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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, regarding the full-scale upright-beam connections tests.  

 

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 

 

Section 2 presents a parametric study (stress analysis) of the Z-rail. From this study, easy-to-use 
equations were fitted to compute stress ranges based on some load parameters. These equations replace 
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finite element analysis, in this regard, with very low relative difference. With this study, it is also 
possible to conclude that the used Z-rail specimens can already be considered as rails with “infinite 
length”, meaning that the stress field is concentrated at the mid-span of the rail, where loading is applied. 
This section also presents the numerical model used to compute stress ranges by simulating the 
experimental setup as closely as possible. The numerical model is also validated by comparing its results 
with experimental ones. 

In Section 3, the numerical simulations of bolted joints are presented. These simulations can be 
categorized as such: 

 Simulations of monotonic static tests without damage modelling; 
 Simulations of monotonic static tests with damage modelling; 
 Simulations of fatigue tests with crack growth modelling. 

The numerical models are presented, and their results are shown and discussed. 

Section 4 presents the numerical modelling of the beam-to-upright connection, its calibration on the 
base of the monotonic tests executed and the resulting relation between the force applied and the stresses 
on the critical zones. This last information is crucial for the definition of the S-N curves. Indeed, all the 
fatigue tests on these details described in Deliverable D2.1 are expressed in terms of “total force vs 
number of cycles for the crack initiation”. Therefore, to obtain the S-N curves, the relationship between 
stresses and external force is needed.    
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2 Fatigue tests on Z-rail specimens (details 1 and 2) 
After the fatigue tests on full-scale Z-rail specimens (Deliverable 2.1), in order to build S-N curves with 
the experimental results, it is necessary to compute the stress ranges that each specimen was subjected 
to. 

This section presents a parametric study (stress analysis) of the Z-rail. From this study, easy-to-use 
equations were fitted to compute the mentioned stress ranges based on some load parameters. These 
equations replace finite element analysis, in this regard, with very low relative difference. With this 
study, it is also possible to conclude that the used Z-rail specimens can already be considered as rails 
with “infinite length”, meaning that the stress field is concentrated at the mid-span of the rail, where 
loading is applied. 

This section also presents the numerical model used to compute these stress ranges by simulating the 
experimental setup as closely as possible. The numerical model is also validated by comparing its results 
with experimental ones. 

2.1 Parametric study of the Z-rail (stress analysis) 

In this section, a parametric study conducted on the Z-rail is presented. The aim of this study is to obtain 
equations which relate certain parameters with the stresses obtained by loading the Z-rail. The base of 
this study is a series of numerical simulations conducted in Abaqus®. 

The purpose of this study is to provide simple tools (in the form of mathematical equations) to compute 
the elastic stresses on the profile without accounting for the previous manufacturing residual stresses. 

The base 3D finite element model used for these numerical simulations consists of a Z-rail fixed on both 
ends, with an applied point load at the mid-span of the rail, on its larger flange. The model also considers 
the symmetry of the rail (only half of the total length is modeled). The S355MC material used was 
considered elastic (material properties presented in Deliverable 2.1). The model also considers non-
linear geometry effects. The rail was discretized with the C3D8 element, a continuum hexahedral 
element with 8 nodes and 8 integration points (full integration). Finally, in the base model, the rail has 
a total length of 880 mm. 

Figure 2-1 shows the base finite element model in Abaqus®. Figure 2-2 shows the mesh of the base 
model, more refined towards the location of the point load. 

 

Figure 2-1: Base finite element model for the parametric 
study (boundary and load conditions). 

 

Figure 2-2: Base finite element model for the parametric 
study (mesh). 

It should be noted that the model is purposefully simplified, i.e., no load actuator was used (thus, no 
contact interactions). The boundary conditions were also kept simple (no mid-span support). This is 
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intentional to reduce the number of parameters to be analyzed. Furthermore, after fatigue analysis, it 
should be interesting to compare results between using a numerical model replicating the experimental 
conditions versus using the equations obtained through the parametric study based on simpler models. 

2.1.1 Moment of force (force magnitude and distance to the web-wall) 

The first parameters to be analyzed were the force magnitude, 𝑃, and the distance between it and the 
rail’s web-wall, 𝑑, which could be combined as the force moment, 𝑀: 

 

𝑀 = 𝑃 ∙ 𝑑 Equation 2.1 

 

While varying these parameters, the presented base model was used to extract the maximum value of 
the maximum principal stresses, 𝑆 , located in the web-flange corner, where cracking occurred during 
experimental fatigue testing. 

As usual, two loading scenarios were analyzed, an upward and a downward loading scenario. Figure 2-3 
shows the mentioned parameters for both loading scenarios. 

 

 

Figure 2-3: Downward (left) and upward (right) loading scenarios (parameters 𝑃 and 𝑑). 

 

2.1.1.1 Downward loading scenario 

Table 2.1 presents the stress results extracted from the mentioned base model. Based on the presented 
table, Figure 2-4 and Figure 2-5 present the relations between the mentioned parameters. As seen by the 
figures, 𝑆  is a bi-linear function of 𝑃 and 𝑑: 

 

𝑆 = 𝑆 (𝑃, 𝑑) Equation 2.2 

 

As shown by Figure 2-6, this means that 𝑆  is a non-linear function of 𝑀: 

 

𝑆 = 𝑆 (𝑀) Equation 2.3 
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Table 2.1: Stress results for the downward loading scenario parametric study (moment of force). 

𝑆  [MPa] 
𝑃 [N] 

2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 

𝑑 [mm] 

8 138.7 166.4 194.1 221.8 249.4 277.1 304.7 332.4 360 387.6 415.2 

12.3 148.8 178.5 208.2 237.9 267.6 297.3 326.9 356.6 386.2 415.8 445.4 

16.6 157.8 189.3 220.8 252.3 283.8 315.3 346.8 378.3 409.7 441.2 472.6 

20.9 165.9 199.1 232.3 265.4 298.6 331.8 364.9 398 431.1 464.3 497.4 

25.2 173.5 208.2 242.9 277.6 312.3 347 381.7 416.4 451.1 485.7 520.4 

29.5 180.5 216.6 252.8 289 325.1 361.3 397.5 433.7 469.9 506.1 542.4 

33.8 187.3 224.9 262.5 300.2 337.9 375.6 413.3 451.1 488.8 526.6 564.5 

38.1 194.3 233.3 272.3 311.5 350.6 389.8 429.1 468.3 507.7 547 586.4 

42.4 201.2 241.7 282.2 322.8 363.5 404.3 445.1 485.9 526.8 567.8 608.8 

46.7 208.4 250.4 292.5 334.7 376.9 419.3 461.7 504.2 546.8 589.5 632.2 

51 216 259.6 303.3 347.1 391.1 435.2 479.3 523.6 568 612.4 657 

 

 

Figure 2-4: 𝑆  vs. 𝑃 (𝑑 series, downward loading scenario). 

 

 

Figure 2-5: 𝑆  vs. 𝑑 (𝑃 series, downward loading scenario). 
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Figure 2-6: 𝑆  vs. 𝑀 (𝑃 series, downward loading scenario). 

 

Each one of the linear polynomials presented in Figure 2-6 can be written as: 

 

𝑆 =  𝑎(𝑃) ∙ 𝑀 +  𝑏(𝑃) Equation 2.4 

 

Where the coefficients 𝑎 and 𝑏 can be obtained through linear regression: 

 

Figure 2-7: Linear regression to obtain coefficient 𝑎 
(downward loading scenario). 

 

Figure 2-8: Linear regression to obtain coefficient 𝑏 
(downward loading scenario). 

Meaning that the coefficients 𝑎 and 𝑏 are linear polynomials: 

 

𝑎 = 𝑘 ∙ 𝑃 + 𝑘  Equation 2.5 

𝑏 = 𝑘 ∙ 𝑃 + 𝑘  Equation 2.6 

 

Whose coefficients are presented in Table 2.2. 
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Table 2.2: Results for 𝑘 , 𝑘 , 𝑘 , and 𝑘  coefficients (downward loading scenario). 

𝑘  𝑘  𝑘  𝑘  
6.17×10-6 0.6834 0.0502 2.7058 

 

In conclusion, 𝑆  can be obtained through Equation 2.4, where 𝑎 and 𝑏 are obtained through Equation 
2.5 and Equation 2.6, respectively, using the coefficients from Table 2.2. Using Equation 2.4, a 
maximum relative difference of 2.5% is achieved when comparing to the results obtained directly from 
Abaqus® (Table 2.1). 

2.1.1.2 Upward loading scenario 

Table 2.3 presents the results extracted from the mentioned base model. Based on the presented table, 
Figure 2-9 and Figure 2-10 present the relations between the mentioned parameters. As seen by the 
figures, 𝑆  varies linearly in 𝑃 and logarithmically in 𝑑 (Equation 2.2). As shown by Figure 2-11, 
this means that 𝑆  is a non-linear function of 𝑀 (Equation 2.3). 

 

Table 2.3: Stress results for the upward loading scenario parametric study (moment of force). 

𝑆  [MPa] 
𝑃 [N] 

12500 13000 13500 14000 14500 15000 15500 16000 16500 17000 17500 

𝑑 [mm] 

8 354.2 368.6 383 397.5 412 426.5 441 455.6 470.2 484.8 499.4 

12.3 454.3 472.7 491.1 509.6 528.1 546.5 565 583.6 602.1 620.7 639.2 

16.6 527.4 548.7 570 591.3 612.7 634 655.3 676.7 698 719.4 740.8 

20.9 584.3 607.8 631.3 654.7 678.2 701.7 725.2 748.6 772.1 795.6 819.1 

25.2 630.7 655.9 681.1 706.2 731.4 756.6 781.7 806.8 832 857.1 882.2 

29.5 669.9 696.5 723.1 749.6 776.2 802.7 829.2 855.6 882 908.4 934.8 

33.8 704.1 731.8 759.6 787.3 814.9 842.5 870.1 897.6 925.1 952.5 979.9 

38.1 734.6 763.4 792.1 820.7 849.3 877.8 906.3 934.6 963 991.2 1019 

42.4 762.7 792.3 821.8 851.2 880.6 909.8 939 968.1 997 1026 1055 

46.7 789.3 819.6 849.8 879.9 909.9 939.8 969.6 999.2 1029 1058 1087 

51 816.7 847.6 878.4 909 939.5 969.8 999.9 1030 1060 1090 1119 

 

 

Figure 2-9: 𝑆  vs. 𝑃 (𝑑 series, upward loading scenario). 
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Figure 2-10: 𝑆  vs. 𝑑 (𝑃 series, upward loading scenario). 

 

 

Figure 2-11: 𝑆  vs. 𝑀 (𝑃 series, upward loading scenario). 

 

Each one of the logarithmic functions presented in Figure 2-11 can be written as: 

 

𝑆 = 𝑎(𝑃) ∙ ln(𝑀) + 𝑏(𝑃) Equation 2.7 

 

Where the coefficients 𝑎 and 𝑏 can be obtained through linear regression: 



FASTCOLD                                                                                         Work Package 2 – Deliverable 2.3 

9 
 

 

Figure 2-12: Linear regression to obtain coefficient 𝑎 
(upward loading scenario). 

 

Figure 2-13: Linear regression to obtain coefficient 𝑏 
(upward loading scenario). 

Meaning that the coefficients 𝑎 and 𝑏 are linear polynomials (Equation 2.5 and Equation 2.6), whose 
coefficients are presented in Table 2.4. 

 

Table 2.4: Results for 𝑘 , 𝑘 , 𝑘 , and 𝑘  coefficients (upward loading scenario). 

𝑘  𝑘  𝑘  𝑘  
0.0172 34.471 -0.0719 99.531 

 

In conclusion, 𝑆  can be obtained through Equation 2.7, where 𝑎 and 𝑏 are obtained through Equation 
2.5 and Equation 2.6, respectively, using the coefficients from Table 2.4. Using Equation 2.7, a 
maximum relative difference of 1.5% is achieved when comparing to the results obtained directly from 
Abaqus® (Table 2.3). 

2.1.2 Rail’s length 

The next parameter to be analyzed was the rail’s length in between holes, 𝐿. While varying this 
parameter, the presented base model was used to extract the maximum value of the maximum principal 
stresses, 𝑆  (located in the web-flange corner, where cracking occurred during experimental fatigue 
testing). Two loading scenarios were analyzed, an upward and a downward loading scenario (Figure 
2-3), where the previous parameters were kept constant: 

 

Table 2.5: Constant parameters for the rail's length parametric study. 

𝑃 [N] 𝑑 [mm] 
5000 29.5 (middle of the flange) 

 

For plotting purposes, a reference simulation was considered, where 𝐿 = 880 mm, which 

corresponds to the experimental test conditions. 

2.1.2.1 Downward loading scenario 

Table 2.6 presents the results extracted from the mentioned base model. Figure 2-14 shows the plot of 
the mentioned results. 
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Table 2.6: Stress results for the downward loading scenario parametric study (rail’s length). 

𝐿 [mm] 𝑆  [MPa] 𝐿/𝐿  𝑆 /𝑆 ,  

352 383.8 0.400 1.0197 
418 381.7 0.475 1.0141 
484 380.8 0.550 1.0117 
550 379.5 0.625 1.0082 
616 378.3 0.700 1.0050 
682 377.2 0.775 1.0021 
748 376.7 0.850 1.0008 
814 376.4 0.925 1.0000 
880 376.4 1.000 1.0000 
946 376.5 1.075 1.0003 

1,012 376.7 1.150 1.0008 
1,078 376.9 1.225 1.0013 
1,144 377.1 1.300 1.0019 
1,210 377.2 1.375 1.0021 
1,276 377.4 1.450 1.0027 
1,342 377.5 1.525 1.0029 
1,408 377.6 1.600 1.0032 

 

 

Figure 2-14: Adimensional stress vs. adimensional length (downward loading scenario). 

 

As shown by Figure 2-14, the obtained data can be approximated (𝑅 = 0.96) by the addition of two 
functions: the first relative to the blue points (𝐿 ≤ 𝐿 ), an exponential function, 𝑔; the second relative 

to the orange points (𝐿 ≥ 𝐿 ), a linear function, 𝑓: 

 

𝑓(𝑥) = 𝑎 ∙ 𝑥 + 𝑏  Equation 2.8 

𝑔(𝑥) = 𝑎 ∙ 𝑒 ∙  Equation 2.9 

 

Where the coefficients 𝑎 , 𝑏 , 𝑎 , and 𝑏  were obtained through curve fitting (Table 2.7). 
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Table 2.7: Curve fitting results for the 𝑎𝑓, 𝑏𝑓, 𝑎𝑔, and 𝑏𝑔 coefficients (downward loading scenario). 

𝑎  𝑏  𝑎  𝑏  

0.0056 0.9944 0.1456 -4.5059 
 

This means that using the reference simulation of 𝐿 = 880 mm, a rail with “infinite length” can be 

considered, i.e., the stresses are very little affected by increasing the rail’s length (varying linearly due 
to the global deflection of the rail), however, the stresses are more sensitive to the decrease in the rail’s 
length, increasing exponentially. 

2.1.2.2 Upward loading scenario 

Table 2.8 presents the results extracted from the mentioned base model. Figure 2-15 shows the plot of 
the mentioned results. As shown by the figure, the obtained data can be approximated (𝑅 = 0.99) by 
the addition of two functions: the first relative to the blue points (𝐿 ≤ 𝐿 ), an exponential function, 𝑔 

(Equation 2.9); the second relative to the orange points (𝐿 ≥ 𝐿 ), a linear function, 𝑓 (Equation 2.8). 

Where the coefficients 𝑎 , 𝑏 , 𝑎 , and 𝑏  were obtained through curve fitting (Table 2.9). 

As before, this means that using the reference simulation of 𝐿 = 880 mm, a rail with “infinite length” 

can be considered, i.e., the stresses are very little affected by increasing the rail’s length (varying linearly 
due to the global deflection of the rail), however, the stresses are more sensitive to the decrease in the 
rail’s length, increasing exponentially. 

 

Table 2.8: Stress results for the upward loading scenario parametric study (rail’s length). 

𝐿 [mm] 𝑆  [MPa] 𝐿/𝐿  𝑆 /𝑆 ,  

352 286.5 0.400 1.0280 
418 284.8 0.475 1.0219 
484 283.9 0.550 1.0187 
550 282.7 0.625 1.0144 
616 281.5 0.700 1.0100 
682 280.5 0.775 1.0065 
748 279.7 0.850 1.0036 
814 279.1 0.925 1.0014 
880 278.7 1.000 1.0000 
946 278.4 1.075 0.9989 

1,012 278.1 1.150 0.9978 
1,078 277.8 1.225 0.9968 
1,144 277.6 1.300 0.9961 
1,210 277.3 1.375 0.9950 
1,276 277.0 1.450 0.9939 
1,342 276.6 1.525 0.9925 
1,408 276.3 1.600 0.9914 
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Figure 2-15: Adimensional stress vs. adimensional length (upward loading scenario). 

 

Table 2.9: Curve fitting results for the 𝑎𝑓, 𝑏𝑓, 𝑎𝑔, and 𝑏𝑔 coefficients (upward loading scenario). 

𝑎  𝑏  𝑎  𝑏  

-0.0141 1.0142 0.1132 -4.3068 

2.1.3 Rail’s thickness and web-flange corner radius 

The next parameters subjected to this study were the rail’s thickness, 𝑡, and the rail’s web-flange corner 
radius, 𝑅. While varying these parameters, the presented base model was used to extract the maximum 
value of the maximum principal stresses, 𝑆  (located in the web-flange corner, where cracking 
occurred during experimental fatigue testing). The previous parameters were kept constant (Table 2.10). 

Table 2.11 presents the results extracted from the presented base model. Figure 2-16 and Figure 2-17 
show the plots of the mentioned results. As seen by the figures, 𝑆  varies linearly in 𝑅, and non-
linearly (power curve) in 𝑡: 

 

𝑆 = 𝑆 (𝑅, 𝑡) Equation 2.10 

 

As shown by Figure 2-18, this means that 𝑆  varies non-linearly in the adimensional parameter 𝑅/𝑡: 

 

𝑆 = 𝑆 (𝑅/𝑡) Equation 2.11 

 

Table 2.10: Constant parameters for the rail's thickness and web-flange corner radius parametric study. 

𝑃 [N] 𝑑 [mm] 𝐿 [mm] 
5000 29.5 (middle of the flange) 880 
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Table 2.11: Stress results for the parametric study (rail's thickness and web-flange corner radius). 

𝑆  [MPa] 
𝑡 [mm] 

1.5 2.5 3.5 4.5 5.5 

𝑅 [mm] 

6 1526 707.7 406.4 266.4 224.6 
7 1434 675.3 390.3 256.9 203.6 
8 1353 647.5 376.4 248.5 178.9 
9 1279 622.1 364.5 242.4 173.9 
10 1212 598.6 353.5 236 169.6 

 

 

Figure 2-16: 𝑆  vs. 𝑡 (𝑅 series). 

 

 

Figure 2-17: 𝑆  vs. 𝑅 (𝑡 series). 
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Figure 2-18: 𝑆  vs. 𝑅/𝑡 (𝑡 series). 

 

Each one of the linear polynomials shown in Figure 2-18 can be written as: 

 

𝑆 =  𝑎(𝑡) ∙
𝑅

𝑡
 +  𝑏(𝑡) 

Equation 2.12 

 

Where the coefficients 𝑎 and 𝑏 can be obtained through the following quadratic regression: 

 

Figure 2-19: Quadratic regression to obtain coefficient 𝑎. 

 

Figure 2-20: Quadratic regression to obtain coefficient 𝑏. 

Meaning that the coefficients 𝑎 and 𝑏 can be approximated through quadratic polynomials: 

 

𝑎 = 𝑘 ∙ 𝑡 + 𝑘 ∙ 𝑡 + 𝑘  Equation 2.13 

𝑏 = 𝑘 ∙ 𝑡 + 𝑘 ∙ 𝑡 + 𝑘  Equation 2.14 

 

Whose coefficients are presented in Table 2.12. 
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Table 2.12: Results for 𝑘 , 𝑘 , 𝑘 , 𝑘 , 𝑘 , and 𝑘  coefficients (quadratic regression). 

𝑘  𝑘  𝑘  𝑘  𝑘  𝑘  

-6.3879 55.566 -117.66 173.82 -1609.5 3946.4 
 

In conclusion, 𝑆  can be obtained through Equation 2.12, where 𝑎 and 𝑏 are obtained through 
Equation 2.13 and Equation 2.14, respectively, using the coefficients from Table 2.12. However, using 
Equation 2.12, an average relative difference of 35% is achieved when comparing to the results obtained 
directly from Abaqus® (Table 2.11), which is unsatisfactory. 

To remedy the above problem, a different approach was also tested. Up to now, 𝑆  was considered 
as a function of a single independent adimensional variable, 𝑅/𝑡 (Equation 2.11). This idea is now 
replaced by considering 𝑆  as a function of two independent variables, 𝑅 and 𝑡 (Equation 2.10). 

MATLAB® was then used to surface fit the numerical data from Abaqus® using the following surface 
fit model, which is linear in 𝑅 and cubic in 𝑡 (Figure 2-21): 

 

𝑆 = 𝑝 + 𝑝 ∙ 𝑅 + 𝑝 ∙ 𝑡 + 𝑝 ∙ 𝑅 ∙ 𝑡 + 𝑝 ∙ 𝑡 + 𝑝 ∙ 𝑅 ∙ 𝑡 + 𝑝 ∙ 𝑡  Equation 2.15 

 

Whose coefficients are presented in Table 2.13. 

 

Table 2.13: Coefficients used for surface fitting. 

𝑝  𝑝  𝑝  𝑝  𝑝  𝑝  𝑝  
4902 -170.4 -2639 76.6 497.8 -8.825 -30.86 

 

 

Figure 2-21: 𝑆 (𝑅, 𝑡) surface fitting. 
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Using Equation 2.15 with the coefficients from Table 2.13, a maximum relative difference of 8.6% is 
achieved (average relative difference of 3.2%) when comparing to the results obtained directly from 
Abaqus® (Table 2.11). 

Note that using this surface fitting approach for the previously presented study of the moment of force 
(Section 2.1.1), higher relative differences are obtained when comparing to the results from Abaqus® 
(when using a bi-linear surface model for surface fitting). So, this newer approach is not always the best 
nor the worst, but it always has the disadvantage of requiring longer polynomials (Equation 2.12 vs. 
Equation 2.15). 

2.2 Computation of stress ranges to build S-N curves 

In this section, stress ranges for building S-N curves are computed either through finite element analysis 
or through the presented fitted equations (Section 2.1.1). 

2.2.1 Stress ranges computed by elastic finite element analysis 

In the mentioned numerical simulations, the experimental setup is replicated as closely as possible. The 
simulations consist in a 3D FEA model with the following characteristics: 

 The Z-rail’s section is modeled according to its technical drawing (Deliverable 2.1); 
 The rail has a total length of 880 mm (distance between bolt holes). In actuality, the model 

considers the symmetry in the Z-rail’s length axis, on effect, only half of the Z-rail’s total length 
is modeled (440 mm); 

 The rail’s material is considered elastic (material properties presented in Deliverable 2.1). The 
rail’s section is also considered solid and homogeneous. The model has no considerations for 
the residual stresses left over from the cold roll-forming process; 

 The model considers non-linear geometry effects (NLGEOM); 
 The numerical model includes hard normal contact and frictionless tangential contact between 

the load actuator, or the load actuator’s plate, and the rail’s flange. Surface-to-surface contact 
discretization, finite sliding formulation, direct (or Lagrange multipliers method) contact 
enforcement; 

 The Z-rail’s web (facets) is fixed on both ends. This is a simplification, since in reality the Z-
rail is supported on both ends by bolted connections. However, as seen in Section 2.1.2, this is 
an acceptable simplification since the rail already is considered to have “infinite length”; 

 The mid-span support is modeled by fixing the mid-span bolt holes (facets); 
 The load actuator (considered an analytical, non-deformable, rigid part) is placed either on top 

or on the bottom of the rail’s flange (downward and upward loading scenarios). As mentioned 
before, for the upward loading scenario, an additional steel plate is placed in between the load 
actuator and the rail’s flange, as well as a steel cover to clamp the rail’s web at the mid-span 
support. The actuator is free to rotate along the rail’s length axis; 

 The actuator is displaced until half of the intended load is achieved (magnitude of reaction 
force), due to symmetry. Then, the maximum value of the maximum principal stresses is 
extracted from the web-flange corner (where cracking occurred during experimental testing) for 
the S-N curve’s stress ranges; 

 The Z-rail (and also for the upward loading scenario: the load actuator’s plate, and the mid-span 
cover plate) is discretized by the C3D8 element, a continuum hexahedral element with 8 nodes 
and 8 integration points (full integration). 

Figure 2-22 to Figure 2-25 show the mentioned FEA models to obtain the stress ranges for building an 
S-N curve. The FEA models have also been validated by comparing its results with experimental data, 
as seen in Figure 2-26 and Figure 2-27. 
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Figure 2-22: Model for downward loading scenario stress 
ranges computation (geometry and boundary conditions). 

 

Figure 2-23: Model for downward loading scenario stress 
ranges computation (mesh). 

 

Figure 2-24: Model for upward loading scenario stress 
ranges computation (geometry and boundary conditions). 

 

Figure 2-25: Model for upward loading scenario stress 
ranges computation (mesh). 

Figure 2-26: Numerical vs. experimental stresses for the 
downward loading scenario (S22 is the relevant tensor 

component; SG Node is the closest node to the strain gauge 
placement). 

Figure 2-27: Numerical vs. experimental stresses for the 
upward loading scenario (S11 is the relevant tensor 

component; SG Node is the closest node to the strain gauge 
placement). 
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Table 2.14 presents the S-N data used to build the S-N curves from Deliverable 2.2 (stress ranges 
computed by elastic FEA). On this table’s Loading scenario column, the letter D stands for downward 
loading scenario, and the letter U stands for upward loading scenario.  

 

Table 2.14: S-N data: experimental lifetime; stress ranges obtained through elastic FEA. 

Loading 
scenario 

Specimen 
Max 
load 
[N] 

Min 
load 
[N] 

Max 
stress 

[MPa] 

Min 
stress 

[MPa] 

Stress 
range 

[MPa] 
Lifetime Comments 

D 7 5,000 500 415.8 41.50 374.30 325,000 Outlier 
D 8 5,000 500 415.8 41.50 374.30 5,000,000 Run out 
D 9 5,000 500 415.8 41.50 374.30 5,000,000 Run out 
D 10 5,000 500 415.8 41.50 374.30 5,000,000 Run out 
D 11 7,500 750 624.5 62.26 562.24 160,000 - 
D 12 7,500 750 624.5 62.26 562.24 120,000 - 
D 13 7,500 750 624.5 62.26 562.24 200,000 - 
D 14 7,500 750 624.5 62.26 562.24 95,000 - 
D 17 9,000 900 749.9 74.71 675.19 75,000 - 
D 18 9,000 900 749.9 74.71 675.19 42,500 - 
D 19 6,250 625 520.1 51.88 468.22 580,000 - 
D 20 6,250 625 520.1 51.88 468.22 325,000 - 
D 21 9,000 900 749.9 74.71 675.19 90,000 - 
D 22 9,000 900 749.9 74.71 675.19 45,000 - 
D 23 6,250 625 520.1 51.88 468.22 220,000 - 
D 24 6,250 625 520.1 51.88 468.22 120,000 - 
D 49 5,500 550 457.5 45.65 411.85 550,000 - 
D 50 5,500 550 457.5 45.65 411.85 800,000 - 
U 31 9,000 900 399.1 41.90 357.20 5,000,000 Run out 
U 32 9,000 900 399.1 41.90 357.20 5,000,000 Run out 
U 33 17,500 1,750 746.6 81.06 665.54 45,000 - 
U 34 17,500 1,750 746.6 81.06 665.54 62,000 - 
U 35 17,500 1,750 746.6 81.06 665.54 22,000 - 
U 36 17,500 1,750 746.6 81.06 665.54 64,000 - 
U 37 15,000 1,500 646.3 69.59 576.71 200,000 - 
U 38 15,000 1,500 646.3 69.59 576.71 255,000 - 
U 39 12,500 1,250 544.4 58.07 486.33 850,000 - 
U 40 12,500 1,250 544.4 58.07 486.33 700,000 - 
U 41 15,000 1,500 646.3 69.59 576.71 180,000 - 
U 42 15,000 1,500 646.3 69.59 576.71 240,000 - 
U 43 12,500 1,250 544.4 58.07 486.33 550,000 - 
U 44 12,500 1,250 544.4 58.07 486.33 645,000 - 
U 45 10,000 1,000 440.8 46.53 394.27 550,000 - 
U 46 10,000 1,000 440.8 46.53 394.27 650,000 - 
U 47 10,000 1,000 440.8 46.53 394.27 700,000 - 
U 48 10,000 1,000 440.8 46.53 394.27 900,000 - 

 

 

 



FASTCOLD                                                                                         Work Package 2 – Deliverable 2.3 

19 
 

2.2.2 Stress ranges computed by fitted equations 

Based on the equations presented in Section 2.1.1, Table 2.15 presents the S-N data used to build the S-
N curves from Deliverable 2.2 (stress ranges computed by fitted equations). On this table’s Loading 
scenario column, the letter D stands for downward loading scenario, and the letter U stands for upward 
loading scenario. 

 

Table 2.15: S-N data: experimental lifetime; stress ranges obtained through fitted equations. 

Loading 
scenario 

Specimen 
Max 
load 
[N] 

Min 
load 
[N] 

Max 
stress 

[MPa] 

Min 
stress 

[MPa] 

Stress 
range 

[MPa] 
Lifetime Comments 

D 7 5,000 500 359.06 37.931 321.13 325,000 Outlier 
D 8 5,000 500 359.06 37.931 321.13 5,000,000 Run out 
D 9 5,000 500 359.06 37.931 321.13 5,000,000 Run out 
D 10 5,000 500 359.06 37.931 321.13 5,000,000 Run out 
D 11 7,500 750 540.65 55.578 485.07 160,000 - 
D 12 7,500 750 540.65 55.578 485.07 120,000 - 
D 13 7,500 750 540.65 55.578 485.07 200,000 - 
D 14 7,500 750 540.65 55.578 485.07 95,000 - 
D 17 9,000 900 650.69 66.178 584.51 75,000 - 
D 18 9,000 900 650.69 66.178 584.51 42,500 - 
D 19 6,250 625 449.57 46.752 402.82 580,000 - 
D 20 6,250 625 449.57 46.752 402.82 325,000 - 
D 21 9,000 900 650.69 66.178 584.51 90,000 - 
D 22 9,000 900 650.69 66.178 584.51 45,000 - 
D 23 6,250 625 449.57 46.752 402.82 220,000 - 
D 24 6,250 625 449.57 46.752 402.82 120,000 - 
D 49 5,500 550 395.19 41.459 353.73 550,000 - 
D 50 5,500 550 395.19 41.459 353.73 800,000 - 
U 31 9,000 900 508.87 198.61 310.26 5,000,000 Run out 
U 32 9,000 900 508.87 198.61 310.26 5,000,000 Run out 
U 33 17,500 1,750 936.83 228.37 708.46 45,000 - 
U 34 17,500 1,750 936.83 228.37 708.46 62,000 - 
U 35 17,500 1,750 936.83 228.37 708.46 22,000 - 
U 36 17,500 1,750 936.83 228.37 708.46 64,000 - 
U 37 15,000 1,500 802.89 220.10 582.79 200,000 - 
U 38 15,000 1,500 802.89 220.10 582.79 255,000 - 
U 39 12,500 1,250 675.18 211.57 463.61 850,000 - 
U 40 12,500 1,250 675.18 211.57 463.61 700,000 - 
U 41 15,000 1,500 802.89 220.10 582.79 180,000 - 
U 42 15,000 1,500 802.89 220.10 582.79 240,000 - 
U 43 12,500 1,250 675.18 211.57 463.61 550,000 - 
U 44 12,500 1,250 675.18 211.57 463.61 645,000 - 
U 45 10,000 1,000 554.73 202.51 352.22 550,000 - 
U 46 10,000 1,000 554.73 202.51 352.22 650,000 - 
U 47 10,000 1,000 554.73 202.51 352.22 700,000 - 
U 48 10,000 1,000 554.73 202.51 352.22 900,000 - 

 

The stress ranges from Table 2.14 and Table 2.15 have an average relative difference of 10%. This 
validates the use of the presented fitted equations, even though these are based on simpler FEA models. 
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3 Tests on bolted joints (details 3 and 4) 
The finite element method was used to simulate the behavior of bolted joints. These simulations can be 
categorized into the following sections: 

 Simulations of monotonic static tests without damage modelling; 
 Simulations of monotonic static tests with damage modelling; 
 Simulations of fatigue tests with crack growth modelling. 

3.1 Simulations of monotonic static tests without damage modelling 

The main goal of these simulations is to determine the ultimate strength of the joints and then compare 
it with the average ultimate load obtained by experimental tests. ANSYS 18.2 was used in this study 
and the components of the joints were modelled with hexahedral meshes composed by 20-noded solid 
elements (SOLID186). Contact surface elements (CONTA174 and TARGE170) composed by 8 nodes 
were also used to model the friction/contact behavior between sliding faces of the plates and fastenings. 
PRETS179 elements were inserted on middle of bolt body to apply the bolt pretension. The used 
numerical models are detailed below. 

3.1.1 Finite element modelling and parameters of the numerical models 

The tested bolted connections (1+1 and 4+4 bolt arrangements) were modelled. Good practice developed 
in a previous research by some of the authors was followed in this research [1]. Figure 3-1 shows the 
FE models of the 1+1 and 4+4 connections. Due the physical and geometry symmetry, only 1/4 
numerical models were modelled, in order to reduce the computational costs of the simulations. This 
step was possible by the imposition of null displacements in the direction perpendicular to the planes of 
the symmetry (X and Y axes). Regarding the mesh, a refinement of the finite element mesh was carried 
out in the proximity of the holes due to the expected higher stress concentration. In addition, full bolt 
geometry was considered, simplifying the bolt thread by a smooth cylindrical shape. 

Contact pairs were used for all the contact possibilities that exist in the numerical model. Moreover, 
surface-to-surface contact option was used to impose the contact among Gauss points of the elements. 
Before modelling the contact pairs, it is necessary to identify the potential interactions between bodies. 
In summary, the following contact pairs were established: the contact between cover plates and middle 
plate, contact between bolt head and superior cover plate, contact between washer and inferior cover 
plate and the bolt shank and the holes of the three plates (cover and middle plates). In addition, it should 
be highlighted that all middle plate surfaces were meshed with CONTA174 elements and all fastening 
bolt contact surfaces were meshed by TARGE170. However, the hole contact surfaces of cover plates 
were meshed with CONTA174 elements, while the cover plate surfaces in contact with middle plate 
were meshed with TARGE170 elements. The contact between elements was considered flexible-
flexible. Simulations were performed using Lagrange contact algorithm. This requires the definition of 
the contact stiffness and the interpenetration tolerance of the contact pairs to be applied in the normal 
direction to the contact surface. The contact stiffness was estimated by ANSYS, and it was based on 
elastic properties of the contact bodies which could be affected by a multiplicative factor, defined by the 
FTOLN parameter and is also a multiplicative factor to be applied to the thickness of the first layer of 
solid elements in contact for penetration tolerance. According to Silva [2], the amount of penetration 
between the contact surfaces depends on the value of the normal contact stiffness. For high stiffness 
values, there is a reduction in penetration, increasing the convergence difficulties of the contact 
algorithm. Low stiffness values can lead to high penetrations, thus producing less precise solutions. In 
this way, a sufficiently high stiffness is intended to reduce interpenetration between elements to 
acceptable values, ensuring convergence to the solution in a timely manner. According to the study 
carried out by Silva [2], the optimal values for these parameters are as follows: FKN (contact stiffness 
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factor) equal to 0.1 and FTOLN (penetration tolerance factor) equal to 0.1. These values were used in 
the present study. The initial penetration that may occur was ignored; anyway, it is expected that does 
not exist any problems with this consideration because the finite elements are quadratic and can 
represent the real geometric hole. 

The materials (S355MC and S350GD) were modelled with elastoplastic behavior. It was adopted the 
von Mises yield criterion, with isotropic hardening defined by multilinear law. The uniaxial engineering 
stress-strain curve was adopted according to experimental data obtained by tensile tests performed in 
this research (Deliverable 2.1). As regards the bolts behavior, elastic behavior was adopted considering 
that the ultimate load of bolt is greater than plate materials and the failure occurred in the plates. Table 
3.1 summarizes the parameters used in constitutive law of the materials. Regarding friction modelling, 
the Coulomb friction model was considered as provided by ANSYS 18.2 code. The friction law was 
based on Equation 3.1. 

 

𝜇 = 𝜇 × (1 + (𝐹𝑎𝑐𝑡 − 1) ∙ 𝑒 × ) Equation 3.1 

 

Where 𝜇  is the current friction coefficient, taking value equal to static friction coefficient, 𝜇 , 
before the sliding, 𝜇  is the dynamic friction coefficient, 𝐹𝑎𝑐𝑡 is the ratio between 𝜇  and 𝜇 , 

𝐷𝑐 is the exponent of decay, and 𝑣  is the relative velocity between element faces. Due to lack of 
knowledge of some data like the exponent of decay, Equation 3.1 was simplified, considering the 
exponent of decay equal to 0, becoming Equation 3.2. 

 

𝜇 = 𝜇 × 𝐹𝑎𝑐𝑡 Equation 3.2 

 

The relationship between the static and dynamic friction coefficients, 𝐹𝑎𝑐𝑡, was estimated from 
experimental data. Thus, when the static friction load is reached, the sliding occurs. After this load level, 
the transition between static to dynamic friction coefficient is immediate, so the numerical sliding limit 
load can be incorrectly measured for situations where the 𝐹𝑎𝑐𝑡 is relatively high. The static friction 
coefficient can be obtained from the first peak load on the experimental curve and the dynamic 
coefficient from the following load drop and respective load valley (Deliverable 2.1). For cases where 
the transition is not abrupt, 𝐹𝑎𝑐𝑡 is very close to 1, verifying that differences between numerical and 
experimental sliding loads are lower. 

 

 

Figure 3-1: Typical FE mesh of two specimens, 1+1 bolts, 2mm thick (left) and 4+4 bolts, 3mm thick (right). Red arrows 
mean the boundary conditions (displacement constraints due to symmetry, 𝑢 = 𝑢 = 0, and displacement loading). Blue 

arrows intend to show in more detail the mesh of some joint components. 
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Table 3.1: Mechanical properties used in finite element model built in ANSYS 18.2 (𝐸, Young’s modulus; 𝜈, Poisson’s ratio). 

 𝐸 [GPa] 𝜈 𝜎  [MPa] 𝜎  [MPa] 
S355MC 

210 0.3 
400 520 

S350GD 425 500 
Fastening Bolt - - 

 

3.1.2 Preload application 

In accordance with Zhang [3] there are two methods to apply the preload on bolts. The first one is using 
the pretension element method, which is a method where PRETS179 elements (provided by ANSYS) 
are applied directly on bolt sections previously defined. The preload force is imposed in first load step, 
and kept for the next load steps, reducing the work time. Another way to apply the preload is by the 
tightening method. In this method, the threads and helix angle geometries are considered, becoming the 
computation efficiency very low; however, computation results are more accurate and local contact 
stress can be obtained. Results by Zhang [3] showed that the pretension element method is enough and 
can reproduce good numerical results taken into account its simplicity. For these reasons, this method 
will be used to model the clamping torque on bolts. 

3.1.3 Displacements application 

The imposed displacement values are very important because these values should be chosen in order to 
cover the joint behavior until ultimate loads are achieved. The adopted displacement values were about 
17 and 12 mm for single and multiple connections, respectively. The displacements were defined in the 
longitudinal axis, X. Also, displacements were applied in Z direction on the free nodes of the clamping 
grips of the testing machine, as signalized in red line/arrows in Figure 3-1 The imposed displacements 
together with the symmetry boundary conditions impeded any rotation of the specimen ends as occurred 
in the gripping provided by the machine. 

3.1.4 Results 

Figure 3-2 includes a comparison between experimental and numerical curves. The numerical results 
were very satisfactory on predicting the ultimate loads, with a maximum error of 8.68% on specimen 
made of S350GD, with 2mm thick plates and preloaded bolts. Table 3.2 compares the experimental and 
estimated failure loads where the maximum values of 𝐶𝑜𝑉 and 𝐸𝑟𝑟𝑜𝑟 are in bold figures. 

A more detailed discussion on these results is presented in Deliverable 2.2. 
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Figure 3-2: A) Experimental vs. numerical load-displacement curves; B) Failure loads obtained in the monotonic static tests 
for two preload levels (25% × 70%𝐹  and 70%𝐹 , or 140 and 560 MPa, respectively). 

 

Table 3.2: Maximum failure loads and coefficients of variation from three tests performed for each case. Numerical results 
included for comparisons, with errors between average experimental failure load and failure loads by FEM. 

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 
(Without) 

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

𝐶𝑜𝑉 [%] 1.71 0.8 0.42 0.86 1.64 5.42 1.91 0.46 
𝐹  [kN] 37.48 101.88 59.75 153.45 38.22 102.21 57.72 153.87 
𝐸𝑟𝑟𝑜𝑟 [%] -2.17 -1.32 -0.99 0.35 2.05 2.73 8.42 4.80 

S350GD 
(Zinc) 

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

𝐶𝑜𝑉 [%] 1.38 1.55 1.15 0.24 3.83 5.08 5.46 2.11 
𝐹  [kN] 37.65 100.11 56.36 150.77 39.18 100.77 57.39 152.16 
𝐸𝑟𝑟𝑜𝑟 [%] 5.40 1.03 -2.21 -5.58 8.53 8.68 -2.00 -7.40 

S350GD 
(Zinc+paint) 

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

𝐶𝑜𝑉 [%] 2.05 0.73 0.87 1.48 0.92 1.24 0.85 1.46 
𝐹  [kN] 35.32 99.76 53.18 149.87 36.73 100.05 54.33 150.65 
𝐸𝑟𝑟𝑜𝑟 [%] 6.95 0.39 -2.14 -7.72 7.79 -0.16 1.99 -7.37 
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3.2 Simulations of monotonic static tests with damage modelling 

Finite element models were developed to simulate the monotonic behavior of bolted joints under 
different conditions. The main goal of this study was to evaluate the maximum load ductility whose tests 
were presented in Deliverable 2.1 and fracture modes of the bolted joints. The numerical results were 
compared with experimental ones (from Deliverable 2.2). The commercial software Abaqus/CAE 2019 
was used due to its capabilities and for being widely used in industries. 

3.2.1 Geometry and mesh 

The 1+1 and 4+4 bolted joints were both modelled. Figure 3-3 and Figure 3-4 show the finite element 
models (mesh) for 1+1 and 4+4 configurations, respectively. All the plates are meshed with C3D8 
elements, an 8-noded 3D brick element. 

 

 

Figure 3-3: 1/4 finite element model and mesh for 1+1 bolted joint. 

 

 

Figure 3-4: 1/4 finite element model and mesh for 4+4 bolted joint. 
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A refinement of the mesh was made around the bolt holes due to the fact that it is expected to have a 
stress concentration in this area. Figure 3-5 shows in detail the refinement around the bolt holes of the 
central plates of 1+1 and 4+4 finite element models. Both models have elements with minimum size of 
0.66 mm located around the hole border. 

 

 

Figure 3-5: Detail of the mesh refinement on central plates around the hole border: A) 1+1 bolted joint model; B) 4+4 
bolted joint model. 

 

3.2.2 Contact 

The contact between plates (normal contact) was made using the default constraint enforcement method 
with surface-to-surface discretization method. The tangential behavior used the penalty method for the 
friction formulation. The friction coefficient used was based on the data obtained from the monotonic 
slip tests for each surface finishing (Deliverable 2.1 and Deliverable 2.2). 

In order to apply contact in the model it was necessary firstly to identify the contact regions pairs. The 
following contact pairs were assumed in the model: I) cover plates and middle plate; II) bolt head and 
superior plate; III) nut and washer; IV) washer and inferior plate; V) bolt body and holes of the plates 
and washer. Also, in preloaded bolt condition it was necessary to apply contact between superior and 
inferior cover plates due to large deformations. 

3.2.3 Boundary and load conditions 

In order to save computational costs, symmetry was used in both models. This was possible due to the 
application of plane symmetry as boundary conditions in planes normal to X and Y. Figure 3-6 and 
Figure 3-7 show the boundary conditions applied for 1+1 and 4+4 models, respectively. 

A displacement of 20mm was applied to the central plate end. The 20 mm was chosen because it was a 
larger displacement than any of the tested specimens could stand; in other words, it was expected that 
the fracture of the specimens would happen before that full displacement being applied. 

The bolt preload was applied using the "Bolt Load" option available in Abaqus/CAE. It is necessary to 
make a partition in the center of the bolt and specify an axis normal to the bolt load application. Figure 
3-8 shows the bolt load application. 
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Figure 3-6: Boundary conditions applied to 1/4 finite element model for 1+1 bolted joint. 

 

 

Figure 3-7: Boundary conditions applied to 1/4 finite element model for 4+4 bolted joint. 

 

 

Figure 3-8: Bolt preload application. 
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3.2.4 Material model 

The S355MC and S350GD materials were modelled with elastoplastic behavior and multi-linear 
isotropic hardening. The uniaxial engineering stress-strain curve was obtained by tensile tests performed 
in this research (Deliverable 2.1). Since it is expected large deformations in the modeling of fracture 
behavior of bolted joints, it is necessary to use the real stress-strain curve. The transformation from 
engineering stress-strain curve to real stress-strain curve can be evaluated using Equation 3.3 and 
Equation 3.4. 

 

𝜖 = ln(1 + 𝑒) Equation 3.3

𝜎 = 𝜎 ∙ (1 + 𝑒) Equation 3.4

 

3.2.5 Ductile damage model 

The two main mechanisms of fracture of ductile metals are ductile criterion due to the nucleation, growth 
and coalescence of voids, and shear fracture due to shear band localization. For the bolted joints, the 
ductile criterion was more appropriate. The ductile criterion was based on Bao and Wierzbicki [4] work 
and assumes that the plastic deformation on the onset of damage is a function of stress triaxiality and 
stress rate. 

The plastic strain - triaxiality curve obtained for S355 from Petr and Talja [5] can be evaluated from 
Figure 3-9. The plastic strain - triaxiality curve is an exponential curve where the critical plastic strain 
decreases as the triaxiality increases. Due to the lack of experimental data for S350GD, a plastic strain 
- triaxiality curve was proposed based on S355MC experimental data. As seen on experimental data for 
monotonic static tests, the specimens for S350GD showed a bigger maximum displacement than the 
specimens with S355MC. The suggested curve for S350GD is equal to S355MC but displaced up 0.65 
plastic strain units. 

Figure 3-10 shows the characteristic behavior of a material undergoing damage. The damage can be 
analyzed as degradation of elasticity or decreasing of yield strength (softening). In Figure 3-10 the 
dashed line represents the behavior of the material without damage and the continuous line represents 

the material’s behavior with damage. Parameters 𝜎  and 𝜖  represent the stress and plastic strain at 
the onset of damage which are determined using the data from Figure 3-9. 

Once the parameter 𝐷 reaches its maximum value 𝐷  on all integration points of an element, that 
element is removed from the mesh and the forces and stresses are redistributed on the elements around 
it. For the analyzed work, the damage evolution is based on a critical energy release. The software user 
specifies the fracture energy per unit of area, 𝐺, once the fracture energy on the element is reached, that 
element is removed from the mesh. For the simulations, the fracture energy of 1.9 MN.m/m based of 
X52 steel was used. In the absence of better data for S350GD fracture energy, X52 steel properties were 
chosen due to similarities with S350GD steel. The properties were obtained from the book "Monotonic 
and ultra-low-cycle fatigue behaviour of pipeline steels: experimental and numerical approaches" [6]. 
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Figure 3-9: Plastic strain - triaxiality curve for steel 
S355MC and proposed curve for S350GD. 

 

Figure 3-10: Material behavior with damage and without 
damage [7]. 

3.2.6 Results 

The following sections will present the numerical results obtained for damage modelling. The results 
will be divided into three sections referring to each material and surface finishing: S355MC non-coated, 
S350GD with zinc coating, and S350GD with zinc plus paint coating. 

3.2.6.1 S355MC non-coated 

Figure 3-11 shows the load-displacement curves for experimental tests and numerical obtained from 
software Abaqus for snug-tight bolted joints. First, it is possible to analyze that the plate thickness 
increased the maximum load for single and multiple bolted connections, as expected. For single bolt 
connection, the 3mm plates showed an increase on the maximum load of around 60% while in the 
multiple bolt connections the increase was around 50%. 

The initial behavior showed some discrepancies between numerical and experimental tests. This can be 
explained by the complexity of the friction phenomenon. A detailed analysis is necessary in order to 
better characterize this behavior, but this is not the scope of this work. 

 

 

Figure 3-11: Load-displacement curves for snug-tight bolts. Experimental and numerical results for S355MC. 

 

Regarding the damage, it is possible to verify that the numerical model represented the softening and 
load drop of all specimens with great accuracy. The biggest difference on failure displacement is from 
specimen SMC2 with 1.7mm from experimental to numeric results, but in general the experimental 
results exhibited high scatter in this result. 
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Figure 3-12 shows the comparison of maximum load between experimental and numerical results, for 
snug tight bolts. The biggest error between experimental and numerical maximum load on snug tight 
bolted connections is 3.81% on SSC2 and the minimum error evaluated is 0.18% on SMC3. Figure 3-12 
also shows the error bars based on three standard deviations of experimental results. 

 

 

Figure 3-12: Comparison of maximum loads between experimental and numerical results for S355MC snug tight bolted 
joints. 

 

Figure 3-13 shows the load-displacement curves for experimental tests and numerical results obtained 
from software Abaqus for preloaded bolted joints. Once again, it is possible to verify that as the plate 
thickness increased the maximum load also increased. In this case, the increase was about 60% for both 
single and multiple bolt connections. It is also possible to verify that the bolt preload increased the 
maximum load compared to snug tight connections. This can be explained by the friction between the 
plates that tends to increase with the increase load on the bolts. 

As expected, the results for preloaded bolt connections are not as precise as the results for snug tight 
bolted connections. This can be explained by the fact that friction plays a more important role in 
preloaded connections than in snug tight connections. 

 

 

Figure 3-13: Load-displacement curves for preloaded bolts. Experimental and numerical results for S355MC. 

 

Figure 3-14 shows the comparison between maximum loads for preloaded bolt connections. The error 
for maximum loads is below 3% except for the connections SSC2 where the error is around 36%. This 
can be explained by the fact that the bolt preload leads to transverse deformation of the plates. Figure 
3-14 also shows the error bars based on three standard deviations. 
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Figure 3-14: Comparison between maximum load for experimental and numerical results for S355MC preloaded bolted 
joints. 

 

It was also possible to verify that the damage initiation location changed in a function of the bolt load. 
For snug tight bolted connection, the damage took place on the hole border while on preloaded bolted 
connection the damage took place outside the border hole. This can be verified from Figure 3-15 and 
Figure 3-16. 

 

 

Figure 3-15: Damage initiation locus for snug tight bolted connection. Numerical example from SMC3 specimen. 

 

 

Figure 3-16: Damage initiation locus for preloaded bolted connection. Numerical example from SMC3 specimen. 

 

This phenomenon can be explained by the fact that when the bolts are preloaded, the forces are 
transmitted through friction resistance while in the snug tight situation the forces are transmitted through 
the bolt shank by bearing. When the forces are transmitted through the bolt, the bolt hole acts as a stress 
concentration place and the damage initiates around the hole. When the forces are transmitted through 
friction, the stress concentration is reduced. Figure 3-17 shows the stress distribution around the bolt 
hole for preloaded and snug tight bolts. 
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Figure 3-17: Stress distribution around bolt hole [8]: A) Snug tight bolt B) Preloaded bolt. 

 

The damage initiates, for preloaded bolts, in the gross cross section where fretting would be more 
intense. This happens because the contact pressure is not high enough and the plates starts to slip 
resulting in fretting. Figure 3-18 shows the damage location for preload and snug tight bolts. 

 

 

Figure 3-18: Damage location [8]: A) Snug tight bolt; B) Preloaded bolt. 

 

3.2.6.2 S350GD zinc coated 

Figure 3-19 shows the load-displacement curve obtained from experimental tests and numerical 
obtained from software Abaqus for snug-tight bolted joints. It is possible to verify an increase of around 
40% of the maximum load from single and multiple bolted joints from 2mm thick plates to 3mm thick 
plates. 

 

 

Figure 3-19: Load-displacement curves for snug-tight bolts. Experimental and numerical results for S350GD with zinc 
coating. 

 

Figure 3-20 shows the comparison between maximum load for experimental and numerical results for 
snug tight bolts and error bars for 3 standard deviations. The biggest error was verified for single bolted 
joint with 3 mm thick plates. The error was around 12.7%. 
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Figure 3-20: Comparison between maximum load for experimental and numerical results for S350GD with zinc coating and 
snug tight bolt. 

 

Figure 3-21 shows the load-displacement results obtained from experimental tests and numerical 
analysis for S350GD bolted joints with preloaded bolts. It is possible to verify that the maximum 
displacement obtained from all of the simulations shows great precision in comparison to the 
experimental tests. 

 

 

Figure 3-21: Load-displacement curves for preloaded bolts. Experimental and numerical results for S350GD with zinc 
coating. 

 

Figure 3-22 shows the comparison between maximum load obtained from experimental tests and 
numerical analysis and the error bars for 3 standard deviations. The maximum error obtained was for 
single bolt with 2 mm thick plate and is around 19%. The error can be explained by the fact that in 
preloaded bolted joints the friction has a huge importance in the joint behavior. In this study the friction 
is not the main objective of study, therefore in order to decrease the error a more detailed analysis of the 
friction should be done. 
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Figure 3-22: Comparison between maximum load for experimental and numerical results for S350GD with zinc coating and 
preloaded bolt 

 

3.2.6.3 S350GD zinc plus paint coated 

In this section will be detailed the results obtained from damage modeling with software Abaqus for 
plates with S350GD and zinc plus paint coating. Figure 3-23 shows the load-displacement results 
obtained. Once again it is possible to verify the precision of the maximum displacement obtained with 
the numerical analysis. 

 

 

Figure 3-23: Load-displacement curves for snug-tight bolts. Experimental and numerical results for S350GD with zinc plus 
paint coating. 

 

Figure 3-24 shows the comparison between maximum load obtained with experimental tests and 
numerical analysis. It also shows error bars based on 3 standard deviations. The maximum error was 
6.1% and was evaluated for single bolted connection with 3mm thick plates. It is also possible to verify 
that the increase of 50% in the plate thickness (from 2 mm to 3 mm) increases the maximum load in 
about 40%. 
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Figure 3-24: Comparison between maximum load for experimental and numerical results for S350GD with zinc plus paint 
coating and snug-tight bolt. 

 

The results for load-displacement for single and multiple bolted connections with zinc plus paint coating 
and preloaded bolts can be evaluated from Figure 3-25. It is possible to verify that, once again, the 
numerical simulations show great precision for maximum displacement. 

 

 

Figure 3-25: Load-displacement curves for preloaded bolts. Experimental and numerical results for S350GD with zinc plus 
paint coating. 

 

The comparison between maximum load for single and multiple bolted connections with zinc plus paint 
coating and preloaded bolts can be analyzed from Figure 3-26. It also contains error bars based on 3 
standard deviations. The maximum error evaluated is around 16% for single bolted connection and 
plates with 2mm thick. 
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Figure 3-26: Comparison between maximum load for experimental and numerical results for S350GD with zinc plus paint 
coating and preloaded bolt. 

 

3.2.6.4 Numerical results review 

Table 3.3, Table 3.5, and Table 3.4 overview the numerical results obtained for monotonic static tests. 
The errors for maximum load of snug tight bolted joints are below 12% showing great quality of the 
predictions made with Abaqus software. Regarding the maximum load for preloaded joints it is possible 
to verify that the errors are bigger than the ones for snug tight bolted joints. As discussed earlier, these 
errors can be explained by the fact that on preloaded bolted joints the friction plays an important role on 
the behavior of the preloaded bolted joints. 

The errors for maximum displacement of the snug tight bolted joint are below 13%, except for SSP3 
specimen, showing the great quality of the previsions made with Abaqus software. The results for 
S355MC uncoated preloaded bolted connections show a big discrepancy in relation to the experimental 
results. On the other hand, the results for S350GD zinc coated and S350GD with zinc plus paint coated 
for preloaded bolted joints show errors below 14% proving the great quality of the developed numerical 
models. 
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Table 3.3: Overview of numerical and experimental results and its errors for S355MC uncoated. 

 

 

Table 3.4: Overview of numerical and experimental results and its errors for S350GD zinc coated. 
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Table 3.5: Overview of numerical and experimental results and its errors for S350GD with zinc plus paint coated. 

 

 

3.3 Simulations of fatigue tests with crack growth modelling 

In order to investigate the fatigue crack growth influence on single and multiple bolted joints with snug 
tight and preloaded bolts a numerical model was created. The main objective of this study is to estimate 
the crack critical size and number of cycles to reach that crack critical size from a postulated initial 
crack. The Franc3D software was used to make the crack growth simulations with two different types 
of initial cracks: center crack and through crack. The numerical model, results, and further information 
about software Franc3D will be discussed in the following sections. 

3.3.1 Numerical model 

The numerical model used in crack growth simulations is the same used with Abaqus for ductile damage 
simulations except that bolt’s dimensions are updated from M16 to M12. Elastic behaviors will be 
assumed during fatigue crack growth simulations. For fatigue crack growth simulations, only elastic 
properties are necessary since we are simulating high cycle fatigue, in other words there is no plasticity 
and the plastic zone in front of the crack is so small that can be neglected. 

The fatigue properties for crack growth simulations were obtained from the article "A comparison of 
the fatigue behavior between S355 and S690 steel grades" [9]. In the cited article, there was 𝑑𝑎/𝑑𝑁 
properties for stress 𝑅-ratios of 0 and 0.25 which were used to provide results for stress 𝑅-ratio of 0.1, 
since this was the one used in experimental procedures. With the help of an Excel spreadsheet, the results 
for 𝑅 = 0.25 and 𝑅 = 0 were combined in a single graph using Walker equivalent Δ𝐾 and the parameter 
𝛾 was varied until the linear regression proposed reached the maximum 𝑅 . The value obtained to 
parameter 𝛾 with a maximum 𝑅 = 0.9873 was 1. 
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Figure 3-27: Linear regression with experimental results for 𝑅 = 0 and 𝑅 = 0.25 to obtain parameter 𝛾 for Walker 
equation. 

 

The parameters for Paris equation can then be evaluated from Table 3.6. The material toughness was 

also estimated from [6] resulting in 1533 MPa√mm. 

 

Table 3.6: Parameters for 𝑑𝑎/𝑑𝑁 equation. 

𝐶 [mm/cycle] 𝑚 Δ𝐾  [MPa√mm] 𝛾 𝐾  [MPa√mm] 

2.5893E-15 3.5622 0 1 1533 

 

3.3.2 Franc3D software 

Franc3D is a finite element method based software developed by Cornell University that aims to analyze 
Fracture Mechanics problems. The software provides the possibility of performing fatigue crack 
propagation analysis. It works with an external FE solver and allows automated crack insertion and 
growth, automatic mesh generation and modification, stress intensity factors calculation and fatigue life 
predictions using finite element analysis. 

For complex models Franc3D also provides a division of the model into sub models in order to save 
computational costs. Figure 3-28 exemplifies the sub model generated by Franc3D for the single bolt 
connection that is being analyzed. 

In order to define the crack propagation direction, the Maximum Tangential Stress criteria was used. 
This criterion says that the crack will propagate in the direction of the maximum tangential stress. 

 



FASTCOLD                                                                                         Work Package 2 – Deliverable 2.3 

39 
 

 

Figure 3-28: Franc3D model for single bolt connections: A) Sub-model; B) Full model. 

 

3.3.3 Numerical results 

In the following sections, the numerical results obtained from the numerical analysis will be presented. 
Two types of initial cracks will be considered: a central crack with 0.5mm radius and a through thickness 
crack with 1mm depth. The simulations will consider snug tight and preloaded single bolt connections. 
The simulations were conducted considering 𝑅 = 0.1 and 𝛥𝜎 = 150 MPa. According to a ASTM E739 
analysis the fatigue life for snug tight bolt connections submitted to 𝛥𝜎 = 150 MPa varies from 
1.8 × 10  cycles to 6 × 10  cycles with 99% confidence. For preloaded single bolt joint submitted 
to 𝛥𝜎 = 150 MPa the fatigue life varies from 3.5 × 10  cycles to 2 × 10  cycles with 99% confidence. 

3.3.3.1 Center crack 

The center semicircular crack positioned on Franc3D sub-model can be observed from Figure 3-29. The 
crack has a 0.5 mm radius and is positioned on the hole border since this is the preferential crack 
initiation location due to the stress concentration. The mesh generated from the initial crack can be 
analyzed from Figure 3-30. As the crack grows Franc3D will generate a new mesh according to it. It is 
possible to verify that the mesh is really refined around the crack and is coarse far from it. 

 

 

Figure 3-29: Franc3D sub model generated from single bolt connection model with center crack location. 
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Figure 3-30: Franc3D sub model initial mesh generated from single bolt connection model with center crack: A) Superior 
view; B) Lateral view. 

 

Figure 3-31 shows the crack progression and Mode I stress intensity factor for all crack fronts for snug 
tight bolted joint. It is possible to verify that the crack starting as a center crack, grows until it becomes 
a trough thickness crack. Also, it is possible to verify that the stress intensity factor gets higher next to 
the surfaces. This phenomenon can be explained by surface effects that tends to concentrate stresses. 
Figure 3-32 shows the mode II and mode III stress intensity factors for all crack fronts. Mode II and III 
values are small compared to mode I, so fracture is controlled by mode I. 

The stress intensity factors, function of the crack size evaluated at the center of the crack (mid thickness) 
are presented in Figure 3-33 and Figure 3-34. Also it is possible to evaluate that from this crack front 
template and stress range the critical crack size is 0.9 mm, since for this crack front the maximum SIF 
on surface of the plate overcomes the 𝐾  (see Figure 3-31). 

 

 

Figure 3-31: Crack front evolution and mode I stress intensity factors for center crack with snug tight bolts. 
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Figure 3-32: Mode II and III stress intensity factors for center crack with snug tight bolts. 

 

 

Figure 3-33: Mode I stress intensity factor in function of crack size evaluated on crack center (mid thickness) for snug tight 
bolts. 

 

 

Figure 3-34: Mode II and III stress intensity factor in function of crack size evaluated on crack center (mid plate thickness) 
for snug tight bolts. 
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The fatigue life predictions for single bolted connection with snug tight bolts and center crack can be 
evaluated from Figure 3-35. It is necessary 6115 cycles for the crack to grow from the initial size (𝑎 =

0.5 mm) to the critical size. It is possible to conclude that the crack initiation process dominates the 
fracture process of this type of connection since it takes more than a million cycles for the crack to 
initiates and just 6115 cycles to reach the critical crack size. 

 

 

Figure 3-35: Crack size in function of number of cycles to crack to reach the critical crack size for snug tight joints. 

 

Figure 3-36 shows the crack progression and mode I stress intensity factor for all fronts for single bolted 
connections with preloaded bolts. Once again it is possible to verify that the postulated center crack 
grows to become a through thickness crack. Modes II and III can be evaluated from Figure 3-37. The 
stress intensity factors for modes II and III are small compared to mode I, therefore strengthen the mode 
I dominance on the fatigue/fracture behavior. 

 

 

Figure 3-36: Crack front templates and mode I stress intensity factors for center crack with preloaded bolts. 
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Figure 3-37: Modes II and III stress intensity factors for center crack with preloaded bolts. 

 

The stress intensity factors in function of the crack length evaluated at the crack center can be analyzed 
from Figure 3-38 and Figure 3-39. It is also possible to evaluate that the crack critical size for single 
bolted joint with preloaded bolts and centered crack is 3.2 mm. The critical size for preloaded bolts is 
more than 3 times the critical size for snug tight bolted joints. This can be explained by the fact that the 
in snug tight bolted joints the forces are transmitted through the bolts and it leads to higher stress 
intensity factors at the crack front than the preloaded case where forces are transmitted through friction. 

Fatigue life predictions for single bolted joints with preloaded bolts can be evaluated from Figure 3-40. 
It is necessary 23353 cycles for the crack to grow from its postulated initial state to the critical size. It 
is possible to conclude, once again, that the fracture process is dominated by the crack initiation process. 
From the Figure 3-40 it is possible to highlight the similarity of the shape of the curve and the stable 
growth phase in Paris law curve. This can be explained by the fact that the number of cycles evolves 
inversely to the stress intensity factor, as the stress intensity factor grows, the crack growth rate also 
grows, as can be seem, on Paris law. It is also possible to verify that even though the postulated crack 
has a semicircular shape the final crack has a flat front. 

Comparing the life of the bolted connection with preloaded and snug tight bolts it is possible to verify 
that with properly tighten bolts the propagation life of the connection reaches more than 3 times higher 
when preloaded bolts are used in face to the snug tight ones. This leads to more time to technicians to 
identify the crack and avoid failures saving time and money on maintenance. 

 



FASTCOLD                                                                                         Work Package 2 – Deliverable 2.3 

44 
 

 

Figure 3-38: Mode I stress intensity factor in function of crack size evaluated on crack center for preloaded bolts. 

 

 

Figure 3-39: Mode II and III stress intensity factor in function of crack size evaluated on crack center for preloaded bolts. 

 

 

Figure 3-40: Crack size in function of number of cycles to crack to reach the critical crack size for preloaded joints. 
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3.3.3.2 Through thickness crack 

Figure 3-41 shows the trough thickness crack positioning for crack simulations. The crack has a 1 mm 
deep size and is positioned on the hole border since this is the preferential crack initiation location, as 
previously explained. The mesh generated from the initial crack can be analyzed from Figure 3-42. As 
the crack grows Franc3D will generate a new mesh compatible. 

 

 

Figure 3-41: Franc3D sub model generated from single bolt connection model with through thickness crack location. 

 

 

Figure 3-42: Franc3D sub model initial mesh generated from single bolt connection model with through thickness crack: A) 
Superior view; B) Lateral view. 

 

The stress intensity factors for single bolt connections with snug tight bolts for modes I, II and III and 
all crack fronts can be evaluated from Figure 3-43 and Figure 3-44. Stress intensity factors show higher 
results next to the surfaces due to the surface effects and the shape of the crack evolves consistently with 
higher rate at surfaces. 

From the modes II and III graphs it is possible to verify that the fracture process is dominated by mode 
I since SIF values are around 10 times higher than for other SIF modes. 

The stress intensity factors in function of the crack length evaluated at the crack center can be analyzed 
from Figure 3-45 and Figure 3-46. It is also possible to evaluate that the crack critical size for single 
bolted joint with snug tight bolts and centered crack is 1.18 mm. 
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Figure 3-43: Crack front templates and mode I stress intensity factors for through thickness crack with snug tight bolts. 

 

 

Figure 3-44: Mode II and mode III stress intensity factors for through thickness crack with snug tight bolts. 

 

 

Figure 3-45: Mode I stress intensity factor in function of crack size evaluated on crack center (mid thickness) for snug tight 
bolts. 
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Figure 3-46: Mode II and III stress intensity factor in function of crack size evaluated on crack center (mid thickness) for 
snug tight bolts. 

 

Fatigue life predictions for single bolted joints with snug tight bolts can be evaluated from Figure 3-47. 
It is necessary only 810 cycles for the crack to grow from its initial state to the crack critical size. This 
means that once the crack gets through the plate the life of the bolted connection is almost over. 

 

 

Figure 3-47: Crack size in function of number of cycles to crack to reach the critical crack size for snug tight joints. 

 

Figure 3-48 shows the crack progression and mode I stress intensity factor for all fronts for single bolted 
connections with preloaded bolts. Figure 3-49 shows the stress intensity factors for modes II and III for 
all fronts. It is possible to verify that mode I dominates the fracture process since its values are higher 
than other modes. 
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Figure 3-48: Crack front templates and mode I stress intensity factors for through thickness crack with preloaded bolts. 

 

 

Figure 3-49: Mode II and III stress intensity factors for through thickness crack with preloaded bolts. 

 

The stress intensity factors in function of the crack length evaluated at center of the thickness can be 
analyzed from Figure 3-50 and Figure 3-51. It is also possible to evaluate that the crack critical size for 
single bolted joint with preloaded bolts and through crack is 1.35 mm. Once again, the critical sizer for 
preloaded bolt joint is bigger than the one with snug tight bolts. This can be explained by the fact that 
with preloaded bolts the forces are transmitted through friction leading to lower stress on crack fronts. 

Fatigue life predictions for single bolted joints with preloaded bolts and through thickness crack can be 
evaluated from Figure 3-52. It is necessary only 3453 cycles for the crack to grow from its initial state 
to the crack critical size. It is possible to verify that the crack initiation dominates the failure process of 
the bolted joints since for this case it takes more than a million cycles to the crack initiates but less than 
4000 for crack propagation until failure. Also, the life of the preloaded joints are 4 times higher than the 
snug tight connections. Properly tighten connections leads to more time to technicians to identify the 
crack and avoid failures saving time and money on maintenance. 
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Figure 3-50: Mode I stress intensity factor in function of crack size evaluated on crack center for preloaded bolts. 

 

 

Figure 3-51: Mode II and III stress intensity factor in function of crack size evaluated on crack center for preloaded bolts. 

 

 

Figure 3-52: Crack size in function of number of cycles for the through thickness crack to reach the critical crack size for 
preloaded joints. 

 

  



FASTCOLD                                                                                         Work Package 2 – Deliverable 2.3 

50 
 

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

4.1 Introduction 

Experimental monotonic and fatigue tests were carried out with the aim of characterizing the fatigue 
behavior of the roll-formed upright profiles. To obtain the S-N curves, it is necessary to obtain the stress 
states associated to the different external loads. Considering the extremely high difficulties in recording 
these stress states experimentally, the development of numerical models is the most reliable way to 
relate the stress state to the external load level. This section presents the modelling assumption, 
calibration, and the stress-external load relations obtained.  

 

Figure 4-1. Global views of the fatigue test setup (left) and of the numerical model of the specimen (right). 

4.2 Model definition 

The numerical models were developed with the Abaqus CAE software (ver. 6.14). In the following, with 
the aim of describing the modelling choices, the process of modelling of the C-S1-120-3.5-M3 
configuration is described. Figure 4-2 shows the general view of the test setup and of the numerical 
model for the profile. 
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Figure 4-2. General view of the test setup (left) and of the numerical model (right) for the C-S1-120-3.5-M3 profile. 

All the details about the test setup are given in Deliverable D2.1, Figure 4-3 and Figure 4-4 show the 
geometric schemes of the test setups for the different types of specimens tested.  

 

Figure 4-3. Monotonic and fatigue test setup global organization for the C-S1-60-1.5 M3 profiles.  
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Figure 4-4. Monotonic and fatigue test setup global organization for the C-S1-120-3.5  and B-S1-140-3.5  profiles. 

 

4.2.1 Modelling of external boundary conditions 

External constraint elements were modelled as Boundary Conditions in order to simulate the external 
constraint elements and loading application. Figure 4-5 shows the surfaces on which the external 
boundary conditions were imposed, restraining all the translations DOF (U1, U2, U3=0). These surfaces 
represent the zones in which the uprights are in contact with the plates used to connect them to the test 
setup. 

 

Figure 4-5. Zones of the model in which the boundary conditions were defined (highlighted in red). 
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The external load was applied considering a “Coupling” Constraint definition on the section 
corresponding to the load axis, see Figure 4-6. To the master node was applied a monotonic displacement 
equal to maximum 30 mm, considered sufficient to study the behavior of the profiles in the elastic and 
plastic field.  

 

Figure 4-6. Coupling constraints on the loaded beam section. 

 

The welding between the loaded beam, stiffeners and plate was modeled with TIE-Constraint (rigid link 
between nodes of the different parts on the same contact surface), see Figure 4-7.  

 

Figure 4-7. Zones (highlighted in red) connected through the TIE-constraints. 

The four bolts were partially modeled (Figure 4-8): along the thicknesses of the two plates, the modeling 
of the bolt shaft is neglected, simply connecting the circular surfaces with TIE-Constraint, while in 
correspondence with the contact with the roll-formed profile, bolts and their head were modeled in order 
to define the contact surfaces and stress distribution in a realistic way.  
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Figure 4-8. Scheme of the bolts modelling. 

 

The surface-to-surface contacts (Figure 4-9) were defined for the following pairs of components: 

 upper plate – lower plate (with the exclusion of the bolts portion) 
 lower plate – roll-forming profile  
 bolt shaft – roll-forming profile 
 bolt’s head – roll-forming profile 

 

Figure 4-9. Surface-to-surface contact areas. 

The contact interaction was defined adopting the rules/parameters reported in the following table.   
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Table 4.1. Rules/parameters adopted for the contact modelling.  

 

 

4.2.2 Material definition 

The material for the upright was defined from the true stress-true strain relationship obtained from 
monotonic experimental tests performed during first phases of the research project. Figure 4-10 shows 
the curves used.  

 

 

Figure 4-10. True stress-trues strain relationships for the S355 (left) and S460 (right) materials. 

The bolts and the steel elements of the tests setup were modelled as elastic with a Young modulus of 
200’000 MPa. The analyses were carried out taking into consideration the geometrical nonlinearities 
and the material nonlinearities, the latter only for the calibration over the experimental tests and not for 
the evaluation of the stress-external force curves.  
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4.2.3 Finite element definitions 

Each component of the FEM was modelled as C3D8R (8-node linear brick, reduced integration, 
hourglass control). The dimensions have been defined according to the type of element and the degree 
of accuracy to be achieved in relation to the stress distribution. The following Table 4.2 summarizes the 
meshes characteristics for each type of element included in the model.  

Table 4.2. Mesh characteristics for each type of element modelled. 

Component Mesh dimensions 

 

LOADED BEAM 

5 mm 

3 elements along flange thickness, 

2 elements along web thickness 

 

STIFFENERS  
5 mm 

1 element along thickness 

 

UPPER PLATE 

5 mm 

4 elements along thickness 

3 mm (circular bolt region) 
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LOWER PLATE 

1 mm 

4 elements along thickness 

3 mm (circular bolt region) 

 

COLD-FORMED 
PROFILE 

3 mm (transversal) 

5 mm (longitudinal) 

2 mm around the holes 

 

In critical corner (folding of the profile) 

4 elements through thickness  

 8 elements along corner perimeter  

 

4.3 Model validation 

The numerical models were validated using the results of the monotonic experimental tests comparing 
both the deformed shape and the global force-displacement curves. Particular attention was given to the 
good correspondence of the numerical results and the experimental ones in the low external load zone, 
corresponding to the load levels used in the fatigue tests.  

4.3.1 Comparison for the C - S1 - 60 - 1.5 M3.  

The numerical model showed a very good capacity of catching both the deformed shape and the whole 
capacity curve in terms of global external force and displacement, see Figure 4-11.   

a) b)  

Figure 4-11. C - S1 - 60 - 1.5 M3 specimen. a) comparison of the deformed shapes and b) of the global force-displacement 
curves. 
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4.3.2 Comparison for the C - S1 - 120 - 3.5 M3 and C - S1 - 120 - 3.5 M5.  

A single numerical model was prepared considering the necessity of obtaining the stresses for low levels 
of the external load. Also in this case the numerical model showed a very good capacity of catching both 
the deformed shape and the whole capacity curve in terms of global external force and displacement, 
see Figure 4-12.   

a)  b)  

c)   

Figure 4-12. C - S1 - 120 - 3.5 M3 specimen. a-b) comparison of the deformed shapes and c) of the global force-
displacement curves. 

4.3.3 Comparison for the B - S1 - 140 - 3.5 M5.  

The numerical model showed a very good capacity of catching the deformed shape, while it is capable 
of representing only the initial part (elastic stiffness) of the capacity curve, see Figure 4-13.  However, 
as already stated, the numerical models are needed only to evaluate the stresses for low level of external 
loads.  

a) b)  

Figure 4-13. B - S1 - 140 - 3.5 M5 specimen. a) comparison of the deformed shapes and b) of the global force-displacement 
curves. 
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4.4 Load-stress relationship for the definition of the S-N curves 

The stress-external load relationship for the tested and modelled profile was obtained from the FEM 
recording the stresses associated to different levels of external load in two different locations: 

1) The zone near bolt hole in which the main principal stresses are maximum. 
2) In the folding zone close to the bolt in tension (critical corner).  

The following sections report these relationships and show the points in which the stresses were 
evaluated. The numerical models used for this purpose consist of models with elastic linear material 
and an applied load which corresponds to the linear behavior of the according to the global force-
deflection curves presented in Figure 4-11, Figure 4-12 and Figure 4-13.  Note that for the C - S1 - 120 
- 3.5 M3 and C - S1 - 120 - 3.5 M5 profiles, for which the models differ only in terms of material yielding 
strengths, the results in the elastic field are the same.  

4.4.1 Results for the C - S1 - 60 - 1.5 M3.  

In Figure 4-14 -a) are identified the points under analysis. In Figure 4-14-b) is shown the evolution of 
the principal stresses, in function of the applied load, in the two identified points. This load represents 
the load applied in the connected beam (IPE) as in the experimental tests, and as described above. For 
this profile it is possible to observe that the maximum stresses occur near the bolt hole. More precisely, 
in the outer face of the CFS profile. In the critical corner, this occur in the inner face of CFS profile.  

 

a)  
b)  

Figure 4-14. Numerical results for the C - S1 - 60 - 1.5 M3 specimen: a) position of the points of the peak stress b) Stress-
vs external load curve. 

 

4.4.2 Results for the C - S1 - 120 - 3.5 M3 and C - S1 - 120 - 3.5 M5.  

In Figure 4-15-a) are identified the points under analysis. In Figure 4-15-b) is shown the evolution of 
the principal stresses, in function of the applied load, in the two identified points. This load represents 
the load applied in the connected beam (IPE) as in the experimental tests, and as described above. For 
this profile it is possible to observe that the maximum stresses occur near the bolt hole (Figure 4-15-b). 
More precisely, in the outer face of the CFS profile. In the critical corner, this occur in the inner face of 
CFS profile.  
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a) 

 

b) 

 

Figure 4-15. Numerical results for the C - S1 - 120 - 3.5 M3 and M5 specimens a) position of the points of the peak stress 
b) Stress-vs external load curve. 

 

4.4.3 Results for the B - S1 - 140 - 3.5 M5.  

In Figure 4-16-a) are identified the points under analysis. In Figure 4-16-b) is shown the evolution of 
the principal stresses, in function of the applied load, in the two identified points. This load represents 
the load applied in the connected beam (IPE) as in the experimental tests, and as described above. For 
this profile it is possible to observe that the maximum stresses occur in the critical corner (Figure 4-16-
b). More precisely, in the inner face of the CFS profile. Near the bolt hole, this occurs in the outer face 
of CFS profile.  

 

 

a)  

 
b)  

Figure 4-16. Numerical results for the B - S1 - 140 - 3.5 M5 specimen: a) position of the points of the peak stress b) 
Stress-vs external load curve. 
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