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1 Introduction 

This deliverable aims at defining the procedure to be followed for the fatigue verification of a cold-
formed rack system. It focuses on the two most critical structural elements, i.e. the rails loaded by 
shuttles and the upright in the zone of the beam-to-upright connections. 

2 General information to be gathered at the design stage 

2.1 Interface pallet racking – handling equipment 

The Unit Load to be stored is handled to the intended storage location in the racking by: 

• Either an Automated Storage & Retrieval (ASR) machine (Figure 1) 

• Or an industrial truck, in general a reach truck (Figure 2) 

In case of an ASR machine, the shuttle drives from the carriage of the machine into the rack lane. 

In case of an industrial truck, the shuttle is deposited by the lift truck into the start position of the rack 
lane or deposited on the shuttle already present in the rack lane. 

 

Figure 1 Examples of operated by an ASR machine 

    

Figure 2 Examples of operated by an industrial truck 
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2.2 Pallet shuttle 

In particular, the planned wheel configuration (2 x 2 or 2 x 4 + type of tyre) must be known and the 
torsion and bending rigidity of the shuttle, including the influence of the pallet load, should be assessed. 

 

 

Figure 3 Typical shuttle configurations 

 

Also the shuttle load should be estimated (typically dead weight from 2 kN tot 3,5 kN and pay load from 
7,5 kN and 15 kN). 

Although very difficult to evaluate in practice, an estimate of the number of travels on a given rail during 
the operation time of the facility should be estimated with, for each travel, the estimated associated load 
(as a safe approximation, the total payload might be considered), in order to estimate the number of load 
cycles expected during the lifetime of the structure. 

 

2.3 Loading on the rail and beam-to-upright connections 

2.3.1 General considerations 

There are 4 rail areas, each requiring a fatigue analyses (see Figure 4): 

a. Rack Lane entry 
b. At about mid span with maximum bending and torsion moment 
c. At a rail support 
d. At a rail splice 

 

 

Figure 4 Areas with different fatigue situations 
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Area 1 is only relevant (and complex) in case of operation in combination with an ASR machine (see 
also FEM 9.841 / FEM 10.2.10, “Storage systems with rail dependent storage and retrieval equipment 
– Interfaces”, clause 10.11 (see Annex A)). 

 The shuttle drives from the ASR machine carriage into and from the pair of rails. 

 Relative tolerances and deformations of rack rails and ASR machine as well as the method of 
positioning in vertical direction of the ASR machine in front of the lane to drive into, determine 
the shuttle wheels vertical position with regard to the rail running surface:  

Driving into: wheels above or below the running surface. 

Below: 1st wheel hits the rail. 

Above:  1st wheel will touch the rail at a certain distance from the edge. 

Driving out: wheels above or below the carriage. 

Below: 1st wheel hits carriage.  

  Above: 1st wheel will touch the carriage at a certain distance from the edge. 

Wheel load situation changing with time, when the shuttle is more and more supported by the pair of 
rails respectively the ARS machine carriage when moving into or from the rack lane. 

 

2.3.2 Static scheme 

The static scheme is given in Figure 5. The rail is a continuous beam supported by down aisle pallet 
beams as in a standard pallet rack (flexural support). A number of down aisle pallet rack runs behind 
each other create rack shuttle lanes up to ca. 7,5 m – 15 m . Distance between adjacent rail supporting 
beams ca 1,0 m – 1,5 m (= depth upright frames of the rack runs). 

Each beam is loaded downwards and upwards when the shuttle is moving down rack aisle. 

The spring support of the left and right sided rail of a rack lane is not the same, because in general each 
rack compartment has 2 shuttle lanes, see Figure 6. 

 

 

Figure 5 Static scheme of rail supported by cross aisle beams (1) Splice with some rotational stiffness (2) spring support 
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Figure 6  In general 2 shuttle lanes per rack compartment 

 

2.3.3 Wheel loads and effect of rail deformations 

The dead weight and pay load (pallet load) are supported by more than 3 wheels (4 to 8 to sometimes 
12), a highly static undetermined system. 

The interface between vertical deformation at the rail wheel support and the bending and torsional 
rigidity of the shuttle, in the loaded and un-loaded situation, determines the wheel load distribution over 
the shuttle wheels, when more than 3 wheels. 

Each wheel support has a different spring constant, depending on the vertical rail deformation at the 
contact area (see Figure 7). In addition this deformation and therefore the spring stiffness of a wheel 
support is changing when the shuttle moves.   

Vertical rail deformation due to ( e = ca 30 mm): 
 Deflection, (1) 
 Rotation, part of (2)  
 Flange bending, Part of (2) 

 
Figure 7    Rail deformation 

 

The rail deformation at its support area depends also from: 

 the detailing of the rail to rack connection, e.g. “touches” the vertical rail lip the supporting rack 
beam or not. 

 the spring support by the rail supporting pallet rack beam, see Figure 6. 

Note that the situation is even more complex when driving into or from the rack lane and that some 
dynamic effects are also likely to enter into consideration. 

 Lift truck operated shuttle racking: When the shuttle with or without a pallet is deposited / 
picked on / from a pair of rails, there will be dynamic effects 

 When the shuttle drives in the lane, there will be also dynamics due to the varying rail 
deformation over its length. 
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From the above it is clear that the determination of the wheel load spectrum over the design life of the 
rack facility, considering the number of lane visits over that period, is not an easy task. 

An intensive collaboration is in this respect of the paramount importance between: 

 Storage system designer 
 Designer and supplier of the ASR machine 
 Designer and supplier of the shuttle 
 Designer and supplier of the racking 

Specific information can be found on this point in Annex A of FEM 9.481 / FEM 10.2.10 in clause 10.11 
(data for the design of the shuttle rail in shuttle pallet racking) 

 

2.3.4 Specific points of attention for beam-to-upright connections 

Multi-level ASR machine 

This cantilever type of beam to upright connection, which is a symmetrical one to the web of the upright, 
is for example present in rack structures also carrying an intermediate beam grid to support an automated 
storage and retrieval machine, in order to create a higher capacity (throughput of Unit Loads) per rack 
aisle. See Figure 8. 

 

Figure 8 Example of a cross aisle beam to upright situation – (1) beam to support the rail carrying the ASR machine – (2) 
Horizontal member to transfer the horizontal forces from the ASR machine guide to the rack – (3) Rail with possible extra-

support, depending on the span and type of beam grid 

 

 

Pallet shuttle racking operated by an industrial truck 

In case of racking operated by a shuttle in combination with an industrial truck (Figure 9), the rails are 
supported by beams, apart from the entrance position to allow the interface with the lift truck handling.   

The beams are in general hooked into the upright as in case of a traditional pallet rack, see Figure 10. 
This is an asymmetrical connection to the flange of the upright. 
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Figure 9 Pallet shuttle racking operated by a lift truck (DIR-type racking) 

   

 

Figure 10  DIR-type shuttle racking: beam to upright connection, cyclic loaded by passing shuttles 

 

Pallet shuttle racking operated by an ASR machine 

In case of racking operated by a shuttle in combination with an Automated Storage and Retrieval (ASR 
machine , Figure 11), the rails are supported by beams. 

The beams are in general hooked into the upright as in case of a traditional pallet rack, see Figure 12. 
This is an a-symmetrical connection to the flange of the upright 
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Figure 11  Pallet shuttle operated by an ASR machine 

       

Figure 12   ASR-type shuttle racking: traditional type of beam to upright connection,  
cyclic loaded by passing shuttles 
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3 Example of fatigue verification of a rail 

This example is based on very simple assumptions regarding the wheel loads: 

 Total shuttle load = 1600 kN assumed the same for every shuttle travel during the lifetime of 
the facility 

 Shuttle with 8 loads with a wheel pattern of 200-400-200 mm 

 Equal distribution of the load between the eight wheels 

 Possible dynamic effects are included in the load 

 Wheel loads are assumed as being point loads 

 The investigated piece of rail is one span assumed to be rigidly supported in the vertical 
direction. The rail is supposed to be fixed in the three translational directions at the location of 
the bolts 

 The rail is modelled with shell elements. 

 

 

Figure 13 – model for the example 

 

The passage of a shuttle all along the rail is simulated, while the principal tensile stress at the inner face 
of the corner are recorded, as illustrated in the next figures. 
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Figure 14 – Stress and deformation during shuttle travel 

 



 

12 
 

The stress evolutions are plotted at Figures 15 and 16 at the most stresses point at the entrance of the 
rail and at mid-span in the corner. 

 

 

Figure 15 – Evolution of the principal corner tensile stress at mid-span 

 

 

Figure 16 – Evolution of the principal corner tensile stress at rail entrance 

 

As a point of reference, Figure 17 shows strain records in the rail entrance for shuttles going in and out. 
The global evolution matches quite well the trends obtained from the model. However, the peak strain 
ranges from 2000 to 2500 µm/m, which corresponds to a stress level ranging from 400 to 500 N/mm², 
so slightly higher than foreseen by the model. It is also obvious that the first and thirds peaks of each 
shuttle are higher than the second and fourth ones. A variant of the model is then implemented putting 
3 kN on wheel 1 and 3 and 1 kN on wheel 2 and 4 instead of an homogeneous distribution of 2 kN per 
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wheel, leading to the stress distribution showed in Figure 18, with a peak value of 460 kN, much closer 
to the real observations. 

This comparison evidences the need of analyzing properly the load distribution for each project and 
shuttle/rail combination, as stated in section 2.3. 

 

 

Figure 17 – measured strain 

 

 

Figure 18 – Evolution of the principal corner tensile stress at rail entrance with adjusted wheel loads 

 

From those stress evolutions, assuming that every single shuttle travel leads to the same stress pattern, 
the corresponding stress spectra can be derived using a rain-flow counting algorithm, providing the 
results at figure 17. 
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Figure 19 – Stress spectra at mid-span 

 

Figure 20 – Stress spectra at rail entrance – equal wheel load 
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Figure 21 – Stress spectra at rail entrance – unequal wheel load 

 

The R/t ratio is equal to 8/4 = 2. Referring to the proposal in Deliverable D3.2, the detail category is 
then 180 with m = 5. 

 

 

Figure 22 – detail category according to Fastcold deliverable 3.2 
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Fatigue verification 

1. For the mid-span situation, the maximum stress range is equal to 125 N/mm² and is thus lower 
than the endurance limit for category 180. No fatigue problem is to be expected. 

2. For the end-rail situation, with equal wheel loads, the passage of one shuttle induces 

4 cycles at  = 300 N/mm² 

2 cycles at  = 100 N/mm² 

 Total resulting damage for one passage = 4 2 × 10 × = 2,572 10  

 Total number of passages at fatigue failure = 1/2,572 10-5 = 38.880 

3. For the end-rail situation, with unequal wheel loads, the passage of one shuttle induces 

2 cycles at  = 450 N/mm² 

3 cycles at  = 150 N/mm² 

 Total resulting damage for one passage = 2 2 × 10 × = 9,766 10  

 Total number of passages at fatigue failure = 1/9,766 10-5 = 10.240 

 

This verification is also very sensitive to the estimation of the loading. For instance, assuming that half 
of the shuttle travels are made with a load reduced to 50% of the maximal payload leads to the 
following adjustments: 

4. Assuming equal wheel load 

Passages at full loading  damage = 2,572 10-5 

Passages at 50% loading : max = 150 N/mm² (below endurance limit) 

 Total number of passages before failure is doubled 

 

5. With unequal wheel load 

Passages at full loading  damage = 9,766 10-5 

Passages at 50% loading : max = 225 N/mm²  damage = 3,052 10-6 

 Total number of passages before failure increases from 10.240 to 19.859 

 

This comparison illustrates again the importance of identifying clearly: 

 The wheel load distribution 
 The operation conditions of the facility 
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4 Example of a fatigue verification of a beam-to-upright 
connection 

 

For the detailed analyses performed in this entire research project, mainly detailed 3D elements resorting 
to solid FE models have been used when dealing with complex configurations like beam-to-upright 
connection zones (see Deliverable mainly D2.3), in order to account for the presence of the perforations, 
for the contact between bolts and profiles or with the through-thickness effects. With the aim of 
calculating the level of principal stresses to be used for the fatigue verification according to the 
procedure described in D3.2 and applied for the rail in a detailed manner in section 3 of the present 
deliverable, such a modelling is however rather complex and can be substituted by more straightforward 
shell models, provided a number of items are properly handled. Such a model is thought as more 
compatible with the practice of design offices. 

The points of attention and some good practices when developing such a shell FE model are illustrated 
in this section for the example of a beam-to-upright connection with a C-S1-120-3.5 upright. The 
stresses on the C-S1-120-3.5 profile loaded with a vertical force of 6 kN applied with a lever arm of 
200mm from the front face of the upright are evaluated using a simplified shell model. 

4.1 Conceptual schematization of the verification 

The upright is forced by the loading beam mainly by a shear force and a bending moment. The 
experimental tests showed that the fatigue phenomena are mainly due to the bending moment, while the 
shear forces can be neglected for the geometry tested. On the base of this consideration, the shell model 
is loaded by two groups of forces: the one representing the tensile/tearing forces and the one representing 
the contact/compression forces (Figure 23). This approach allows the simplification of the model and 
reduces the computational burden and time.  

 

Figure 23 Modeling of the loading condition 

 

Two different geometries can be compared: one without considering the presence of the holes and one 
considering the holes (Figure 24). The first model is meant to study the possibility of a simplified 
approach that neglects the influence of the holes, while the second is expected to be more precise but 
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more time-consuming. Finally, in the last part of the present section, a further model is presented, in 
which only the relevant part close to the external tensile forces is considered.  

a)   b)  

Figure 24. Geometries of the models a) with and b) without the holes.  

In the model without the holes, the tensile forces are modelled as concentrated force applied in the axis 
of the bolts in tension (Figure 25). 

 

Figure 25. Loading condition in the model without the holes.  

On the model with the holes, two loading configurations are used for the bolts in tension. In the first 
configuration, the holes where the bolts are located are loaded all along the circumference with 
concentrated forces at the nodes. In the second loading configuration, it is chosen to load the outer half 
circumference. Indeed, in the external area, the contact is higher due to the deformation of the front face 
of the profile (see Figures 26 and 27). 
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For the C-S1-120-3.5 used in this example, given that the geometric nonlinearities have a limited effect 
on the analysis, both configurations actually lead to very similar results. The choice of one or the other 
should be made after assessing the sensitivity of the profile face to non linear effects. 

 

 

Figure 26. Load on the semi-circumference 

 

 

Figure 27. Load all around the holes 

 

4.2 Modelling of the profile 

4.2.1 Elements used 

Typically, quadrilateral shells with 4 or 9 nodes (in this example, 9 nodes) with a maximum side length 
of 1mm are used to model the profiles. The length ratio (min/max) used to create the mesh is at least 
0.5. This allowed to have 4 elements and 9 nodes at the critical spot, i.e. the corner zone. The shell 
elements formulation considers the shear deformation. In this example, the thickness of the membrane, 
as well as the bending thickness is 3.5 mm. Particular attention must be given to the definition of the 
mesh around the stress concentration areas, the holes where the loads are applied and the corner zone. 

When only 2 elements in the corner zone, the stress distribution is heterogeneous and the peak value 
assumes higher values than with a solid model.  With three elements in the corner, the results are almost 
the same as those obtained with more refined meshes. In the final model, 4 elements are used in the 
corner zone. In the circular holes, the mesh has at least 16 edges along the circumference. This allows 
to produce a smooth hole shape with better results (see Figure 28). 

The number of nodes obtained with this mesh is also very important to load the profile with nodal forces. 
In fact, in the profile modelled without taking into account the holes, the concentration of tensile stress 
close to the loaded point is very high and should be neglected when spotting the hot-spots (i.e. focusing 
only on the results in the corner zone of the upright). 
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4.2.2 Mesh 

It has been noted that mesh accuracy is important to obtain reliable results at the profile edge. If the 
mesh is not smooth, the peak stresses at the edge show poor uniformity, which leads to an overestimation 
of the values. In the bending radius there must be at least three elements. In conclusion, refining the 
mesh in fact reduce the peak stresses and homogenizes results. 

4.2.3 Restraints 

Constraints were applied on the edges at the ends of the profile (Figure 29). To avoid peak tensions in 
the area of constraint application a multipoint constraint can be created between the nodes of the outer 
edges which offer the possibility of specifying arbitrary relationships between any number of nodes 
and degrees of freedom. With this arrangement, the translational DOFs of the nodes are coupled. 

 

Figure 29. MPC constraint in the top end  

4.3 Results of the analysis 

The profile is analyzed with a geometrically nonlinear elastic static analysis (GNIA) in which geometric 
nonlinearities are included to consider the influence of the deformations on the final distribution of 
stresses. The distribution of stresses in the different profile conformations analyzed is very similar. The 
only area where there are values that differ greatly between analyses is the area of application of tensile 
forces. Indeed,  in the case in which a single force is applied to simulate the bolt, the peak stresses reach 
very high values, a symptom of a singularity within the model (fig 25). 

Peak stress in the area of the bending radius is around 920 MPa (fig 30) in the shell model with holes 
and loaded only in the outer circumference, and 740 MPa (fig  25) in the shell model without holes. 

Figure 28 Mesh details in the bending radius and around the holes 
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Peak stress in the configuration with concentrated loads all around the holes is 885 MPa (fig 31). As a 
reference, it can be reminded from analyses in previous deliverables that the peak stress obtained with 
3D solid FE is equal to 865 MPa, at the same exact location as given by the shell model. 

 

 

   Figure 30 Peak Stress shell model perforated, loads semi-circumference 

 

 

Figure 31 Peak Stress shell model perforated, loads all around holes 

 

4.4 Local Model 

To study the influence of the stresses associated to the global and of the local behavior of the profile, a 
local model of a short piece of upright with a total length of 175mm is analyzed (see Figure 32). The 
aim of this analysis is to see if the peak elastic stresses in the critical zone can be evaluated by a much 
simpler analysis, saving computational time and efforts. 
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Figure 32. Full Model (left), Local Model (Right) 

4.4.1 Elements used 

The same elements of the previous full model is used also to allow a reliable comparison. The elements 
are therefore thick quadrilateral shells whose properties are those of elastic steel and the thickness is 
always 3.5mm. 

4.4.2 Mesh 

The mesh has a maximum length of 1mm. This allowed us to have 4 elements on the corners as in 
previous models (Figure 33). The elements are quad9, so quadrilaterals with 9 nodes (a similar analysis 
was also carried out with quad4 (4 nodes per element) and the results were the same).  

 

Figure 33. Mesh of the local model 

4.4.3 Restraints 

The only substantial modification in comparison to the complete model is dealing with the restraints. 
The hinge constraints were placed on the back edge of the profile as shown in fig.34. Thus, the front 
face of the profile was allowed to deform freely during the analysis. Indeed, it was seen that by 
constraining the profile on the load plane, i.e. on the front face, stresses were lowered by 10%. 
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Figure 34. Restraints in the local model. 

 

4.4.4 Loading  

The profile was loaded considering only the tensile forces resulting from the bending moment applied 
in the full model. Nodal tensile loads were placed also in this case both along the entire perimeter of the 
holes and only along the outer semi-circumference (Figure 35). 

4.4.5 Results 

Local model stresses were found to be approximately the same as those in the full model. The peak 
stress in the model loaded on the half circle is 934 MPa versus 922 MPa in the full model. Instead, the 
profile with tensile loads all around the hole in this case has a peak stress of 915 MPa versus 900 MPa 
in the full profile. 

 

a)     b) 

Figure 35. Stresses of the models loaded a) In the semi-circumference and b) All Around the holes.  


