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Abstract 

 

The present study experimentally investigates the fatigue strength of longitudinally loaded welded joints in beam 

structures made of ultra-high-strength steel. Hereby, the effects of different manufacturing methods and welding 

preparations on the fatigue strength and the crack initiation locations of welded box and I section beams are 

evaluated. Specifically, experimental fatigue tests are carried out on welded these beams prepared with manual 

and automatic welding, and subjected to a constant amplitude four-point bending with an applied stress ratio of R 

= 0.1. The results show a variation in fatigue strength, whereby high performance is achieved using both single- 

and double-sided welds, particularly if the longitudinally continuous weld penetration is controlled by sufficient 

support of the weld root face. Current fatigue design codes and guidelines are applicable, albeit with some 

conservatism, for assessing the fatigue strength of longitudinal load-carrying welded joints made of ultra-high-

strength steel. 

 

Keywords: Fatigue strength; Ultra-high-strength steel; Welding; Longitudinal load-carrying weld; Beam 

structure 

  

 

1 Introduction 

The use of high- and ultra-high-strength steels (HSS/UHSS) in demanding industrial applications has increased 

over the past decades. Typical UHSS structures in the field are load handling machines, vehicles, and lifting 

equipment such as telescopic booms and cranes. The aim is to reduce the weight of the structure, thereby 

increasing energy efficiency, or enable enhanced lifting or transportation payload capacities. The use of HSS and 

UHSS materials enables a reduction in the cross-sectional area [1], leading to thinner plate thicknesses compared 

to structures made of mild steels (e.g., S355). However, the slenderness of UHSS plate members increases the



risk of instability issues, such as a buckling of the plate members [2] or a lateral buckling of the whole construction. 

The avoidance of local buckling phenomena leads to geometrically more complicated cross sections, which 

together with thinner plate thicknesses are prone to additional stresses due to the distortion of cross section. Both 

design and manufacturing factors become significant when reaching high fatigue properties because the 

processing and handling (e.g., forming and machining) of UHSSs is more demanding; welding, in particular, has 

a stricter parametric window in which to operate compared to low-strength steel grades [3–5]. 

In addition to the challenges and requirements related to static loads and manufacturing, the consideration 

of fatigue performance is of paramount importance when welded UHSS structures are introduced for structural 

applications. Prior investigations [6,7] have univocally shown that material strength does not necessarily 

contribute to high fatigue strength in welded components in the as-welded condition. Meanwhile, the use of UHSS 

components targets an increase in stress levels, including fatigue load actions. Post-weld treatment (PWT) 

techniques, such as grinding [8], TIG dressing [9], and high frequency mechanical impact (HFMI) treatment 

[10,11], as well as weaving techniques during welding [12] are efficient means to improve the fatigue strength of 

welded UHSS joints, as long as the load conditions, and weld sizing and penetration can prevent fatigue failures 

originating from the weld root [13]. However, these improvement methods cannot be purposefully utilized for 

longitudinal load-carrying welds because the fatigue strength is unaffected by the notch quality at the weld toe in 

the perpendicular direction. Instead, it is substantially affected by the longitudinal geometry of the weld root or 

toe. 

 Prior investigations concerning the fatigue behavior of welded HSS and UHSS materials tended to focus 

on transversely loaded joints (see e.g., [14–18]), and they only had a limited scope on large-scale components, 

such as tubular joints and connections (see e.g., [19,20]). Nevertheless, with PWTs [9,10] and a good design 

practice of joints, e.g., by positioning transverse joints in low-stress areas, the fatigue strength of longitudinal 

weldments in beam components and girders might become critical and, hence, an important fatigue design 

criterion [21,22]. Feldmann et al. [23] and Bartsch et al. [24] re-evaluated the detail categories of the EC3 standard 

[25], including longitudinal weldments, with respect to early fatigue test data (from the 1960s and 1970s). They 

found a good agreement between the test data and current design recommendations (see also Section 2.2 for further 

details of the fatigue strength assessments of longitudinal load-carrying weldments). The collected experimental 

data also incorporated the results from Fisher et al. [26] that showed no beneficial effect on fatigue strength when 

the material strength was increased (up to the yield strength of 700 MPa). Böhme et al. [27] evaluated the effect 

of pores on the fatigue performance of longitudinal T-joint welds finding pores as critical for fatigue crack 
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initiation but their size did not have significant effect on the fatigue strength capacity. Recently, Hanji et al. [28] 

fatigue-tested low-strength (yield strength fy = 317–341 MPa) steel I-beam girders, fabricated using gas metal arc 

welding (GMAW) and laser-arc hybrid welding, under four-point bending; they observed equal or even higher 

fatigue strengths for the laser-arc hybrid-welded joints compared to the GMA-welded joints. Nevertheless, these 

studies principally focused on low-strength steel materials, and further studies on the fatigue behavior of 

longitudinal welds in UHSS materials are required. 

The aim of the present study is to experimentally investigate the fatigue strength of longitudinal 

weldments in UHSS grade welded I and box section beams in comparison with the current fatigue design 

recommendations [25,29–31]. A total number of 19 large-scale beam structures (8 box sections and 11 I section 

specimens) were fatigue-tested under four-point bending loading with an applied stress ratio of R = 0.1. The 

groove preparation (double-beveled, single-beveled, and fillet) and weld type (single-sided and double-sided), 

and the welding process (GMAW and laser) were altered to investigate their effects on the weld geometry, location 

of fatigue crack nucleation, and fatigue strength in longitudinal weldments. 

 

2 Fatigue strength of longitudinal welds  

 

2.1 General design aspects of longitudinally loaded welded joints in beam structures 

 

In beam structures, welded joints connect parallel metal sheets and bars to obtain a desired structure and cross-

section form under bending and torsional moment loads, as demonstrated in Fig. 1a. Such longitudinal welds 

ensure that a cross section acts as a fixed profile – without the longitudinal welds, individual sheet components 

slide relative to each other when beam structures are loaded; hence, the stiffness of unwelded beams remains much 

lower compared to welded ones. Typically, shear forces acting on weldments are low to moderate and, therefore, 

rather small throat thicknesses of fillet welds are needed according to the static strength criterion [32].  

 
 

Fig. 1. (a) Principles and requirements for longitudinal welds under bending and torsional moments, and (b) 

stresses at the longitudinal fillet welds of an I-beam subjected to bending, according to Niemi [33]. 
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The stresses acting on a welded joint of a bending-loaded beam structure are illustrated in Fig. 1b. Preventing the 

sliding phenomenon described above by means of welds, results in longitudinal shear stresses (τ‖) at the welds, 

which are primary stresses affecting them. In addition, the axial stresses of the beam are shown as longitudinal 

normal stresses (σ‖) in the welds although these are secondary stresses in terms of joint functionality in regard to 

the weldments.  

The design criteria for longitudinally loaded welded joints in beam structures depends on the load actions, 

i.e. whether a structure will be subjected to predominantly static or cyclic and fluctuating loads. In statically loaded 

joints, fillet welds or bevel groove welds, without the need for full penetration, are generally appropriate. 

However, for structures subjected to cyclic loads, several different factors need to be taken into account to achieve 

a high quality in welded joints and, thus, high fatigue resistance. These factors are addressed in detail in Section 

2.2. 

 

2.2 Fatigue strength assessment of longitudinal load-carrying welds 

 

In the design codes and guidelines for the fatigue strength assessment of welded joints [25,29–31], longitudinal 

welds subjected to parallel normal stress (load-carrying) are categorized based on the weld type (fillet weld or K-

butt weld), presence of welding start and stop positions (with or without), and level of welding automation 

(robotic/mechanized or manual). Table 1 summarizes the characteristic design fatigue classes as per the 

manufacturing process for longitudinal welds in web-to-flange connections. 

 

Table 1. Characteristic fatigue classes for continuous longitudinal welds in the web-to-flange connections of box 

and I sections. 

Welded detail Description Fatigue class [MPa] 

EC3 

[25] 

IIW 

[30] 

DNV-GL 

[29] 

EN 13001* 

[31] 

 

Automatic fully penetrated K-butt welds 

without start/stop positions 
125 125 125 (C) – 

Automatic fillet welds (both sides) without 

start/stop positions 
125 112 125 (C) 180 

Automatic fillet welds (both sides) containing 

start/stop positions 
125 – 112 (C1) 140 

Automatic fillet weld (one-sided) containing 

start/stop positions 
112 – – – 

Manual longitudinal fillet or butt weld  100 90 100 (C2) – 
*In accordance with the EN ISO 5817 standard [34], quality levels B and C for FAT180 and FAT140, respectively. 

In addition, the requirements of +1 NC (notch class) in the case of no irregularities from the start/stop positions 

in weld quality level C and -1 NC for welding with a restrained shrinkage, are met [31]. 
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In longitudinal load-carrying welds, to achieve a high fatigue resistance, the weld toe and root side geometry 

should have a continuous shape in the longitudinal direction without any discrepancies. Thus, while the weld toe 

radius and flank angle do not play a significant role, as they do in transversely loaded weldments, the longitudinal 

continuity resulting from both the travel and movement of the welding torch, and potentially from the start/stop 

positions is of paramount importance. Hence, the automatized or robotized welds have a higher fatigue strength 

than manually welded joints in the design codes and guidelines [25,29,30]. 

In welded beam structures a with closed-formed cross section, such as box sections, longitudinal welds are 

normally prepared only from one side due to the inaccessibility to inside a closed-form structure, and the weld 

root fatigue becomes thus a critical detail despite the loading direction. In longitudinally loaded welds, the control 

of penetration is essential, and it is difficult to manage without a backing plate. Two illustrative weld root shape 

are exemplified in Fig. 2. If a full penetration weld without a backing plate is applied, the weld root geometry 

becomes non-uniform in the longitudinal direction (Fig. 3a) which decrease fatigue strength. Alternatively, a weld 

with the partial penetration has a better weld root continuity, but it leaves a non-fused root face which can act as 

an initial crack (Fig.  3b) for transverse load actions. This raises the need for the careful consideration of the joint 

and weld configuration in longitudinally loaded welded joints subjected to fatigue loading. 

 

 

 
Fig. 2. Weld root geometries for (a) fully penetrated, and (b) partially penetrated web-to-flange connections with 

a single-sided weld in accordance with [35]. 

 

In addition to the welding procedure itself and the quality at the weld root (the control of the weld penetration), 

different welding preparation factors with respect to structural factors, e.g., plate thicknesses, should also be taken 

into account in terms of longitudinal continuity of the joint. The locations of tack welds have to be considered 

because they can affect the welding penetration and, consequently, produce major points of discontinuities [28]. 

In addition, if welds with partial penetration are used, a fatigue strength assessment for cut edges should be 

conducted due to possible micro-cracking of the steel plate face, associated with the high tensile residual stress in 

(a) (b)

Points of discontinuity Non-fused weld root
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the longitudinal direction. Under fluctuating load conditions, the fatigue crack can propagate from these initial 

flaws if the cut surface remains non-fused. Machined edges also enable a uniform contact or root gap between 

welded plates and thus, a uniform penetration form without any longitudinal discontinuities. In [36], S460M T-

profile specimens with double-sided fillet welds were longitudinally fatigue tested and an equal number of fatigue 

failures initiated from the oxy-fuel cut edge and weld area.  

 

3 Experiments 

 

3.1 Materials 

The base material used in this study was S960 MC structural steel, which is a low-alloyed structural steel that has 

a dual-phase microstructure comprising martensite and bainite [37]. The applied filler metal was a Böhler Union 

X96 solid wire; although this nominally an undermatching filler material compared to the base material but, 

practically, the Union X96 weld metal has similar or even higher ultimate strength properties than the S960 MC 

base material [38,39], and it is widely used in the welding of UHSSs. 

 

In addition to the above-mentioned materials, 20 mm thick S355 flat bars were used in the top flanges (under 

compression, see Fig. 3b and 7a) in manufacturing the test specimens. The thicker S355 material was chosen to 

avoid failures from the compression flange. Thicker plate thicknesses were not available in the studied S960 MC 

grade (t = 3–10 mm), and thus a low-strength structural steel had to be applied for the top flanges in most of the 

studied cases. The nominal chemical compositions and mechanical properties of the used base materials and filler 

metal are presented in Table 2 and Table 3, respectively. 

 

Table 2. Nominal chemical compositions [wt-%] of the base materials and filler metal [40–42]. 

 

  C Si Mn P S Al Nb V Ti Cu 

Base materials           

S960 MC 0.12 0.25 1.30 0.020 0.010 0.015 0.050 0.050 0.070  

S355 0.20 0.55 1.60 0.025 0.025     0.55 

  C Si Mn Cr Ni Mo     

Filler metal           

Union X96 0.12 0.80 1.90 0.45 2.35 0.55     

 

Table 3. Nominal mechanical properties of the base materials and filler metal (minimum values) [40–42]. 

 
 Yield strength Ultimate tensile strength Elongation Impact strength 

Material ID fy [MPa] fu [MPa] A5 [%] T [°C] KV [J] 

Base materials      
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S960 MC 960 980–1250 7 -40 27 

S355 345 470–630 20 -20 27 

Filler metal      

Union X96 930 980 14 -50 47 

 

3.2 Test specimens 

Fatigue tests were performed on the beam structures using two different cross-section types of box sections 

(single- and double-symmetric), and an I-beam section. The geometries and dimensions of the cross-sections are 

presented in Fig. 3. The first three fatigue tests (specimens FF1-FF3) of the box sections were carried out using a 

double-symmetric geometry (Fig. 3a). With such a geometry, fatigue cracks initiate near the contacts of the four-

point bending press rolls due to a thin top flange. This fatigue behavior was prevented by applying fully 

penetrating welds (throat thickness 9-10 mm) at the top flange-to-web connections near the press rolls. Moreover, 

the decision was made to alter the cross-section geometry of the box section specimens in the later fatigue tests 

(specimens FF4-FF8). With a single-symmetric box section (Fig. 3b), the location of the neutral axis in the 

vertically rose, and thus, the absolute bending stress at the bottom flange was higher than at the top flange. This 

enabled the crack initiation to occur in the studied joint areas, namely the bottom flange-to-web connections. 

 

The I section specimens were designed in accordance with the findings from the fatigue tests on the box sections, 

and thus single-symmetric cross-sections were applied. In addition, buckling failure modes were taken into 

account in the design of the specimens (cross sections were class 3 [43]). 

 

 
Fig 3. Cross-section shape and dimensions of the box section specimens (a) FF1-FF3 and (b) FF4-FF8, and (c) 

the I section specimens for the experimental fatigue tests; (d) groove dimensions (w is the width of root face and 

g is the air gap). 
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The longitudinal welds of the box sections were single-sided, and thus, the weld root geometry of weld was a key 

factor in terms of fatigue performance. As it was not possible to confirm the full penetration at the weld root, 

partially penetrated welds were used for these specimens. Both gas metal arc welding (GMAW) and fiber laser 

welding were used to prepare box sections. Fig. 4 presents the macrographs of the different weld configurations. 

A nominal throat thickness of 4 mm was used to weld the box sections using GMAW. The applied welding 

parameters are presented in Appendix A (Table A.1). 

 

 
 

Fig. 4. Macrographs of the web-to-flange connections in the hollow section specimens. 

 

 

In the grooved I section welds, the bevel angle was set to 45°, but the root face and gap varied between 0–1.0 mm 

and 0–3.0 mm, respectively, to attain different penetration depths. Three reference beams were welded double-

sided with full penetration (K-butt). The macrographs of the I-beam bottom flange welds are presented in Fig. 5. 

The I-10 specimen was prepared a single bevel and welded from one side but as shown in Fig. 5, resulted in break-

outs. Table 4 presents weld configurations applied in the I section specimens. The weld quality was assessed in 

accordance with the EN ISO 5817 standard [34], and the results are summarized in Table 6 for the imperfection 

categories relevant to the weldments used in this study. 

 

Table 4. I section welding configurations. 

ID w [mm] g [mm] Beads/side Weld type/groove 

I-1, I-2, I-3 0 0 1 K-butt 

I-4 8 (= t) 0 1 Single-sided fillet 

I-5 1 0 1 Single bevel 

I-6 1 0 2 Single bevel 

I-7 0 2 2 Single bevel 

I-8 0 3 2 Single bevel 
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I-9 8 (= t) 0 1 Double-sided fillet 

I-10 0 3 4 Single bevel 

I-11 0 1 3 Single bevel 

 

 

 

 
Fig. 5. Macrographs of the web-to-flange connections in the I section specimens. 

 

Table 5. Evaluated weld imperfections and quality levels (B to D) of the tested specimens in accordance with 

the EN ISO 5817 standard [34], see also Fig. 4 and Fig. 5 for comparisons. Only the imperfections relevant to 

this study are presented. 

Specimen 

ID 

EN ISO 5817 imperfections 

1.7 Intermittent  

undercut 

 

1.10 Excessive 

convexity 

 

1.11 Excess 

penetration 

 

1.16 Excessive 

asymmetry 

 
FF1–3 B B B B 

FF4 B B B B 

FF5–6 n/a a n/a a B n/a a 

FF7–8  C B B B 

I-1, I-2, I-3 B B B B 

I-4 B B B B 

I-5 B B B n/a a 

I-6 B B B B 

I-7 B B B B 

I-8 B B B B 

I-9 B B B B 

I-10 B B Defect b n/a a 

I-11 B B B n/a a 
a Not applicable for this criterion 
b Weld does not meet the criteria of the D level. 

 

 

3.3 Fatigue test setup and measurements 

 

Fatigue tests were conducted on the both box and I section specimens using a four-point bending test setup that 

enabled a uniform bending moment region in the middle of the beam structure (Fig 6). The fatigue load was 

established using a servo-hydraulic test rig that produced a 45–75 kNm maximum moment. The applied stress 

h
b

h

z1

z2
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ratio was R = 0.1. The total rupture of the test specimen was the failure criterion in each fatigue test. In addition 

to uniform moment, the contacts of the four-point bending press cause local vertical forces at the beam’s top 

flange which diminishes the fatigue durability within the press zone. This effect was taken into account when 

designing the cross-section geometries of test specimens (see the previous section). 

 

 
 

Fig 6. Two-dimensional (a) moment (M) and (b) shear (Q) diagrams of the four-point bending test. The applied 

cylinder force is 2F. 

 

The fatigue test setup for the box section specimens is depicted in Fig. 7. The stress range in the fatigue tests was 

measured using strain gauges. Fig. 7b-c present the strain gauge positioning at the bottom flanges of the box and 

I section specimens.  

 
 

Fig 7. (a) Fatigue test set-up of the box girder specimens, and the instrumentation of the bottom flanges in (b) a 

box section specimen and (c) an I section specimen. 

 

4 Results 

4.1 Calculation of the stress ranges 

 

The principles of stress determination are presented in Fig. 8. For the fatigue test analysis, stress range Δσstr, 

determined based on the strain gage measurement, was used with a corresponding stress range at crack initiation 
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location, i.e. maximum stress at the bottom flange Δσmax was used for the fatigue failures occurring at the hot-

rolled (HR) surface.  

 

 

 
Fig. 8. Parameters for the analytical analysis of (a) bending and (b) shear stress in the studied beam structures. e 

is the distance from the neutral axis to the bottom surface of the flange, σw is the weld stress, σmax is the maximum 

stress at the bottom surface of the flange, Q is the shear force, aeff is the effective throat thickness and A is the 

cross-sectional area for calculating the first moment of area at the weld and y  is the distance of area from the 

neutral axis. 

 

 

The nominal stress at the weld (σw,nom), calculated based on the second moment of area, and structural stress (σw,str), 

calculated using strain gage measurements, which, in the case of fatigue fracture initiated from the weld joint 

between the web and flange, can be formulated as follows: 

( )
,nomw

M e t

I


−
= ,         (1) 

,strw E = ,         (2) 

 

where M is the bending moment, t is the thickness of flange, I is the second moment of area,  is the strain value 

measured by the strain gage, and E is Young’s modulus. 

 

If the fatigue fracture initiated from the base material at the bottom surface of the flange, the nominal (σmax,nom) 

and structural (σmax,nom) bending stresses are: 

max,nom

Me

I
 = ,          (3) 

Q

Neutral axis

Strain gage

σmax

σw

y

aeff A

e

t

(a) (b)
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max,str 1 1w

t t
E

e t e t
  

   
= + = +   

− −   
.       (4) 

The stress ranges calculated based on the strain gage measurements (σw,str and σmax,str) accounts for the geometrical 

imperfections present in the cross-section due to the manufacturing phase. However, the measurements indicated 

that the differences between the nominal stresses and structural stresses, i.e. Eq. (1) in comparison with Eq. (2), 

and Eq. (3) in comparison with Eq. (4), were less than 2%. If the fatigue fracture initiated from outside the uniform 

bending moment and zero-shear region (see Fig. 7a), the shear stress can be taken into account in the calculation 

of the weld stress: 

eff

QS

Ia
 = ,          (5) 

 

where S is the first moment of area ( ),S Ay=  I is the second moment of area, and aeff is the effective throat 

thickness (i.e. the thickness of a particular section of the cross-section at the point being measured), see also Fig. 

8b. 

 

This study followed the IIW recommendations [30] – thus, the nominal shear stress range was taken into account 

if it was more than 15% of the normal stress range and consequently, the maximum principal stress range was 

used due to the simultaneous in-phase variation of the normal and shear stresses.  

 

4.2 Welded hollow sections 

The stress ranges (Δσ) were based on the strain gage measurements, as well as the calculations presented in Section 

4.1. In Table 6 and Table 7, the stress ranges correspond to the values acting at the location of fatigue failure (Δσw 

in the case of failure originating from weld and Δσmax in the fatigue cracks initiated at the HR surface), and 

correspond to the values determined based on the strain gage measurements (Eq. (2) and Eq. (4)). In the box 

section specimens, Δσ values were 347–422 MPa and the FAT classes of test specimens FF2 and FF3 were defined 

for the bottom flange as the FATmin value due to fatigue failures under the press rolls at the top flange (see Fig. 

7a). Both these fatigue tests were terminated because fatigue cracks did not initiate in the bottom flange. Table 6 

summarizes the results for each specimen. 

 

Table 6. Fatigue test results for the box sections. Nf is the number of cycles to failure, and FATmean is the mean 

fatigue strength (survival probability of Ps = 50%) at two million cycles using an S-N curve slope parameter of 

m = 3. 
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ID Type 
Nf 

[cycles] 

Δσ 

[MPa] 

FATmean 

[MPa] 
Failure location 

FF1 Single-sided, fillet 181822 347 a 156 Weld root – Outside the uniform moment area 

FF2 Single-sided, fillet 217316 393 187 FATmin value, test interrupted 

FF3 Single-sided, fillet 254471 376 b 189 FATmin value, test interrupted – Outside the uniform moment area 

FF4 Single-sided, fillet 268889 394 202 Weld root 

FF5 Single-sided, laser 182485 390 176 Weld toe 

FF6 Single-sided, laser 179318 422 a 189 Weld toe – Near the line of the loading point 

FF7 Single-sided, fillet 84493 390 136 Weld root 

FF8 Single-sided, fillet 136169 388 158 Weld root 
a Considered the shear stress range which was more than 15% of the normal stress range  

b Not considered the shear stress range which was less than 15% of the normal stress range 

 

4.3 Welded I sections 

In the I section specimens, the Δσ values were 387–655 MPa. The three reference I section specimens (I-1, I-2, I-

3) with double-sided fully penetrating welds achieved a mean fatigue strength of FATmean = 223 MPa (fixed m = 

3) or 273 MPa (calculated m ≈ 3.9). Table 7 summarizes the results of fatigue-tested welded I sections. In the I 

section with the penetration to thickness ratio of p/t = 0.75, the fatigue failures did not occur in the weld region 

but at the HR surfaces of the bottom flanges. Thus, those results are not directly comparable with the results in 

which the failure occurred in the weld region. 

 

Table 7. Fatigue test result for the I sections. FATmean is the mean fatigue strength (survival probability of Ps = 

50%) at two million cycles using an S-N curve slope parameter of m = 3. 

ID Type 
 Nf Δσ 

[MPa] 

FATmean 

[MPa] 
Failure location 

p/t [cycles] 

I-1 Double-sided, full penetration – 275034 437 225 Bottom flange – HR surface 

I-2 Double-sided, full penetration – 184964 555 251 Bottom flange – HR surface 

I-3 Double-sided, full penetration – 53037 655 195 Bottom flange – HR surface 

I-4 Single-sided, fillet 0.22 185930 425 a 192 Weld root – Near the line of the loading point 

I-5 Single-sided, groove 0.75 243202 435 215 Bottom flange – HR surface 

I-6 Single-sided, groove 0.86 253458 387 a 194 Weld imperf. – Near the line of the loading point 

I-7 Single-sided, groove 0.68 199771 414 a 192 Weld root – Outside the uniform moment area 

I-8 Single-sided, groove 0.63 201736 398 185 Weld root 

I-9 Double-sided, fillet – 127608 391 156 Weld imperf. 

I-10 Single-sided, groove 2.31 67381 411 133 Weld defect 

I-11 Single-sided, groove 1.04 119649 409 a 160 Weld imperf. – Near the line of the loading point 

a Considered the shear stress range which was more than 15% of the normal stress range 

 

4.4 Summary of the results 

The fatigue test were divided into three main categories in accordance with the failure locations: from the HR 

surface, weld root and weld imperfection. The I sections with fully penetrating welds (IDs I-1, I-2, I-3) were 

chosen for as the reference (highest fatigue capacity) and those tests were carried out with three different stress 
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ranges. This resulted in mean fatigue strength of 320 MPa (fixed m = 5, corresponding to the S-N curve of the 

base material) without fatigue failures in the weld area. Instead, in those specimens, fatigue failures occurred at 

the HR surface of the bottom flange. Fatigue performance of an I-beam (ID I-5) with optimal welding 

configuration was close to the reference series, with a similar crack initiation at the HR surface. The combined 

results are presented in Fig. 9. It can be seen that fatigue performance was affected by weld root quality and weld 

imperfections. In the case of high-quality welds, the HR surface limited the fatigue performance. 

 In comparison with the results of a prior study [24] on the re-evaluation of fatigue design categories 

(FAT150 for the mean fatigue strength of longitudinal welds without start/stop positions), it can be observed that 

the specimens failing from the weld toe and HR surface exceed the upper bound of fatigue design curve, and show 

thus higher fatigue strength than usually expected for these joints. Those specimens failing from weld root show 

the lowest fatigue strength in the tested series and correspond to the mean fatigue strength of the prior study [24]. 

 

 
Figure 9.  Fatigue test results and design S-N curves. Design curves in accordance with the fatigue class 

provided in Table 1, and the scatter bands of prior experimental results (longitudinal welds without start and 

stop positions) as per Bartsch et al. [24]. 

 

 

5 Discussion 

The present study experimentally evaluated the fatigue strength of load-carrying longitudinal welds in beam 

structures (welded box and I sections) made of UHSS. The aim was to investigate the applicability of the current 

fatigue design codes and recommendations for assessing the fatigue strength of these welds. In comparison to the 

design S-N curves (see Table 1 and Fig. 9), the mean fatigue strength of the fatigue-tested beams was distinctly 
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higher. For instance, a mean fatigue strength up to 223 MPa (m = 3) was found for the K-butt-welded I section 

beams. As expected, the non-existence of notch-like imperfections due to transverse discontinuities (e.g., the 

irregular geometry at the weld root) led to a high fatigue strength of the welded UHSS joints even though a higher 

material strength does not generally contribute to a higher fatigue strength in welded joints. In the case of fully 

penetrating single-sided welds with break-outs (Specimen ID I-10, see Fig. 5), the fatigue strength of longitudinal 

UHSS joints decreased significantly, as shown in Table 6 (Specimen ID I-10), and no major improvement in 

comparison with the design recommendations was found. 

Fractography of the failed crack surfaces explains the obtained results, i.e. there are different fatigue 

failure modes in the joint area, as presented in Fig. 10. The failures at the joint regions initiated from imperfections 

and discontinuities; namely individual weld pores near the weld root (Fig. 10a) and at the weld metal (Fig. 10b); 

irregular shape/discontinuity at the weld root in the GMA-welded joint (Fig. 10c) and at the weld toe of the laser-

welded joint (Fig. 10d). Fatigue strength is limited by the fatigue performance of the HR surface, and in the high-

quality weldments, the fatigue failures occurred at the surface of the bottom flange (Fig. 10e–f). The fatigue 

strength of the longitudinal weldments was similar to that of the UHSS-grade cut edge details reported in [16]. 

Therefore, such welded details can potentially fail from the weld of the web-to-flange connection, and the cut 

edge of flange and web members. 

 
 

Fig. 10. The different fatigue failure modes and crack initiation locations of tested beams. 

 

 

The fatigue performance of the tested longitudinal welds is comparable to the performance of the cut edges 

reported in [44]. For an ideal fatigue design, the fatigue performance of the cut edges and welded details should 



17 

 

*Corresponding author: antti.ahola@lut.fi (A. Ahola) 

be identical. In this study, the fatigue cracks initiated mostly at the weld root and not at the edge of laser cut web 

member. Further studies on the relationship between the weld and the cut edge should be conducted for such web-

to-flange connections and partial penetration welds. It is also worth mentioning that the fatigue performance of 

the base material failures found in this study (see Fig. 10e-f) was significantly lower than in the base material 

specimens with machined edges fatigue-tested in [45]. Residual stress measurements were not carried within this 

study, but a high tensile residual stress field induced by the welding, together with the size factor and scratches 

from handling the beams could have affected the fatigue capacity of the HR surface of the bottom flange. 

 As shown in Table 5, the welds were mainly categorized into the B level as per the EN ISO 5817 standard. 

The specimens FF-7–8 were in the C class (intermittent undercut) and defects was found in the specimen I-10 

(excessive penetration, out of range in the D level). The excessive penetration can be regarded as detrimental in 

terms of fatigue performance since it does not usually provide a continuous profile and causes transverse 

discontinuities decreasing fatigue strength. The specimen I-10 also showed the lowest fatigue strength, FATmean 

= 133 MPa but was still above the design curve. The intermittent undercuts found in the specimens FF-7–8 can 

drastically decrease fatigue strength if the loading direction is perpendicular to weld. In the specimens, the fatigue 

failures occurred at the weld root showing that the undercuts were not critical locations in this load case. In general, 

as the EN ISO 5817 standard is mainly based on the imperfections and defects at the cross-sectional profile and 

good workmanship in welding, it does not necessarily provide correct quality criteria for the joints subjected to 

longitudinal cyclic loading. These observations highlight the need for careful consideration of quality criteria in 

accordance with the joint and loading type, also suggested in a study by Björk et al [46].  

 Crack initiation and propagation periods were not monitored during the fatigue tests (failures mainly 

occurred at the constant moment area, Fig. 7a). Fractography (see Fig. 10) and polished sections (Fig. 4 and Fig. 

5), however, indicates that those specimens failing from individual pores and HR surface were free of crack-like 

notches and imperfections and, consequently, had a great share of crack initiation life. This observation also is 

supported by the fatigue test results; mean fatigue strengths exceeded the upper bound of prior experimental data, 

and were up to FATmean = 251 MPa in these specimens. 

A closer look at the effects of the weld penetration to web thickness ratio (p/t) in the I section specimens, 

shown in Fig. 11, reveals that fillet welding and partial penetration in single-sided weldments led to higher fatigue 

strength than with fully penetrated welds. According to the findings of this study, the web should be positioned 

without an air gap to ensure a longitudinally continuous weld penetration and, therefore, high fatigue performance. 

Break-outs in single-sided welds significantly decrease the fatigue strength, as shown in Fig. 11. Cut edge 
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perpendicularity and tack weld positions should be considered to ensure high weld quality. In general, fatigue 

performance is higher when using fewer passes in welding due to the increased risk of interpass defects and 

imperfections in multipass welding. 

  
Fig. 11. Effect of penetration on the fatigue strength in the single-sided welded I section specimens. 

 

 

Due to the limited number of test specimens in each joint configuration (weld and groove type were altered), only 

the fixed slope of m = 3 was used in this study to determine the fatigue strength of these joints as per the fatigue 

design recommendations [30,43]. Further studies should be carried out to obtain a free slope of these joints. The 

fatigue tests were performed at the intermediate life (< 300000 cycles), and further work should be conducted to 

evaluate the high-cycle fatigue performance of these joints. Nevertheless, the use of UHSS materials aims to 

increase static and cyclic stress levels, which highlights the importance of fatigue design criterion e.g. in bridge 

structures made of HSS and UHSS [47].  

 

6 Conclusions 

 

The present paper experimentally investigated the fatigue strength of longitudinal load-carrying welds in beam 

structures made of UHSS, focusing on single- and double-sided weldments in hollow and I sections. Based on the 

fatigue test results and subsequent analysis and fractography, the following conclusions can be drawn: 

• The current design recommendations are slightly conservative for longitudinal load-carrying welds made 

of UHSS if the continuous weld profile at the weld surface and root is obtained. The lowest mean fatigue 
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strength was 133 MPa (m = 3) for a fully penetrating single-sided weld with a break-out. For K-butt-

welded I sections, the weld region was not even the fatigue-critical location of the beam component, and 

a mean fatigue strength up to 223 MPa (m = 3) was obtained for those specimens. Consequently, 

longitudinal UHSS components can obtain a higher fatigue strength than current fatigue design 

recommendations provide. According to this study, the characteristic design curve FAT140 (m = 3) can 

be used for both single- and double-sided welds with partial penetration and without start/stop positions 

in the S960 grade. 

• Longitudinally continuous weld penetration, resulting from a non-fused root face with zero air gap in 

single- and double-sided longitudinal welds is of paramount importance: The root face of the web plate 

acts as a backing plate if the fit between the web and flange members is assured, and high fatigue strength 

is obtained regardless of the degree of weld penetration. 
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Appendix A. Welding parameters of the test specimens 
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