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Abstract

This paper reviews quantitively the multiaxial fatigue assessment of steel and

aluminum welded joints, focusing on Eurocodes (ECs) and the recommenda-

tions of the International Institute of Welding (IIW). Extensive fatigue data

under constant and variable amplitude loading are reanalyzed using stress

analysis approaches such as nominal stress, hot spot stress, and effective notch

stress. Evaluation of the ECs and IIW criteria reveals an effective assessment

of multiaxial fatigue, with a satisfactory level of conservatism. Further research

is needed especially for variable amplitude (VA) loading to enhance the preci-

sion and reliability of assessments, contributing to improved design practices

and structural integrity in welded joint applications.
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Highlights

1. The multiaxial fatigue criteria proposed by EC3 and the IIW are reviewed

2. Design criteria are applied in terms of nominal, hot spot, and effective

notch stress

3. Both constant and variable amplitude load histories are considered

4. Standard approaches are characterized by a large level of conservatism

1 | INTRODUCTION

The significance of welding technology spans across vari-

ous industries, such as bridge construction, automotive

manufacturing, and offshore structures, offering a

multitude of advantages, particularly in structural appli-

cations. However, the susceptibility of welded joints to

fatigue failure presents a major challenge. This problem

becomes further intricate when considering the presence

of multiaxial fatigue loading.
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To fully harness the potential of welding and

ensure optimal structural integrity under multiaxial

fatigue conditions, adherence to relevant standard

codes and guidelines is paramount. Eurocodes (ECs)

and the recommendations from the International Insti-

tute of Welding (IIW) provide essential direction and

criteria for assessing the fatigue performance of welded

joints.1–3

Concurrently, it is crucial for engineers to possess a

comprehensive understanding of the underlying princi-

ples governing the multiaxial fatigue assessment criteria

proposed by these standards. By recognizing both the

strengths and limitations of these criteria, engineers can

apply them judiciously in diverse scenarios, ensuring

accurate and reliable assessments.

This paper specifically focuses on welded joints using

two commonly employed structural materials: aluminum

and steel. Its primary objective is to comprehensively

review and assess the reliability, accuracy, level of conser-

vatism, and robustness of those multiaxial fatigue assess-

ment criteria proposed by ECs and the IIW. The

investigation commences by establishing a strong founda-

tional understanding through reanalysis of welded joints

subjected to constant amplitude (CA) multiaxial fatigue

loading. Subsequently, the investigation extends to reana-

lyzing welded joints under variable amplitude

(VA) multiaxial fatigue loading, offering a more accurate

reflection of real-life scenarios. This meticulous approach

facilitates a thorough exploration of the criteria and their

practical implications.

By critically evaluating the applicability of these cri-

teria in real-world scenarios, this study aims to propel

the advancements in welding technology and foster

the development of precise and dependable fatigue

assessment methods. The ultimate goal is to enhance

the safety, efficiency, and sustainability of welded struc-

tures subjected to the demanding conditions of multi-

axial fatigue loading. Through this exploration,

valuable insights can be gained, ultimately driving the

industry toward more resilient and optimized welding

practices.

2 | FUNDAMENTALS OF EC AND
IIW MULTIAXIAL FATIGUE
ASSESSMENT CRITERIA

In the field of fatigue design, ECs and the IIW recom-

mendations put forth two primary procedures: the safe

life design method and the damage tolerant design

method.1–3 The safe life design method focuses on asses-

sing the accumulation of damage throughout the struc-

ture's intended lifespan.1–3 This evaluation involves a

comparison between the maximum stress range and the

CA limit, utilizing lower bound endurance data and an

upper bound estimate of fatigue loading. By carefully

selecting standard details and stress levels, this method

guarantees consistent and reliable performance of the

structure over its design life, eliminating the need for fre-

quent in-service inspections to detect fatigue damage.1–3

In contrast, the damage-tolerant method requires

regular inspection and maintenance throughout the

structure's designated lifespan. This approach emphasizes

the careful selection of suitable details, materials, and

stress levels to minimize the rates of crack propagation

and promote the development of lengthy critical crack

lengths should cracks occur. Furthermore, the inclusion

of multiple load paths and effective crack-arresting mech-

anisms is imperative within this method.1–3 The primary

emphasis of this paper is placed on the implementation

of the safe life design method. The overarching objective

is to provide practitioners with the essential knowledge

and assessment techniques to design steel and aluminum

welded joints.

When considering safe life design for CA fatigue load-

ing, both ECs and the IIW offer comprehensive guide-

lines for evaluating welded joints subjected to multiaxial

fatigue loading. These guidelines employ interaction

equation fatigue assessment criteria, which are formu-

lated based on normalized direct stress and shear stress

ratios.1–3 As per these standards, a welded joint is deemed

safe if the cumulative damage remains below a predeter-

mined threshold, which varies based on the material

properties or the fatigue loading Conditions 1�3.

TABLE 1 Summary of allowable damage sums under CA and VA fatigue loading for various loading scenarios and materials.

Material Normal and shear stress

Allowable damage sum (CA) Allowable damage sum/comparison value (VA)

DIIW DIIW DIIW CVIIW DIIW

Steel Proportional 1.0 1.0 1.0 1.0 0.5

Non-proportional 1.0 0.5 1.0 0.5 0.5

Aluminum Proportional 1.0 1.0 1.0 1.0 0.5

Non-proportional 1.0 1.0 1.0 1.0 0.5
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Notably, Eurocode 9 (EC9) lacks an interaction equation

that specifically considers normalized direct and shear

stress ratios for multiaxial fatigue loading cases concern-

ing aluminum welded joints.2 Consequently, this review

will concentrate exclusively on Eurocode 3 (EC3) for steel

welded joints and the IIW recommendations for both alu-

minum and steel welded joints.1,3 In the context of CA

multiaxial fatigue loading, the interaction equations pro-

posed by EC3 and the IIW are expressed as Equations (1)

and (2), respectively1,3:

∆σx

∆σR=SF

� �3

þ
∆τxy

∆τR=SF

� �5

≤DEC3, ð1Þ

∆σx

∆σR=SF

� �2

þ
∆τxy

∆τR=SF

� �2

≤DIIW : ð2Þ

Table 1 provides a summary of the values of the

allowable damage sums (i.e., DEC3 and DIIW) under

CA fatigue loading for different loading scenarios

and materials. In Table 1, it can be observed that

DEC3 is consistently equal to 1 for all loading cases,

whereas DIIW is 1 for in-phase fatigue loading and 0.5 for

out-of-phase fatigue loading.1,3 Besides that, the evalua-

tion considers the application of a partial safety factor

(SF) on the fatigue strength, in line with the recommen-

dations of EC3 and the IIW. The rationale behind the

selection of SF will be further discussed in the subse-

quent section.

For VA fatigue loading, two main approaches are

recommended by ECs and the IIW: the interaction

equation criterion and the linear damage accumulation

Palmgren–Miner (P-M) rule.1–3 These methods play a

crucial role in assessing the fatigue strength and life

of welded joints under VA loading scenarios. The

interaction equation criterion, initially used for CA

loading, remains relevant for VA loading, albeit with

some significant distinctions. For VA loading, the

applied stress range terms, ∆σx and ∆τxy as employed in

FIGURE 1 Design procedure for VA multiaxial fatigue loading using EC3 and IIW interaction equation criteria with equivalent stress

range substitution.
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Equations (1) and (2), are replaced with equivalent stress

range expressions, ∆σeq and ∆τeq as denoted in Equa-

tions (3) and (4).1–3

∆σeq,EC3

∆σR=SF

� �3

þ
∆τeq,EC3

∆τR=SF

� �5

≤DEC3 ð3Þ

∆σeq,IIW

∆σR=SF

� �2

þ
∆τeq,IIW

∆τR=SF

� �2

≤CV ð4Þ

Significantly, the allowable damage sum, which is

applicable under CA loading for IIW's interaction crite-

rion, undergoes a notable change when addressing VA

loading. In this case, a comparison value (CV ) is intro-

duced, as outlined in Equation (4). The transition from

DIIW to CV when applying the IIW interaction equation

criterion ensures a more tailored approach for VA condi-

tions while maintaining the reliability of the overall

design assessment.3 Unlike the IIW interaction criterion,

the EC3 interaction equation criterion under VA

loading does not introduce a CV and retains the same

allowable damage sum as CA loading (i.e., DEC3= 1). The

specific values for the allowable damage sums (i.e., DEC3

and DIIW) and CV under various loading conditions for

VA fatigue loading are also concisely presented in

Table 1.1–3

EC3 adopts a simplified approach to determine the

equivalent stress range, ∆σeq,EC3, which involves multi-

plying the maximum stress range that varies depending

on the load model, ∆σLM with an equivalent damage fac-

tor, λi, as demonstrated in Equation (5)1:

∆σeq,EC3 ¼ λi�∆σLM ð5Þ

The λi factor varies based on load conditions and

structural characteristics, with different applications,

such as cranes and bridges, requiring distinct λi values to

FIGURE 2 Design procedure

for VA multiaxial fatigue loading

using EC3 and IIW linear damage

accumulation Palmgren–Miner

(P-M) rule.
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meet specific design requirements.1 In cases where λi is

unknown, it is advisable to utilize the alternative P-M

rule as the criterion for multiaxial fatigue assessment

under VA fatigue loading.1 In contrast, the IIW directly

derives the equivalent stress range, ∆σeq,IIW from

Equation (6)3:

∆σeq,IIW ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

Dspec
�

P

ni �∆σ
m1

i,S,d

� �

þ∆σ
m1�m2ð Þ
L,d �

P

nj �∆σ
m2

j,S,d

� �

P

niþ
P

nj

m1

v

u

u

t

,

ð6Þ

where

Dspec Specified Miner sum

m1 Slope above the knee point of the SN curve

m2 Slope below the knee point of the SN curve

∆σi,S,d Applied stress ranges above the knee point

∆σj,S,d Applied stress ranges below the knee point

∆σL,d Applied stress range at the knee point of the SN curve

ni Number of cycles at applied stress range ∆σi

nj Number of cycles at applied stress range ∆σj

The same formulations shown in Equations (5) and

(6) can effectively be used to compute the shear stress

ranges, by simply replacing ∆σ with ∆τ:1,3 It is notewor-

thy to mention that the alternative equation proposed in

the IIW guidelines, designed to address stress levels

below the knee point, may be redundant.4 This is because

Equation (6), derived from applying the P-M rule with

the modifications of Haibach, has demonstrated effective-

ness in handling spectrum loading both above and below

the knee point across the entirety of the S–N curve,

accounting for slopes m1 and m2.
4,5

Figure 1 illustrates the step-by-step process of imple-

menting EC3 and IIW interaction equation criteria with

the equivalent stress range substitution under VA load-

ing.1,3 Graphs can be utilized to visually depict the under-

lying principles of the interaction equations as shown in

Equations (1)–(4). These graphical representations offer

designers a clear visualization of the safety level attained

by the designed welded joints. By employing the interac-

tion criteria suggested by EC3 and IIW, designers can

define a specific safety fatigue life or desired number of

cycles to failure, typically recommended as 2 million

cycles to failure.1,3 The reference stresses corresponding

to this threshold of 2 million cycles are recalculated, tak-

ing into account an appropriate probability of survival

and additional SFs.1,3 The selection of these factors is

guided by standards that consider various geometries and

welding configurations outlined in the codes.1,3

Interpreting reanalyses graphs accurately is essential

for an accurate assessment. It is important to understand

that points falling within the curve or boundary are

deemed safe, signifying that the designed welded joint

will endure for 2 million cycles or beyond.1,3 On the con-

trary, points located outside the boundary indicate unsafe

designs that will have a lifespan of fewer than 2 million

cycles. The distance of points from the boundary serves

as an indicator of the estimated number of cycles to fail-

ure, with a greater distance suggesting that the welded

joint can only survive significantly fewer cycles than the

2 million cycle threshold. On the other hand, points situ-

ated within the boundary but significantly distant from it

imply that the specimen has the capacity to withstand

significantly more than 2 million cycles.

Unlike other multiaxial stress assessment criteria,

such as the critical plane approach, the interaction

equations proposed by EC3 and the IIW do not offer

direct estimations of the number of cycles to failure.6–22

As the original formulations of both EC3 and the IIW

interaction equations lack the provision for deriving the

estimated number of cycles to failure, only interaction

diagrams are provided instead of fatigue life graphs.

These fatigue life graphs can only be obtained by apply-

ing the modified P-M rule for VA loading cases. It is

important to note that alternative formulations of the

interaction equations exist, which allow for the estima-

tion of cycles to failure using effective stress

ranges.11,14,15 However, since these alternative formula-

tions are not explicitly recommended by EC3 and the

FIGURE 3 Overview of distinct stress analysis approaches—

nominal stress (NS), hot spot stress (HSS), and effective notch stress

(ENS)
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IIW, they will not be utilized in this review when rea-

nalyzing fatigue data to validate the reliability of the

multiaxial fatigue assessment criteria proposed by EC3

and IIW.1,3

Another approach to address VA fatigue loading

scenarios is the modified P-M rule,1–3 also commonly

known as the linear damage accumulation rule. It cal-

culates the total damage, Dtot, accumulated by the

welded joint and it can be obtained by summing up

the damages caused by direct stresses and shear

stresses, based on the applied stress levels, as expressed

in Equation (7):

Dtot ¼Dσ þDτ ≤Dreal: ð7Þ

The rainflow cycle counting method is employed to

determine the number of cycles at the applied stress

levels, ni. Once the load spectrum is obtained, it can be

matched directly with the standard EC3 and IIW refer-

ence S–N curves to extrapolate the corresponding

FIGURE 4 Geometries of the reviewed welded joints.

FIGURE 5 Loading paths.

6 NG ET AL.
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number of cycles to failure, Ni.
1–3 Consequently, individ-

ual values of Dσ or Dτ can be derived using the following

equation:

Dσ orDτð Þ¼
X

k

i¼0

ni

N i

: ð8Þ

The modified P-M rule assumes that fatigue failure

occurs when the damage fraction of fatigue life reaches

or exceeds the real damage sum, Dreal, as shown in

Equation (8). It is important to highlight that as opposed

to the original P-M rule which suggests an allowable

damage sum, Dal, of 1, different research studies have

demonstrated that the real damage sum for steel and alu-

minum scatters between 0.01 and 10.23,24 Consequently,

a value of Dal = 0.5, with a probability of occurrence of

50% has been established as an engineering compromise

for estimating fatigue life.23–25 This modification was

incorporated into the IIW recommendations.3,26 With

this concept, the estimated number of cycles to failure,

Nf,e, can be determined by utilizing Dreal and Dtot,

attributed to multiaxial fatigue loading, as calculated

using Equation (9):

N f ,e ¼
Dreal

Dtot

X

k

i¼0

ni: ð9Þ

The implementation process of the P-M rule, follow-

ing the guidelines provided by ECs and the IIW, is

depicted in Figure 2.1–3 Consequently, the estimations

are then visually presented on fatigue life graphs, plotting

the experimental number of cycles to failure, Nf, against

the estimated number of cycles to failure, Nf,e, encom-

passed within the uniaxial and torsional scatter bands.

This graphical representation illustrates the accuracy and

reliability of the estimations. It is essential to note that

when employing the P-M rule as per EC3 and the IIW

recommendations, the applied stress ranges are expressed

in terms of direct stress ranges and shear stress ranges for

computing the damage sum.1,3 However, in the case of

EC9, the VA stress ranges are represented in terms

of maximum principal stresses.2 This distinction should

be considered when evaluating fatigue life estimations

using the respective standards.

3 | VALIDATION METHOD OF EC3
AND IIW INTERACTION EQUATION
CRITERIA

In this comprehensive quantitative review, the recom-

mended EC3 and IIW interaction equation criteria are

thoroughly evaluated through a reanalysis of extensive

fatigue data under CA and VA fatigue loading compiled

from the literature.18,27–43 The assessment incorporates

the integration of different stress analysis approaches,

including the nominal stress (NS), hot spot stress

(HSS), and effective notch stress (ENS) methods.1–

3,15,22,44–51 By combining these analyses, valuable

insights into the accuracy and conservatism of these cri-

teria are gained, providing a deeper understanding of

their practical effectiveness in assessing multiaxial

fatigue. To visually illustrate the application and dis-

tinctions of each stress analysis approach, Figure 3 pro-

vides a concise representation of a weld seam under

tension and shear.

Additionally, Figure 4 showcases the geometries of

the steel and aluminum welded joints being examined,

highlighting important characteristics.18,27–43 Notably,

the weld leg sizes range from 0.8 to 11 mm, with the plate

thickness varying between 1.5 and 10 mm. Moreover, the

length of these welded joints spans from 107.5 to

2040 mm. This range of dimensions provides valuable
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TABLE 2 Matrix of safety factors (SFs) for assessment methods

and failure consequence levels.

Assessment method

Consequence of failure

Low High

Damage tolerant 1.00 1.15

Safe life 1.15 1.35

Note: The safety factors reduce allowable FAT values for the probability of

survival (Ps) = 97.7%.
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TABLE 3 Summary of reanalyzed welded joints using NS approach under CA and interaction equation criterion under VA fatigue loading, including uniaxial and torsional reference

fatigue strengths, geometries, materials, fatigue curve slopes, and data sources.

Material

ΔσR,Ps = 97.7%
a

(MPa)

Uniaxial curve slope, k ΔτR,Ps = 97.7%
a (MPa) Torsional curve slope, k0 Geometry Reference

k (before the

first knee

point)b

k* (after

the first

knee

point)b
k* (after the second

knee point)c
k0 (before

knee point)d

k0* (after

knee

point)d

(CA) EC3 IIW Expe
EC3/

IIW Expe EC3 IIW EC3 EC3 IIW Expd
EC3/

IIW Expe EC3 IIW

UM StE 460h 71 71 142.7 3 4.4 5 22 ∞ 100 100 127.5 5 4.9 ∞ 22 Figure 4A 27

M StE 460h 71 71 166.5 3 4.6 5 22 ∞ 100 100 - 5 - ∞ 22 Figure 4A 30

UM StE 460h 71 71 194.7 3 4.4 5 22 ∞ 100 100 - 5 - ∞ 22 Figure 4E 30

M StE 460h 71 71 321.6 3 8.2 5 22 ∞ 100 100 128 5 6.3 ∞ 22 Figure 4E 30

StE 460h 71 71 116.4 3 3.9 5 22 ∞ 100 100 180.9 5 7.3 ∞ 22 Figure 4A 37

StE 460 71 71 122.9 3 5.4 5 22 ∞ 100 100 80.5 5 6.1 ∞ 22 Figure 4A 39

A519 71 71 96.3 3 5.4 5 22 ∞ 80 80 94.2 5 3.7 ∞ 22 Figure 4B 36

A519-A36h 80 80 144.4 3 3.8 5 22 ∞ 100 100 104.2 5 5.5 ∞ 22 Figure 4D 35

BS4360

Gr.50E

71 71 65.6 3 3 5 22 ∞ 80 80 66.3 5 4.5 ∞ 22 Figure 4C 43

Fe 52 steel 45 45 15.8 3 2.3 5 22 ∞ 100 100 44.1 5 3.5 ∞ 22 Figure 4F 40

BS4360 80 80 - 3 - 5 22 ∞ 80 80 - 5 - ∞ 22 Figure 4D 38

S340 + N,

E355 + N

71 71 204.2 3 6.1 5 22 ∞ 100 100 207.8 5 6.6 ∞ 22 Figure 4E 41

S340 + N,

E355 + Nh

71 71 44.6 3 2.9 5 22 ∞ 100 100 71.3 5 3.6 ∞ 22 Figure 4E 41

St 35

(t = 1 mm)

71 71 69.2 3 4.9 5 22 ∞ 100 100 106.4 5 8.4 ∞ 22 Figure 4E 33

St 35

(t = 2 mm)

71 71 66.4 3 5.3 5 22 ∞ 100 100 74.5 5 6.1 ∞ 22 Figure 4E 31

6082-T6 N/Cf 32 55 3 6.9 5 22 ∞ N/Cf 36 50.4 5 6.2 ∞ 22 Figure 4A 18

6060-T6h N/Cf 22 - 3 - 5 22 ∞ N/Cf 36 - 5 - ∞ 22 Figure 4E 42

AW 6082 N/Cf 22 20.3 3 4.2 5 22 ∞ N/Cf 36 42.3 5 5.8 ∞ 22 Figure 4E 33

AW 5042 N/Ce 22 16.6 3 4.1 5 22 ∞ N/Ce 36 42.5 5 5.9 ∞ 22 Figure 4E 33
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TABLE 3 (Continued)

Material

ΔσR,Ps = 97.7%
a

(MPa)

Uniaxial curve slope, k ΔτR,Ps = 97.7%
a (MPa) Torsional curve slope, k0 Geometry Reference

k (before the

first knee

point)b

k* (after

the first

knee

point)b
k* (after the second

knee point)c
k0 (before

knee point)d

k0* (after

knee

point)d

(CA) EC3 IIW Expe
EC3/

IIW Expe EC3 IIW EC3 EC3 IIW Expd
EC3/

IIW Expe EC3 IIW

Material ΔσR,Ps = 97.7%
a (MPa) Uniaxial curve slope, k ΔτR,Ps = 97.7%

a (MPa) Torsional curve slope, k0 Geometry Reference

k (before the

first knee

point)b

k0 (before

the first

knee

point)b

k0 (after the second

knee point)c
k0 (before

knee point)d
k00 (after

knee

point)d

(VA) EC3 IIW EC3/IIW EC3 IIWg EC3 EC3 IIW EC3/IIW EC3 IIWg

StE 460h 71 71 3 5 5 ∞ 100 100 5 ∞ 9 Figure 4A 34

StE 460h 71 71 3 5 5 ∞ 100 100 5 ∞ 9 Figure 4A 37

42CrMo4h - - - - - - 100 100 5 ∞ 9 Figure 4E 28

6082-T6 N/Cf 32 3 5 5 ∞ N/Cf 36 5 ∞ 9 Figure 4A 29

Abbreviations: M, machined; UM, unmachined.
aReference normal and shear stresses extrapolated at 2 million cycles to failure, with a probability of survival (Ps) = 97.7%.
bThe first knee point for the IIW and EC3 in terms of normal stress is located at the number of cycles to failure (Nkp) = 107 cycles and (Nkp) = 5 � 106 cycles, respectively.
cThe second knee point for EC3 in terms of normal stress is located at Nkp = 108 cycles.
dThe knee point for both the IIW and EC3 in terms of shear stress is located at Nkp = 108 cycles.
eExp denotes experimental data.
fN/C denotes not considered in the reanalysis.
gSlopes (k0 and k00) suggested by the IIW for VA loading are derived from Haibach's modification (2k � 1), where k is the slope before the knee point.
hStress-relieved.
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insights into the diverse configurations considered in the

analysis.

The reviewed fatigue data comprise CA fatigue testing

conducted under diverse loading conditions, including

bending, tension, and torsion. These tests encompass a

range of loading scenarios, such as uniaxial, pure tor-

sional, in-phase, and out-of-phase fatigue loading, with

different load ratios (R = σmin/σmax or R = τmin/τmax)

such as R = �1, 0, and 0.1.18,27,36–43 For CA fatigue load-

ing, Figure 5 visually presents the loading paths for these

fatigue tests, offering a clear depiction of the distinct

loading profiles encountered in the literature. On the

other hand, for VA fatigue loading, a Gaussian loading

spectrum with a sequence length of 5 � 104 cycles was

applied to all VA loading cases, as demonstrated in

Figure 6.27–29,37

In assessing metal fatigue, particularly under axial

loading, mean stress proves notably significant.13,52 A

key observation is that high tensional residual stresses

can yield a local load ratio exceeding 0, even within an

R range of �1 to 0.53 To reduce the impact of residual

stresses, heat treatments are applied for stress relief in

welded joints. Consequently, these treatments have

demonstrated an enhancement in the fatigue strength

of welded joints.13 Notably, many reanalyzed outcomes

in this quantitative review are based on such stress-

relieved joints. Given that design codes, in the case of

stress-relieved steel and aluminum joints, consider

worst-case scenarios involving high tensile residual

stresses, a measured approach is adopted in the reana-

lysis. To avoid an undue level of conservatism, only

60% of the compressive stress range is incorporated,

FIGURE 7 Nominal stress (NS) approach: EC3 interaction diagram for as-welded (A, B) and stress-relieved (C, D) steel welded joints

under CA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15.

10 NG ET AL.
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aligning with the recommendations of both EC3 and

the IIW1,3:

∆σeff ¼ σmaxj jþ0:6 σminj j: ð10Þ

This recommended approach, outlined in

Equation (10), accounts for the positive impact of stress

relief and contributes to a more accurate assessment of

the stress distribution in welded joints.1,3 The reanalysis

process involves obtaining the reference stresses at 2 mil-

lion cycles to failure from standard FAT values, which

are determined based on the welding configuration and

experimental fatigue data obtained from uniaxial and

pure torsional tests. During the reanalysis, the reference

stresses are recalculated at a probability of survival (Ps)

of 97.7%, which corresponds to the mean minus two stan-

dard deviations. Although there is a conventional

recommendation for Ps to be set at 95% with a two-sided

confidence interval limit in various applications, the dif-

ference between Ps = 97.7% and Ps = 95% with a two-

sided confidence level is less than 2%. This difference is

considered negligible, especially when accounting for the

inherent spread of fatigue data. Therefore, adopting Ps of

97.7% aligns with the recommendations of both EC3 and

the IIW.1,3 This approach ensures a consistent and

dependable assessment of the reference stresses, facilitat-

ing a comprehensive evaluation of fatigue behaviour in

accordance with industry standards.

As highlighted earlier, a partial SF is adopted when

assessing the welded joints under multiaxial fatigue load-

ing through the application Equations (1)–(4) as recom-

mended by the IIW and EC3. Specifically, considering

the low consequence of failure for the steel and alumi-

num welded joints under review, an SF of 1.15 is adopted

FIGURE 10 Nominal stress (NS) approach: EC3 interaction diagram (A, B) and fatigue life graph (C) for stress-relieved steel welded

joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15

NG ET AL. 13
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within the safe life design method discussed earlier.1,3 To

provide a comprehensive overview, Table 2 presents a

matrix of partial SF that accounts for various assessment

methods and different levels of failure consequence. This

ensures a robust approach to assessing the fatigue

strength, considering the specific characteristics and

potential consequences of failure for each welded joint

configuration.

The distinction between EC3 and IIW becomes appar-

ent when considering the exponent applied to the nor-

malized direct stress and shear stress ratios. In EC3, the

inclusion of the slope of the reference fatigue curve,

which is set to 3 for uniaxial fatigue curves and 5 for tor-

sional fatigue curves in Equation (1), adds complexity.1

The challenge arises from the variations in experimental

fatigue curves obtained from diverse literature sources,

making it difficult to plot them on a single graph for an

overall accuracy assessment of EC3. In contrast, the IIW

interaction equation criteria, also known as the Gough–

Pollard criterion, adopt a consistent exponent of 2 for the

normalized direct and shear stress ratios, regardless of

the fatigue curve slope.3,54 Therefore, in the case of CA

fatigue loading, the experimentally derived reference

stresses solely rely on the IIW multiaxial fatigue assess-

ment criteria, offering a reliable and standardized frame-

work for analysis and comparisons.

The evaluation of VA loading using the P-M rule

involves plotting the experimental, Nf, against the esti-

mated, Nf,e, number of cycles to failure, providing

insights into the accuracy and reliability of the criterion

according to ECs and the IIW guidelines.1–3 Since refer-

ence stresses for VA loading are recalculated at a

Ps = 97.7%, the estimations are expected to cluster

around the uniaxial and torsional Ps = 97.7% line.1–3,8,22

FIGURE 11 Nominal stress (NS) approach: IIW interaction diagram (A, B) and fatigue life graph (C) for stress-relieved steel welded

joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15.

14 NG ET AL.
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Ideally, most of the points or estimations should lie above

the diagonal line where Ps = 50%, indicating Nf = Nf,e.

This alignment is crucial to demonstrate the accuracy

and reliability of the P-M rule as a robust multiaxial

fatigue assessment criterion for VA loading. Conversely,

if the reference stresses were recalculated at Ps = 50%,

the estimations would primarily fall within the uniaxial

and torsional scatter bands, offering further insights into

the fatigue life estimations under VA loading conditions.

These results play a pivotal role in validating and refining

the fatigue assessment criteria for welded joints.

Similarly, the validation method and limitations dis-

cussed for CA loading are equally applicable when

employing the interaction equation criterion for VA load-

ing. However, it is crucial to acknowledge that there are

differences in the number and location of knee points on

the reference fatigue curves between the ECs and IIW

standards for VA loading. The reference fatigue curves

provided by ECs exhibit two knee points situated at

Nkp1 = 5 million cycles and at Nkp2 = 108 cycles. As a

result, three segments of straight lines with inverse slopes

of 3, 5, and ∞ are formed.1 In contrast, the standard IIW

reference fatigue curves feature a single knee point at

Nkp = 107 cycles, leading to two segments with inverse

slopes of k = 3 and k0 = 5 for the uniaxial S–N curve.3

For the torsional S–N curve, the knee point is at

Nkp = 108 cycles, yielding an inverse slope, k0 of 5 before

the knee point and k00 of 9 after the knee point, calcu-

lated based on Haibach's modification (2k � 1), where

k is the inverse slope before the knee point.3,55 Con-

versely, under CA fatigue loading conditions, the inverse

slopes, k* and k0* after the knee point according to the

IIW recommendations change to 22 for both uniaxial and

torsional S–N curves.3 These variations in curvature

and slope between ECs and IIW recommendations

should be considered when assessing fatigue life estima-

tions under different loading conditions.

As explained earlier, EC3 suggests using simplified

coefficient λi, which varies depending on the specific

structural application and the type of loading conditions.

FIGURE 12 Nominal stress (NS) approach: IIW interaction diagram (A, B), IIW fatigue life graph (C), and EC9 fatigue life graph

(D) for as-welded aluminum welded joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on

Ps = 97.7% and SF = 1.15.
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For instance, in crane structural applications, λi ranges

from 0.198 to 1.587 for direct stresses and from 0.379 to

1.320 for shear stresses.56 It should be noted that these

variations are tailored to specific structural domains.

Since the data under review serves scientific purposes

without a specific target in mind within any particular

structural domain, the least conservative λi values sug-

gested for the crane domain will be utilized as an exam-

ple case in the reanalysis using the EC3 interaction

criterion for VA loading. Specifically, the lowest values,

0.198 for direct stress and 0.379 for shear stress, are

adopted.56 This deliberate choice aims to emphasize the

importance of selecting appropriate values for λi and

underscores the safety level associated with the recom-

mended values for λi, with this holding particularly true

in the context of the worst-case scenario when applying

the EC3 interaction criterion for VA loading in a broader

context. The accuracy and disparities between the ECs

and IIW multiaxial fatigue assessment criteria will be

thoroughly assessed by extensively analyzing their capa-

bilities in predicting the fatigue life of welded joints

through different stress analysis approaches. The upcom-

ing sections of this paper will delve into these aspects,

providing a comprehensive understanding of the topic.

4 | REANALYSES USING THE
NOMINAL STRESS (NS) APPROACH

The NS approach is a widely accepted method used to

analyze stress distributions in welded joints by consider-

ing the nominal cross-sectional area.1,3,13,15,45,47 This

approach is highly valued for its efficiency and practical-

ity, particularly when dealing with standard and less

complex welded joint geometries. The calculation of

nominal stresses can be performed using bending and

torsion equations derived from simple beam theory.

Importantly, the NS approach effectively captures the

influence of the overall macro geometry on stress distri-

bution within the welded joint.1,3,15,47

Table 3 serves as a concise summary, effectively cap-

turing the essential characteristics of the reanalyzed

welded joints under CA loading using the NS approach.

It provides a comprehensive overview that includes cru-

cial information such as uniaxial and torsional reference

fatigue strengths.

These fatigue strengths are derived from carefully

selected reference fatigue curves sourced from relevant

standards and experimental data. Additionally, the table

offers detailed insights into the geometries of the welded

joints, the materials investigated, the slopes of the fatigue

curves, and their respective sources of data.

The reanalysis of the EC3 criterion applied in con-

junction with the NS approach is visually presented in

Figure 7 for both as-welded and stress-relieved steel

welded joints under CA fatigue loading. The recalcula-

tions are carried out using Ps = 97.7% and SF = 1.15.

Notably, the black-filled markers on the graph represent

experimental fatigue life exceeding 2 million cycles.

When these points fall within the curve or boundary,

they indicate accurate estimations, demonstrating the

ability to withstand more than 2 million cycles to failure.

Conversely, if the filled points lie outside the curve or

boundary, they are considered conservative estimates

since the interaction equation criteria predict failure

before reaching 2 million cycles, despite the specimens

actually surviving beyond that threshold.

To quantitatively assess the level of conservatism, the

percentage of non-conservative estimates (PNC) is calcu-

lated. PNC is determined by dividing the number of non-

conservative estimates (i.e., the number of hollow

markers within the interaction curve or boundary) by the

total number of reanalyzed specimens, expressed as a

percentage. The reanalysis reveals six instances of

non-conservative estimates observed for as-welded steel

joints, resulting in a PNC of 2.54%. With an additional SF

of 1.15, the number of non-conservative estimates

reduces from 6 to 3 instances, which is equivalent to a

PNC of 0.85%. On the contrary, for stress-relieved steel

Magnified view

t

Full geometrical configuration

of the sample model

0.4t 1.0t

Focus path

Finely meshed model

for linear extrapolation

HSS Approach

using FEA

FIGURE 13 Example of finely meshed finite element

(FE) model showcasing the application of hot spot stress (HSS)

analysis approach. [Colour figure can be viewed at

wileyonlinelibrary.com]
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TABLE 4 Summary of reanalyzed welded joints using the HSS approach under CA and interaction equation criterion under VA fatigue loading, including uniaxial and torsional reference

fatigue strengths, geometries, materials, fatigue curve slopes, and data sources

Material

ΔσR,Ps = 97.7%
a

(MPa)

Uniaxial curve slope, k

ΔτR,Ps = 97.7%
a

(MPa)

Torsional curve

slope, k0 Geometry Reference

k (before the

first knee

point)b

k* (after

the first

knee

point)b
k* (after the second

knee point)c
k0 (before

knee point)d

k0* (after

knee

point)d

(CA) EC3 IIW Exp(5) EC3/

IIW

Exp(5) EC3 IIW EC3 EC3 IIW Expd EC3/

IIW

Exp(5) EC3 IIW

UM StE 460h 90 90 188.7 3 4.4 5 22 ∞ 100 100 138.7 5 4.9 ∞ 22 Figure 4A 27

M StE 460h 90 90 210.0 3 4.6 5 22 ∞ 100 100 - 5 - ∞ 22 Figure 4A 30

UM StE 460h 90 90 208.4 3 4.4 5 22 ∞ 100 100 - 5 - ∞ 22 Figure 4E 30

StE 460h 90 90 163.1 3 3.9 5 22 ∞ 100 100 206.7 5 7.3 ∞ 22 Figure 4A 37

A519 90 90 112.7 3 5.4 5 22 ∞ 100 100 100.7 5 3.7 ∞ 22 Figure 4B 36

A519-A36h 90 90 153.6 3 3.8 5 22 ∞ 100 100 110.7 5 5.5 ∞ 22 Figure 4D 35

BS4360

Gr.50E

90 90 111.7 3 3 5 22 ∞ 100 100 72.7 5 4.5 ∞ 22 Figure 4C 43

Fe 52 steel 90 90 22.7 3 2.3 5 22 ∞ 100 100 48.4 5 3.5 ∞ 22 Figure 4F 40

S340 + N,

E355 + N

90 90 343.0 3 6.1 5 22 ∞ 100 100 229.2 5 6.6 ∞ 22 Figure 4E 41

S340 + N,

E355 + Nh

90 90 74.8 3 2.9 5 22 ∞ 100 100 74.8 5 3.6 ∞ 22 Figure 4E 41

6082-T6 N/

Cf

36 76.1 3 6.9 5 22 ∞ N/

Cf

36 55.0 5 6.2 ∞ 22 Figure 4A 18

6060-T6h N/

Cf

36 - 3 - 5 22 ∞ N/

Cf

36 - 5 - ∞ 22 Figure 4E 42

Material ΔσR,Ps = 97.7%
a (MPa) Uniaxial curve slope, k ΔτR,Ps = 97.7%

a

(MPa)

Torsional curve slope, k0 Geometry Reference

k (before the

first knee

point)b

k0 (before

the first

knee

point)b

k0 (after the second knee

point)c
k0 (before knee

point)d
k00 (after

knee

point)d

(VA) EC3 IIW EC3/IIW EC3 IIWg EC3 EC3 IIW EC3/IIW EC3 IIWg

StE 460h 90 90 3 5 5 ∞ 100 100 5 ∞ 9 Figure 4A 34

(Continues)
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joints, only one non-conservative estimate is identified

when the reference stresses are recalculated at

Ps = 97.7%, resulting in an overall PNC of 0.28%, and by

incorporating an additional SF of 1.15, the PNC reduces to

0% as shown in Figure 7C,D.

Shifting our attention to the reanalysis of the IIW cri-

teria using the NS approach, Figure 8 illustrates the

results for steel welded joints, while Figure 9 displays

the reanalysis outcomes for aluminum welded joints

under CA loading. The reference stresses for both as-

welded and stress-relieved steel joints are recalculated

using Ps = 97.7%, SF = 1.15, and experimental data.

Notably, when considering the IIW criteria, a signifi-

cant observation emerges: the non-conservative estimates

are lesser as compared to the reanalysis results obtained

from the EC3 criteria, especially when focusing on the

as-welded steel joints.

However, a significant degree of conservatism is

observed in the reanalysis of aluminum welded joints, as

all data points are considerably distant from the curve

boundary that defines the design safety level. This obser-

vation holds true for both as-welded and stress-relieved

cases. Nevertheless, when using experimentally derived

reference stresses, the level of conservatism is slightly

reduced, with data points approaching closer to the

boundary curve compared to the reference stresses

recommended by the IIW standard fatigue curves.

On the other hand, Table 3 also provides a concise

overview of the investigated welded joints for VA loading,

presenting their uniaxial and torsional fatigue curves

derived from relevant reference fatigue curves based on

EC3 and IIW assessment criteria. The table includes vital

information about the welded joint geometries, materials,

fatigue curve slopes, and their respective literature

references.

Figure 10 displays the graphs for stress-relieved steel

welded joints under VA fatigue loading, using the EC3

multiaxial fatigue assessment criteria with the NS

approach. The recalculations are based on Ps = 97.7%

and SF = 1.15 for consistency. In this case, the steel

welded joints exhibit 9 instances of non-conservative esti-

mates, leading to a PNC of 11.1% when applying the EC3

interaction equation criterion with equivalent stress

range substitution. Upon applying an additional

SF = 1.15, the number of non-conservative estimates

decreased from 9 to 3 instances, resulting in a PNC of

3.7% of the total estimations. Importantly, the fatigue life

estimations are primarily situated within the uniaxial

and torsional scatter band, positioned above the Nf = Nf,e

diagonal line. This alignment indicates accurate and con-

servative estimations in line with the EC3 P-M rule.

Figure 11 showcases reanalysis results for steel

welded joints under VA loading, using the IIWT
A
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interaction equation criterion with equivalent stress

range substitution alongside the NS approach. Remark-

ably, no instances of non-conservative estimates were

observed, indicating that the accuracy of the IIW

approach in predicting the fatigue life of the steel welded

joints under VA loading is satisfactory. When the IIW

P-M is concerned, the fatigue life estimations shown in

Figure 11c clustered within the uniaxial and torsional

scatter bands and predominantly fell above the Nf = Nf,e

diagonal line. These findings demonstrate that the IIW

P-M rule yielded conservative estimations for the fatigue

life of the steel welded joints, ensuring a high level of

safety.

Furthermore, when considering aluminum welded

joints under VA loading, the IIW interaction equation

criterion with equivalent stress range substitution also

displayed the absence of non-conservative estimates. As

depicted in Figure 12A,B, the fatigue life estimations in

both cases were notably distant from the curve boundary

defining the design safety level. Meanwhile, when apply-

ing the NS approach in conjunction with the IIW P-M

rule as shown in Figure 12C and EC9 P-M rule as shown

in Figure 12D for assessing aluminum welded joints

under VA loading, the fatigue life estimations predomi-

nantly resided above the Nf = Nf,e diagonal line. This

observation highlights the conservative nature of the esti-

mations, particularly when compared to the fatigue life

estimations for steel welded joints resulting from the

reanalysis.

5 | REANALYSES USING THE HOT
SPOT STRESS (HSS) APPROACH

The HSS approach, also known as the structural or geo-

metrical stress approach, is a highly effective

FIGURE 14 Hot spot stress (HSS) approach: EC3 interaction diagram for as-welded (A, B) and stress-relieved (C, D) steel welded joints

under CA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15.
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methodology used for analyzing welded joints with intri-

cate geometries, especially when deriving nominal stress

poses challenges.1–3,15,45,47 Unlike the conventional NS

approach that only considers stresses from the nominal

section of the joint, the HSS approach takes into account

the stress concentration effects arising from the overall

FIGURE 15 Hot spot stress (HSS) approach: IIW interaction diagram for as-welded (A, B) and stress-relieved (C, D) steel welded joints

under CA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7%, SF = 1.15, and experimental data.
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structural intricacies while excluding stresses induced by

the localized weld toe geometry as illustrated in Figure 3.

Essentially, the HSS combines two distinct stresses: mem-

brane stress and shell bending stress.1,3,47,57

Typically, the HSS approach can be determined

through two methods: deriving stresses using FEA or uti-

lizing strain measurements from strain gauges located at

designated reference points near the weld toe.1–3,15,45,47,57

FIGURE 16 Hot spot stress (HSS) approach: IIW interaction diagram for as-welded (A, B) and stress-relieved (C, D) aluminum welded

joints under CA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7%, SF = 1.15, and experimental data.
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However, for the purpose of this review, our attention

will be exclusively directed towards the FEA-based

approach for deriving the hot spot stress. This decision is

based on the observation that the majority of the litera-

ture reviewed does not employ methods involving strain

gauges, which rely heavily on experimental investiga-

tions.18,27,36–43 By focusing on the FEA method, we can

gain comprehensive insights into the hot spot stress anal-

ysis of welded joints in the context of the reviewed

literature.

In the context of the HSS approach derived through

FEA, both EC3 and the IIW propose a method of linearly

extrapolating the hot spot stress from two designated ref-

erence points. To ensure precise and reliable results, it is

crucial to employ fine meshes in the FE model. It

is recommended to position these reference points at dis-

tances of 0.4t and 1.0t away from the weld toe, with “t”

representing the reference plate thickness.1,3,47,57 The

rationale behind selecting these specific reference points

is to ensure the exclusion of any notch stresses induced

by the weld toe itself, thus enhancing the accuracy of the

analysis.1,3,15 The HSS extrapolation method is mathe-

matically represented by Equation (11), showcasing the

quantitative approach to deriving hot spot stress:

σHSS ¼ 1:67 σ0:4t�0:67 σ1:0t ð11Þ

Figure 13 provides a visual representation of the HSS

derivation process using FEA with a fine mesh, offering

clarity on the methodology employed.1,3,47,57 To comple-

ment the information from Table 3, Table 4 presents key

characteristics of the reanalyzed welded joints under CA

loading using the HSS approach, focusing specifically on

this method instead of the NS approach.

FIGURE 17 Hot spot stress (HSS) approach: EC3 interaction diagram (A, B) and fatigue life graph (C) for stress-relieved steel welded

joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15
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The reanalysis results of the EC3 criterion under CA

loading with the HSS approach are depicted in Figure 14

for both as-welded and stress-relieved steel welded

joints. Notably, the recalculation of reference fatigue

strength, considering Ps = 97.7% and an additional SF of

1.15, revealed no instances of non-conservative

estimates.

Shifting our attention to the IIW criterion under CA

loading and its implementation with the HSS approach,

Figure 15 showcases the reanalysis graph specifically for

steel welded joints, whereas Figure 16 presents the

reanalysis graph for aluminum welded joints. For both

as-welded and stress-relieved steel joints, the recalcula-

tion of reference stresses using Ps = 97.7%, SF = 1.15,

and experimental data yielded no non-conservative esti-

mates. This further validates the effectiveness and accu-

racy of the HSS approach in assessing the fatigue

behaviour of different welded joints. However, similar to

the NS approach discussed earlier, it is essential to note

that the HSS approach also demonstrates a significant

degree of conservatism when applied to aluminum

welded joints.

Table 4 also offers a summary focusing on welded

joints investigated under VA loading using the HSS

approach. Figure 17 illustrates the reanalysis of the EC3

criterion in conjunction with the HSS approach for

stress-relieved steel welded joints under VA loading. The

analysis revealed six instances of non-conservative esti-

mates for the steel welded joints, corresponding to a PNC
of 7.41% using the EC3 interaction equation criterion

with equivalent stress range substitution. Nevertheless,

after applying an additional SF of 1.15, the number of

non-conservative estimates reduced to 3 instances, result-

ing in a PNC of 3.7%.

FIGURE 18 Hot spot stress (HSS) approach: IIW interaction diagram (A, B) and fatigue life graph (C) for stress-relieved steel welded

joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15.
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Furthermore, Figure 17C illustrates the reanalysis of

stress-relieved steel welded joints using the EC3 P-M rule

with the HSS approach for VA loading. The fatigue life

estimations for these welded joints predominantly clus-

tered within the uniaxial and torsional scatter band, with

most of them falling above the Nf = Nf,e diagonal line.

This pattern demonstrates accurate and conservative esti-

mations, highlighting the reliability of the EC3 interac-

tion equation criterion with the HSS approach for VA

loading.

Figure 18 presents the reanalysis results of steel

welded joints using the IIW criteria with the HSS

approach under VA loading.

In contrast to the EC3 interaction criterion, the IIW

approach exhibits zero instances of non-conservative esti-

mates for the steel welded joints. Moreover, when focus-

ing on the IIW P-M rule, the fatigue life estimations for

the steel welded joints mainly cluster within the uniaxial

and torsional scatter band, and significantly, most of

them fall above the Nf = Nf,e diagonal line. This pattern

highlights the accuracy and conservative nature of the

estimations, as illustrated in Figure 18C.

Similarly, the reanalysis of aluminum welded joints

under VA loading, as shown in Figure 19, reveals zero

instances of non-conservative estimates, reaffirming the

accuracy and dependability of the HSS approach in com-

bination with the IIW interaction equation criterion. This

finding underscores the reliability of the HSS approach

for both steel and aluminum welded joints under VA

multiaxial fatigue loading, providing accurate estimations

for their fatigue life under different loading conditions.

Although the HSS approach offers the advantage of

analyzing welded joints with intricate geometries, it does

have certain limitations. One major limitation lies in its

applicability only when fatigue failure originates from

the weld toe region.1–3,15,45,47,57 Furthermore, it is not

suitable for situations where welded joints experience

predominantly shear loading, as localized stress

FIGURE 19 Hot spot stress (HSS) approach: IIW interaction diagram (A, B), IIW fatigue life graph (C), and EC9 fatigue life graph

(D) for as-welded aluminum welded joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on

Ps = 97.7% and SF = 1.15.
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concentrations at notches were observed to occur at dis-

tances closer to the weld toe region than the recom-

mended 0.4t reference point.15,47 These limitations

emphasize the importance of carefully considering and

exploring alternative approaches when evaluating the

fatigue behaviour of steel and aluminum welded joints.

6 | REANALYSES USING THE
EFFECTIVE NOTCH STRESS (ENS)
APPROACH

The ENS approach offers a unique and comprehensive

methodology for evaluating welded joints. It incorporates

the localized non-linear stress concentration effects aris-

ing from the weld toe or root geometry, as well as the

overall structural characteristics.3,11,15,44,45,47,49–51,57–59

This sets it apart from the NS and HSS approaches, which

overlook these intricate factors. The IIW has put forth

the ENS approach as a proposed method; however, it has

yet to be included in the EC3.1,3

As per the guidelines provided by the IIW, effective

notch stress can be obtained through the utilization of

FEA. This involves introducing a fictitious notch at the

weld toes and roots. For steel and aluminum welded

joints with a plate thickness (t) equal to or exceeding

5 mm, the recommended fictitious notch radius is

1.0 mm. This recommendation, proposed by Hobbacher

and embraced by the IIW, has been thoroughly validated

and is extensively employed in practical applications

involving welded joint thicknesses greater than

5 mm.3,11,45,47,59–64

However, for thin-walled welded joints with a thick-

ness (t) below 5 mm, an alternative recommendation is

needed to address the gap in the IIW's Hobbacher-based

recommendation. To address this, Sonsino has put forth

an alternative suggestion for the IIW ENS approach. Son-

sino proposes a fictitious notch radius of 0.05 mm, specif-

ically tailored for welded joint thicknesses less than

5 mm.49,50,65 Furthermore, Sonsino recommends specific

slope and reference fatigue strength (FAT value) values

that are tailored to suit such “thin and flexible” welded

joints.

Figure 20 visually demonstrates the practical applica-

tion of the ENS approach using FEA to analyze both thin

and thick-walled welded joints. In this comprehensive

review, the recommendations put forth by both Hobba-

cher and Sonsino are incorporated, ensuring coverage

across all levels of welded joint thickness within the IIW

ENS approach.

Table 5 provides a concise summary of the reanalyzed

welded joints under CA loading, offering valuable

insights into their evaluation using the ENS approach.

The table presents an overview of the uniaxial and tor-

sional fatigue strengths (FAT values) recommended by

the IIW standards. It also includes crucial details about

the geometries of the welded joints, materials used, the

slopes of the fatigue curves, and their respective sources

of data.

To complement the tabular data, graphical represen-

tations in the form of Figures 21 and 22 visually depict

the reanalysis results of steel and aluminum welded

joints under CA loading, respectively, utilizing the IIW

ENS approach. These figures offer a clear and concise

depiction of the outcomes obtained from the analysis. It

is important to note that the reference stresses for both

as-welded and stress-relieved steel and aluminum joints

have been recalculated, considering a Ps = 97.7% and an

additional SF of 1.15. By applying these factors, the accu-

racy and reliability of the reanalyzed results are

enhanced, ensuring a comprehensive evaluation of the

welded joints.

The reanalysis results as shown in Figure 21 for steel

welded joints under CA loading reveal an acceptable

safety level for the assessment criteria with only two

instances of non-conservative estimates at a Ps = 97.7%

and decreases to zero non-conservative estimates when

FIGURE 20 Application of effective notch stress (ENS)

analysis approach on finely meshed finite element (FE) models.

[Colour figure can be viewed at wileyonlinelibrary.com]
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additional SF = 1.15 is applied. Again, when examining

aluminum welded joints as shown in Figure 22, there

were no instances of non-conservative estimates,

highlighting a significant degree of conservatism in the

analysis. All data points were noticeably distant from the

curve boundary that establishes the design safety level.

TABLE 5 Summary of reanalyzed welded joints using ENS approach under CA and interaction equation criterion under VA fatigue

loading, including uniaxial and torsional reference fatigue strengths, geometries, materials, fatigue curve slopes, and data sources.

Material

ΔσR,

Ps = 97.7%
a

(MPa)

Uniaxial curve slope, k

ΔτR,

Ps = 97.7%
a

(MPa) Torsional curve slope, k0 Geometry Reference

k (before

knee

point)b

k* (after

knee

point)b

k0 (before

knee

point)c

k0* (after

knee

point)c

(CA) IIW IIW IIW IIW IIW IIW

UM StE 460h 225 3 22 160 5 22 Figure 4A 27

M StE 460h 225 3 22 160 5 22 Figure 4a 30

UM StE 460h 225 3 22 160 5 22 Figure 4E 30

StE 460h 225 3 22 160 5 22 Figure 4A 37

A519 225 3 22 160 5 22 Figure 4B 36

A519-A36h 225 3 22 160 5 22 Figure 4D 35

Fe 52 steel 225 3 22 160 5 22 Figure 4F 40

BS4360 630 3 22 250 5 22 Figure 4D 38

S340 + N,

E355 + N

630 3 22 250 5 22 Figure 4E 41

S340 + N,

E355 + Nh

630 3 22 250 5 22 Figure 4E 41

St 35

(t = 1 mm)

630 3 22 250 5 22 Figure 4E 33

St 35

(t = 2 mm)

630 3 22 250 5 22 Figure 4E 31

6082-T6 71 3 22 63 5 22 Figure 4A 18

6060-T6h 180 3 22 90 5 22 Figure 4E 42

AW 6082 180 3 22 90 5 22 Figure 4E 33

AW 5042 180 3 22 90 5 22 Figure 4E 33

Material ΔσR,

Ps = 97.7%
a

(MPa)

Uniaxial curve slope, k ΔτR,

Ps = 97.7%
a

(MPa)

Torsional curve slope, k0 Geometry Reference

k (before

knee

point)b

k0 (before

knee

point)b

k0 (before

knee

point)d

k00 (after

knee

point)d

(VA) IIW IIW IIW(5) IIW IIW IIW(5)

StE 460h 71 3 5 100 5 9 Figure 4A 34

StE 460h 71 3 5 100 5 9 Figure 4A 37

42CrMo4h - - - 100 5 9 Figure 4E 28

6082-T6 32 3 5 36 5 9 Figure 4A 29

Abbreviations: M, machined; UM, unmachined.
aReference normal and shear stresses extrapolated at 2 million cycles to failure, with a probability of survival (Ps) = 97.7%.
bThe knee point for the IIW in terms of normal stress is located at the number of cycles to failure (Nkp) = 107 cycles.
cThe knee point for the IIW in terms of shear stress is located at Nkp = 108 cycles.
dSlopes (k0 and k00) suggested by the IIW for VA loading are derived from Haibach's modification (2k � 1), where k is the slope before the knee point.
eStress-relieved.
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Table 5 also provides a concise summary of the reana-

lyzed welded joints under VA loading. In contrast to the

observations obtained from CA fatigue loading, the ENS

approach proved to be highly effective under VA fatigue

loading, showing only one instance of non-conservative

estimate with a PNC of 1.23%. After applying the addi-

tional SF = 1.15, no non-conservative estimates were

observed, reaffirming the accuracy and conservative

nature of the estimations for steel welded joints as illus-

trated in Figure 23.

Similarly, when assessing aluminum welded joints

under VA loading using the ENS approach, no instances

of non-conservative estimates were identified as shown

in Figure 24.

When utilizing the IIW P-M rule under VA loading in

combination with the ENS approach, the fatigue life esti-

mations for steel and aluminum welded joints predomi-

nantly clustered within the scatter band and positioned

above the Nf = Nf,e diagonal line as depicted in

Figures 23c and 24c. These observations indicate accurate

and conservative estimations for the fatigue life of both

steel and aluminum welded joints under VA loading

conditions.

Although the ENS approach surpasses the NS and

HSS approaches in its ability to evaluate stress distribu-

tion within welded joints, it is important to acknowledge

its limitations in practical scenarios. One notable con-

straint arises from the significant variations observed in

the local profile of the weld toe along the weld line

in real-world applications, resulting in discrepancies

between physical welded joints and their FE model coun-

terparts.3,11,15,66 Additionally, the ENS approach man-

dates the use of a fine mesh to precisely capture the

behaviour of the investigated welded joints. As a conse-

quence, this requirement renders the process time-

consuming and labour-intensive, especially when dealing

FIGURE 21 Effective notch stress (ENS) approach: IIW interaction diagram for as-welded (A, B) and stress-relieved (C, D) steel welded

joints under CA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15.
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with intricate geometries frequently encountered in real

engineering applications.3,11,15,66

7 | DISCUSSION

The assessment of welded joints and the assessment of

conservatism in current standards offer significant

insights into their behaviour. It is important to empha-

size that the assessments regarding the level of conserva-

tism in the reanalysis outcomes are established using

design lines and FAT values with Ps = 97.7% and the

additional SFs, specifically SF = 1.15 as recommended by

both EC3 and the IIW, instead of relying on design lines

and FAT values derived from Ps = 50%. An important

observation revolves around the conservatism witnessed

in estimations for aluminum welded joints, arising from

the limited availability of testing data validating the refer-

ence fatigue strength.18,32,33,42 Further experimental

studies are imperative to refine the precision of assess-

ments for these joints, ultimately ensuring more reliable

evaluations.

It is crucial to emphasize that the determined level of

safety is specifically applicable to the welded joints under

examination. Therefore, it is vital not to extend this

degree of conservatism to all loading applications. None-

theless, this reanalysis stands as a crucial reference point,

offering invaluable insights for engineering judgment. In

instances involving critical welded joints, particularly

in extensive structures like bridges and ships where con-

ducting experimental tests is impractical, mandatory

inspections take precedence in the evaluation process.

The knowledge gained from these inspections plays a piv-

otal role in refining calculation procedures for similar

loading scenarios in the future.

Additionally, a crucial consideration arises from the

differentiation between the exponents in the EC3 and

IIW interaction equations as shown in Equations (1)–(4).

FIGURE 22 Effective notch stress (ENS) approach: IIW interaction diagram for as-welded (A, B) and stress-relieved (C, D) aluminum

welded joints under CA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15.
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Although the 3 and 5 exponents in EC3 align closely with

the slopes for uniaxial and pure torsional SN curves,

there has been no scientific derivation of this equation

presented.1,54 Conversely, the exponents of 2 proposed by

IIW are linked to the Gough–Pollard relationship, with

1 on the right-hand side of the equation derived from von

Mises' criterion. The modification of 0.5 on the

right-hand side of the equation serves as an engineering

compromise to accommodate non-proportional loading

scenarios to the best extent possible.3,25,26,54,67 Neverthe-

less, it should not be assumed to universally cover all

such scenarios. This highlights the intricacy of conduct-

ing experimental tests and inspections to ensure the

safety of welding components.

Another significant observation concerns the slopes

utilized for standard cases. According to EC3 and IIW

recommendations, the suggested inverse slope for the

uniaxial and torsional design S–N curve is 3 and

5, respectively.1–3 Although these recommended values

are appropriate for thick and rigid joints, thinner and

more flexible joints exhibit shallower slopes when com-

pared to the experimentally derived slopes recommended

by EC3 and the IIW. This disparity significantly impacts

the fatigue life estimation of a designed welded joint, par-

ticularly under VA loading Condition 7,49. The conse-

quence of a shallower predicted slope is a shorter fatigue

life prediction at high stress levels and a longer

fatigue life estimation at lower stress levels.49 To address

this issue, it would be useful to consider an inverse slope

of 5 for the uniaxial curve and 7 for the torsional

curve.7,49

A notable trend emerges in the fatigue life estima-

tions for steel and aluminum welded joints under VA

fatigue loading. The IIW P-M rule consistently exhibits

greater conservatism compared to its EC counterpart.

This difference may be attributed to the higher allowable

damage sum factor for EC3 and EC9, as opposed to that

of IIW. Nonetheless, it is crucial to highlight that both

FIGURE 23 Effective notch stress (ENS) approach: IIW interaction diagram (A, B) and fatigue life graph (C) for stress-relieved steel

welded joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15
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estimations fall within the conservative range, ensuring

safety.

Given the limited availability of fatigue data for steel

and aluminum welded joints under VA multiaxial fatigue

loading, there is a pressing need for future research to

concentrate on this area. The objective is to validate the

proposed fatigue assessment criteria, guaranteeing their

precision and cost-effectiveness in the design of welded

joints, a scenario commonly encountered in practical

engineering applications.

In summary, both EC3 and the IIW consistently

exhibit a commendable degree of conservatism. This

remains consistent irrespective of the stress analysis

methods employed, whether under CA or VA loading

conditions. In particular, the HSS approach as per the

IIW recommendation, proves to be the safest, with a con-

sistent PNC of 0%, irrespective of the loading conditions.

However, it has limitations in cases where the critical

point of the welded joint is at the weld root. In such

instances, the IIW-ENS approach emerges as the next

best option, accommodating all scenarios and ensuring

safe estimations. These findings are supported by the

comprehensive overview presented in Table 6a, b, which

highlights the percentage of non-conservative estimates,

PNC derived from reanalyses of aluminum and steel

welded joints. The dependability of these simpler multi-

axial fatigue assessment methodologies, especially when

compared to the more intricate critical plane approaches

advocated by EC3 and the IIW, offers practitioners a solid

basis for their design work.

8 | CONCLUSIONS

The comprehensive review of multiaxial fatigue assess-

ment in steel and aluminum welded joints under CA and

FIGURE 24 Effective notch stress (ENS) approach: IIW interaction diagram (A, B) and fatigue life graph (C) for as-welded aluminum

welded joints under VA fatigue loading, with reference stresses (ΔσR and ΔτR) recalculated based on Ps = 97.7% and SF = 1.15.
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TABLE 6 Summary of percentage of non-conservative estimates, PNC from reanalyses of aluminum and steel welded joints under CA (a) and VA (b) fatigue loading using EC3 and IIW

criteria with NS, HSS, and ENS approaches.

(a)

Percentage of non-conservative estimates, PNC (%)

Material EC3-NS IIW-NS EC3-HSS IIW-HSS IIW-ENS

Ps = 97.7% SF = 1.15 Ps = 97.7% SF = 1.15 Expa Ps = 97.7% SF = 1.15 Ps = 97.7% SF = 1.15 Expa Ps = 97.7% SF = 1.15

Steel 2.54 0.85 1.27 0.42 0 0 0 0 0 0 1.02 0

Steelb 0.28 0 0 0 - 0 0 0 0 - 0.92 0

Aluminum - - 0 0 0 - - 0 0 0 0 0

Aluminumb - - 0 0 - - - 0 0 - 0 0

(b)

Percentage of non-conservative estimates, PNC (%)

Material EC3-NS IIW-NS EC3-HSS IIW-HSS IIW-ENS

Ps = 97.7% SF = 1.15 Ps = 97.7% SF = 1.15 Ps = 97.7% SF = 1.15 Ps = 97.7% SF = 1.15 Ps = 97.7% SF = 1.15

Steelb 11.1 3.70 0 0 7.41 3.70 0 0 1.23 0

Aluminum - - 0 0 - - 0 0 0 0

aExp denotes experimental data.
bStress-relieved.
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VA multiaxial fatigue loading using EC3 and IIW criteria

in conjunction with NS, HSS, and ENS approaches

reveals the key findings summarized in what follows:

• Both the IIW and EC3 criteria demonstrate a remark-

able level of conservatism for steel welded joints, with

a PNC close to 0% irrespective of the stress analysis

methods employed, especially under CA fatigue

loading.

• The assessment of aluminum welded joints under CA

and VA fatigue loading displays a significantly higher

level of conservatism across all stress analysis

approaches as compared to steel welded joints. This is

attributed to the limited availability of data for alumi-

num joints.18,29,32,33,42

• The IIW-HSS approach appears to be the safest

method, consistently delivering a PNC of 0% across all

loading conditions. However, limitations arise when

the critical point of the welded joint is at the weld root.

In such cases, the IIW-ENS approach proves to be the

next best option, providing a solution that ensures

safety in estimations across all scenarios.

• Based on the experimentally derived S–N curve slopes,

the recommended inverse slopes for the uniaxial and

torsional S–N curves should be revised from 3 and 5 to

5 and 7, respectively for both EC3 and the IIW recom-

mendations to ensure accurate fatigue life estimations

for thin and flexible welded joints.49

• The recommended exponents by EC3 criteria (3 for

normal stress and 5 for shear stress) should undergo

further verification and potential updates as the expo-

nents of 2 suggested by the IIW demonstrate safer and

more conservative estimations.54

• The stated level of conservatism is only applicable to

the reanalyzed results and loading configuration pre-

sented in this quantitative review and, thus, cannot be

extended and generalized to cater to all loading condi-

tions as experimental testing under service loading

conditions and inspections are mandatory during the

evaluation process, especially when dealing with criti-

cal welded joints in extensive structures such as brid-

ges, ships, or vessels.
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NOMENCLATURE
Δσx Normal stress range in the x direction

Δτxy Shear stress range in the xy direction

Δσeq Equivalent normal stress range for VA loading

Δτeq Equivalent shear stress range for VA loading

ΔσR Reference normal stress extrapolated at 2 million

cycles to failure

ΔτR Reference shear stress extrapolated at 2 million

cycles to failure

ΔσNS Effective normal stress range derived from nom-

inal stress approach

ΔσHSS Effective normal stress range derived from hot

spot stress approach

ΔσENS Effective normal stress range derived from effec-

tive notch stress approach

ΔτNS Effective shear stress range derived from nomi-

nal stress approach

ΔτHSS Effective shear stress range derived from hot

spot stress approach

ΔτENS Effective shear stress range derived from effec-

tive notch stress approach

DEC3 Allowable damage sum for EC3 multiaxial

fatigue assessment criteria under CA

DIIW Allowable damage sum for IIW multiaxial

fatigue assessment criteria under CA

Dσ Allowable damage sum due to normal stress

Dτ Allowable damage sum due to shear stress

Dtot Total allowable damage sum due to combined

normal and shear stress damage

Dcrit Critical allowable damage sum under VA

CV Comparison value for IIW interaction equation

criterion under VA

Δσeff Effective stress range

σmax Maximum stress value

σmin Minimum stress value

R Load ratio

t Welded joint plate thickness under loading

σ0.4t Stress state at 0.4t according to the hot spot

stress linear extrapolation method

σ1.0t Stress state at 1.0t according to the hot spot

stress linear extrapolation method

k Negative inverse slope for the uniaxial fatigue

S–N curve

k0 Negative inverse slope for the pure torsional

fatigue S–N curve

k* Negative inverse slope for the uniaxial S–N

curve after knee point under CA

k0* Negative inverse slope for the pure torsional S–

N curve after knee point under CA

k0 Negative inverse slope for the uniaxial S–N

curve after knee point under VA

k00 Negative inverse slope for the pure torsional S–

N curve after knee point under VA

Dspec Specified Miner sum (allowable damage sum)

Dal Allowable damage sum

Dreal Real damage sum derived experimentally

m1 Slope above the knee point of the S–N curve
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m2 Slope below the knee point of the S–N curve

Δσi,S,d Stress range above the knee point

Δσj,S,d Stress range below the knee point

ΔσL,d Stress range at the knee point of SN curve

ni Number of cycles at applied stress range ∆σi
nj Number of cycles at applied stress range ∆σj
λi Equivalent damage factor according to EC3 for

VA

Nf Experimental number of cycles to failure

Nf,e Estimated number of cycles to failure

Nkp Number of cycles at knee point (location of knee

point)
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