lower than specimens 
without coating due the presence of soft zinc layer that tends to act like a lubricant. The high value of 
slip factor in zinc coated specimens may be caused by the surface treatment processes that the specimen 
was subjected before galvanizing process, and/or the effect of the decrease of the thickness that increases 
the coefficient of friction, which according to Picard [3] is the main reason for the variation of friction 
coefficient values. Lastly, specimens with zinc plus paint coating resulted in more similar values 
between static and slip tests. 

3.3.3 Fatigue tests 

Table 3.7 presents the obtained results of the conducted full-scale fatigue tests on bolted joints. As a 
reminder, the reference condition consists in the following: 

 M12 bolts; 
 A single (1+1) bolt arrangement; 
 A snug tight preload level; 
 Punched holes; 
 A stress 𝑅-ratio of 0.1. 
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Table 3.7: Results of fatigue tests on full-scale bolted joints. 

Stress range 
(norm) [MPa] 

Number of load 
cycles endured 

Test conditions (test repetitions) 

227.1 76,158 Reference condition 
(13) 227.1 95,312 

227.1 114,758 
227.1 145,636 
192.2 506,615 
192.2 726,804 
192.2 1,157,947 
192.2 1,384,410 
157.2 1,532,418 
157.2 1,655,103 
157.2 2,489,361 
157.2 3,107,691 
157.2 run-out 5,000,000 
238.3 203,107 Reduced net section 

(4) 238.3 356,530 
238.3 479,644 
238.3 161,573 
176.6 728,102 𝑅 = 0.3 

(4) 176.6 1,003,295 
176.6 1,078,040 
176.6 1,220,601 
126.2 2,810,946 𝑅 = 0.5 

(4) 126.2 2,823,238 
126.2 3,672,679 
126.2 4,306,874 
152.8 609,046 Preloaded 

(12) 152.8 661,079 
152.8 750,418 
152.8 911,095 
129.3 1,260,984 
129.3 1,650,444 
129.3 1,944,917 
129.3 2,242,038 
114.6 2,266,226 
114.6 2,423,217 
114.6 4,365,619 
114.6 5,001,552 
141.3 2,212,475 Multiple bolt arrangement 

(9) 176.6 2,178,224 
176.6 2,140,727 
176.6 2,418,979 
176.6 2,859,456 
211.9 709,293 
211.9 369,376 
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211.9 324,182 
211.9 508,027 
211.9 64,641 Multiple bolt arrangement + drilled holes 

(8) 211.9 172,123 
211.9 149,312 
211.9 56,654 
176.6 492,237 
176.6 827,635 
176.6 284,830 
176.6 261,396 
214.8 77,919 M16 bolts 

(2) 168.8 73,462 
164.5 1,784,504 M16 bolts + preloaded 

(2) 199.8 680,966 
209.1 17,231 M16 bolts + multiple bolt arrangement 

(3) 134.4 259,231 
104.5 run-out 3,573,128 

278.4 444,035 
M16 bolts + multiple bolt arrangement + preloaded 

(1) 
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4 Tests on upright-beam connections (details 5, 6 and 7) 

4.1 Introduction 

This section describes the experimental tests carried out on the connection zone between an upright and 
a beam. The cyclic actions on the rails, transmitted to the beam, are indeed expected to create fatigue 
phenomena also on the upright, and specifically in the connection zone where the forces are concentrated 
the most. Considering that the beam-to-upright connection can be very different from one producer to 
the other, with the aim of obtaining results with general validity, the tested connection typology was 
standardized as much as possible adopting a classic endplate bolted connection. The following sub-
sections present the preliminary experimental analyses carried out with the aim of defining a 
representative tests setup, the monotonic tests, and the fatigue tests.  

The monotonic and fatigue tests were carried out on the following specimens (whose exact dimensions 
cannot be given due to the consortium agreement of non-disclosing sensitive data): 

 C - S1 - 60 - 1.5 M3. Monotonic and fatigue tests. 
 C - S1 - 120 - 3.5 M3. Monotonic and fatigue tests. 
 C - S1 - 120 - 3.5 M5. Monotonic and fatigue tests.  
 B - S1 - 140 - 3.5 M5. Monotonic and fatigue tests.  
 B - S1 - 60 - 1.5 M3. Monotonic test. 
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4.2 Preliminary analyses for the definition of the test setup 

The preliminary analyses aimed at defining the exact test setup to be used for both the monotonic and 
the fatigue tests. The test scheme that was agreed during the discussion with the whole consortium is 
shown in Figure 4-1. The monotonic and fatigue tests could be carried out adopting different: 

 Typology of external support.  
 Values of lever arm (Lext) for the application of external loads. 
 Values of lever arm for the internal forces (Lint), defined as the distance between the resultant 

of the compression (contact) stresses and the bolt in tension.  

 

Figure 4-1. General loading scheme adopted for the monotonic and fatigue tests. 

Regarding the definition of the external support typology, the following aspects were taken into 
consideration: 

 The external support should define a clear and simple static scheme of the test, introducing as 
less as possible uncertainties in the system. Therefore, it was decided to have simple external 
supports.  

 The system typology should be the same for all the specimens, despite the form/dimension of 
the upright.  

 The cost of the system shall be compatible with the operating cost foreseen in the project.  

On the base of these considerations, a total of 4 different external support system were considered, see 
Figure 4-2 and Figure 4-3. Figure 4-3 also shows the comparison of the experimental monotonic curves 
obtained for the last three connection typologies and highlights that the global behavior is the same. The 
welded angle typology was discarded because it would have required the production of a big number of 
angle elements (2 for each specimen tested) and the execution of numerous welds.  
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Figure 4-2. Support typologies studied. From left to right: welded angles, inside T profile (Type A), square hollow section 
profile with bolts in the front wall of the upright (Type B), square hollow section profile with a passing-through bolt connecting 
the lateral walls of the upright (Type C).  

 

Figure 4-3. Photos of the supporting system tested (left) and comparison of the experimental monotonic curves (right).  

Regarding the definition of the external lever arm Lext, it was considered that low values of Lext would 
have induced relevant values of the shear forces in the bolts together with the bending effects but, on 
the contrary, high Lext would have required very low values of the external load to reach the desired 
bending moment on the connection and, consequently, the required values of the tensile force in the 
bolts. A similar consideration can be done regarding the internal level arm Lint: low value of Lint would 
have required lower external force to obtain the desired tensile force in the bolt. Therefore, several 
combinations of three values of Lext and two of Lint were tested, see Table 4.1, considering the indication 
of the industrial partners that the usual value of Lext/ Lint is around 1. Figure 4-4 report and shows the 
general test setup for these preliminary analyses and Figure 4-5 reports the results of the monotonic 
tests.  
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Table 4.1. Values of Lext and Lint considered in the preliminary analyses. 

 

 

 

Figure 4-4. Scheme of the preliminary monotonic tests carried out varying the internal and external lever arms. 

 

a)  b)   c)  

Figure 4-5. Preliminary monotonic tests for the definition of the internal and external lever arms: picture of some test with a) 
Lint = 100mm and b) Lint = 400mm and c) monotonic curves. 

Considering the necessity of avoiding too many interferences between the zone in tension and the one 
in compression in the front wall of the upright and the fact that a high global stiffness was beneficial for 
the fatigue test machine, it was decided to use a value of Lint of 200 mm. Similarly, and in order to keep 
a Lext/ Lint ratio equal to 1, the Lext was assumed equal to 200 mm.  
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4.3 Monotonic tests 

Figure 4-6 shows the experimental setup adopted for the monotonic tests. The tests aimed at defining 
the global resistance of the uprights under bending moment, allowing therefore to calibrate the external 
forces needed to reach a given level of stress in the upright. The test setup included: 

 Two displacement sensors to measure the vertical movements of the beam in correspondence 
of the load application point and of the endplate. 

 A displacement sensor to monitor eventual vertical displacement of the upright due to slips in 
the external constraints.  

 A hydraulic jack for the application of the vertical load (downward).  
 A load cell to register the applied load.  
 Two inclinometers to evaluate the rotations of the upright and of the beam.  
 4 strain gauges applied on the beam used as “alternative” load cell, Figure 4-7.  

 

a)  b)  

Figure 4-6. Monotonic test: a) test setup b) details of the elements. 

The strain gauges were applied to have an alternative load measuring system. Indeed, in view of 
executing the fatigue tests on multiple specimens in parallel and given the complexity of including 
several load cells to record the load applied to each specimen, the strain gauges were used as a mean to 
evaluate the load applied.  

 

Figure 4-7. Position of the strain gauges 

With reference to Figure 4-7, the force applied F can be estimated as: 
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𝐹 = 𝜀
𝐸 ∙ 𝐽

ℎ
2 ∙ 𝑏

= 𝜀 ∙ 𝑘  Equation 4.1 

𝜀 =
1

4
(𝜀 + 𝜀 + 𝜀 + 𝜀 ) Equation 4.2 

where E is the Young modulus for steel, Jbeam is the moment of inertia of the beam, hbeam is the height of 
the beam section and b is the distance between the load application axis and the section in which the 
strain gauges are applied. The exact value of the coefficient kbeam was calibrated on the base of the 
monotonic tests.  

4.3.1 Test results 

One monotonic test was executed for each type of upright specimen and the main results expressed in 
terms of force-displacement curves. All the force-displacement curves are normalized to the maximum 
value of force or displacement registered during the single tests. The results of the monotonic tests were 
used to assess the real value of the yielding force, useful for a correct definition of the forces to be used 
during the fatigue tests, and to calibrate the single load registering system obtained by the 4 strain gauges 
(see the previous paragraph) for each load typology. 

The modality of failure is common for all the specimens and consist in the local pull-out of the bolts in 
tension, with very relevant deformation of the front wall of the upright, together with the local crushing 
of the same front wall due to the compression stresses transmitted by the beam endplate. The following 
figures report the failure mode and the force-displacement curve for each of the specimens tested.  

a)   b)     

Figure 4-8. Failure mode for specimens C - S1 - 60 - 1.5 M3: a) global and b) detailed views. 
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a)    b)     

Figure 4-9. Failure mode for specimens C - S1 - 120 - 3.5 M3: a) global and b) detailed views. 

 

a)   b)     

Figure 4-10. Failure mode for specimens C - S1 - 120 - 3.5 M5: a) global and b) detailed views. 
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a)   b)     

Figure 4-11. Failure mode for specimens B - S1 - 140 - 3.5 M5: a) global and b) detailed views. 

 

b)   b)     

Figure 4-12. Failure mode for specimens B - S1 - 60 - 1.5: a) global and b) detailed views. 

  

Figure 4-13. Normalized Force - Displacement curve for the C - S1 - 120 - 3.5 M3 specimen. 
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Figure 4-14. Normalized Force - Displacement curve for the C - S1 - 60 - 1.5 M3 specimen. 

 

 

Figure 4-15. Normalized Force - Displacement curve for the B - S1 - 140 - 3.5 M5 specimen. 

 

Figure 4-16. Normalized Force - Displacement curve for the C - S1 - 120 - 3.5 M5 specimen. 
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Figure 4-17. Normalized Force - Displacement curve for the B - S1 - 60 - 1.5 M3 specimen. 

4.4 Fatigue tests 

4.4.1 General organization of the tests and test setup 

The fatigue tests on the specimens were executed on a mechanical Amsler fatigue tests machine, see 
Figure 4-18. The operating frequency of the machine is of 4.4 Hz and it applies the pulsing force 
upwards. The tests program foresaw the analysis of 4 different levels of load for each upright typology 
and 4 repetitions for each load level/type of upright. The execution of the tests on single specimens 
would have required too much time to complete the whole testing program. For this reason, the specific 
test setup of Figure 4-19 was designed and prepared. The presence of the supporting structure and of the 
rigid beam allowed to multiply the number of specimens that could be tested in parallel. Potentially, it 
was possible to test 8 specimens simultaneously. All the specimens had the same connection scheme, 
Figure 4-20, with the uprights pinned at both ends to the supporting structure and a cantilever beam used 
as load introduction system.  

a)   b)  

Figure 4-18. Amsler fatigue test machine. 
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Figure 4-19. Global organization of the fatigue tests. 

 

Figure 4-20. Scheme of the tests on 8 specimens in parallel (in the figure the front 4 specimens are shown). 

However, in order to avoid too many uncertainties on the effective distribution of the load among the 
specimens, it was decided to test only 4 specimens simultaneously. 
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b)   b)  

Figure 4-21. Setup for the execution of the fatigue tests: a) scheme and b) global view. 

To assure an even distribution of the load among the specimens, a specific system with adjustable plates 
was designed, see Figure 4-22. At the beginning of each test, all the adjustable plates were organized so 
to obtain a distribution of loads among the specimens as even as possible. The variation of load applied 
to each specimen was in any case unavoidable due to the cracking and damaging of the specimens 
themselves, the consequent variation of stiffness and redistribution of the total load applied. To record 
the exact pulsing load history applied to each specimen, the load recording system made up of 4 strain 
gauges applied to the cantilever beam was used, see Figure 4-23. The load recording system was 
calibrated during the monotonic tests (see the previous section).  

 

Figure 4-22. Detail of the load introduction system. 
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Figure 4-23. Detail of the load recording system obtained through the 4 strain gauges applied to each beam. 

4.4.2 Results 

The results of the fatigue tests are resumed in the following tables. Each table indicates the mean value 
over the whole test of the minimum (Fmin, mean) and maximum (Fmax, mean) level of force applied together 
with their variation (ΔFmean) and the number of cycles required for the crack initiation. It should be noted 
that the derivation of the S-N curves requires the transformation of the forces applied into a stress level. 
It should also be noted that the definition of the stress is not unique because it strongly depends on the 
assumptions made and on the specific point in which the stresses are evaluated.  

Table 4.2. Fatigue test results for the C - S1 - 60 - 1.5 M3 specimens. 

Specimen 
ID 

Fmin,mean 

[N] 
Fmax,mean 

[N] 
ΔFmean 

[N] 

Crack 
initiation 
[cycles] 

Max principal 
stresses in the 

corner zone 
(from FEM) 

Δ σ [MPa] 

1 746 3512 2766 350000 473 

2 1118 5062 3944 330000 663 

3 1530 3728 2197 450000 375 

4 677 3129 2453 610000 421 

5 1079 4316 3277 400000 549 

6 392 4316 3924 570000 667 

7 1197 3571 2364 400000 407 

8 932 3679 2757 550000 468 

9 961 4934 3973 80000 667 

10 1324 7956 6632 90000 1070 

11 1903 5091 3188 80000 532 

12 1609 5415 3806 80000 633 

13 1079 6808 5729 24000 941 

14 353 6808 6455 22000 1065 

15 1393 6121 4728 20000 781 

16 1069 6445 5376 25000 887 
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Table 4.3. Fatigue test results for the C - S1 - 120 - 3.5 M3 specimens. 

Specimen 
ID 

Fmin,mean 

[N] 
Fmax,mean 

[N] 
ΔFmean 

[N] 

Crack 
initiation 
[cycles] 

Max principal 
stresses in the 

corner zone 
(from FEM) 

Δ σ [MPa] 

3 1079 13145 12066 530000 450 

4 530 16187 15676 160000 583 

5 1570 13979 12400 190000 462 

6 2109 12439 10330 1250000 386 

7 2884 12881 9996 225000 373 

8 3747 13096 9359 720000 350 

9 2080 12635 10556 1500000 394 

10 4356 13616 9261 1500000 346 

11 2688 11517 8829 1850000 330 

12 3836 12684 8858 1350000 331 

13 4434 25663 21229 45000 786 

14 2551 23701 21150 30000 783 

15 4993 22435 17432 32000 647 

16 4503 22798 18305 40000 679 

  

Table 4.4. Fatigue test results for the C - S1 - 120 - 3.5 M5 specimens. 

Specimen 
ID 

Fmin,mean 

[N] 
Fmax,mean 

[N] 
ΔFmean 

[N] 

Crack 
initiation 
[cycles] 

Max principal 
stresses in the 

corner zone 
(from FEM) 

Δ σ [MPa] 

6 1481 12145 10663 150000 398 

7 2600 11674 9074 325000 339 

8 3277 12106 9643 276500 360 

9 4316 19012 14715 37400 548 

10 2845 18384 15549 49500 578 

11 4611 18737 14126 24200 526 

12 4120 17305 13145 55000 490 

17 4513 22161 17638 30000 655 

18 3227 22033 18806 11000 698 

19 912 16599 15696 30000 584 

20 4787 21494 16785 20000 624 

21 2855 11174 8329 900000 311 

22 11880 2070 9800 380000 366 

23 2188 11389 9202 125000 344 

24 13989 5268 8721 350000 326 
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Table 4.5. Table 4.4. Fatigue test results for the B - S1 - 140 - 3.5 M5 specimens. 

Specimen 
ID 

Fmin,mean 

[N] 
Fmax,mean 

[N] 
ΔFmean 

[N] 

Crack 
initiation 
[cycles] 

Max principal 
stresses in the 

corner zone 
(from FEM) 

Δ σ [MPa] 

1 2982 21562 18580 370000 636 

2 1413 16314 14901 430000 513 

3 2070 16599 14519 380000 509 

4 5199 20228 15019 470000 517 

5 10634 24633 13989 250000 482 

6 2874 15235 12370 720000 427 

8 5719 19532 13803 400000 476 

9 2031 15833 13812 1000000 476 

10 2609 13567 10958 900000 379 

11 2266 14018 11252 1250000 389 

12 4365 16128 11762 1000000 406 

 

5 Concluding remarks 
 

6 Concluding remarks 
This deliverable gathers the information about the full scale tests performed within the FASTCOLD 
project. Three types of details were fatigue tested namely Z-Rail profile, beam-to-upright connections 
and bolted joints.  Regarding the bolted joints also static monotonic and slip tests were performed. 
Unique testing setups were developed for the fatigue tests of the Z-Raols and beam-to-uprights 
connections, allowing the generation of fatigue data. In this report the fatigue data is presented as raw 
data. Stress analysis will be performed in the following deliverables aiming at performing the S-N data 
analysis. 
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