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Abstract 
Industries nowadays demand lightweight and space-saving solutions such as sandwich panels 

that offer high strength-to-weight ratios. In general, sandwich panels consist of homogeneous 
core material that carries a shear force and face plates that carry a bending moment. The web-
core sandwich panel has an inhomogeneous core as it consists of unidirectional web plates that 
are periodically distributed and connected to the face plates by laser stake-welded T-joints. The 
joint has two crack-like notches on each side of the weld. When the panel bends, the out-of-
plane shear deformation opposite to the web direction causes local bending of the joined plates 
in the vicinity of the weld. This leads to tension at one notch tip and compression at the other. 
The fatigue crack initiates at the tensile tip and propagates through the weld under cyclic 
loading until the plates are separated and the sandwich effect is lost. 

The thesis investigates the fatigue resistance of laser stake-welded T-joints in the web-core 
panels under out-of-plane loading, i.e. lateral loading. The bending of the joined plates in panels 
can cause contact between the surfaces of the compressive notch. It is determined that the 
contact causes an increase of the stiffness of the T-joint in the case of significant face plate 
deflection since it results in a large rotation of the joint. The increase in the stiffness of the joint 
needs to be considered in the assessment of the global response of the panel, which defines the 
displacements that are imposed as the loads in the local strength assessment of the joint. If 
panel contains a low-stiffness filling material inside the voids, the contribution of the material 
increases the shear stiffness of the panel and reduces the deformation of the joint. Thus, under 
the same external loading, the filling prolongs the fatigue life of the panel. 

The evaluation of the J-integral at the tips of the notches, modelled using statistically mean 
notch depth values, gave agreement on the fatigue strengths between all the series that were 
investigated at five million load cycles. The agreement is obtained regardless of plate 
thicknesses, the type of loading or whether the filling material is present. Good agreement with 
other steel joints is also demonstrated at five million load cycles. However, the slope of the 
fatigue resistance curve varies, depending mainly on the load type, i.e. tension or bending. The 
research determined that the slope depends on the distribution of the maximum principal 
stress in the vicinity of the notch tip. When the stress is characterized by a dimensionless 
gradient, evaluated in the stress direction, the slope-gradient relation appears linear. The 
gradient shows sensitivity towards the loading type and the plate thickness effect. 
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a notch depth 

bf  breadth of specimen 

C material constant used in S-N curve 

E Young’s modulus 

 weld offset [mm] 

  average weld offset [mm] 

e1, e2 strain energy parameters for modes I and II 

F force 

hg height of root gap, i.e. distance between joint plates 
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J J-integral 
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kφ rotational stiffness 
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M moment 
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Ps probability of survival 

Q shear force 

rref  reference notch radius 
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T scatter index  

 face plate thickness 

 web plate thickness 
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 average elastic strain energy density 

 

Greek symbols 

2α notch opening angle 

Γ contour path surrounding crack tip 

ΔJ J-integral range  

ΔJi contribution of fracture mode i to J-integral range  

ΔKi range of stress intensity factor for fracture mode i  

ΔF force range 
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θMAX angle of the maximum principal stress 

θMTS initial crack propagation angle according to Maximum Tangential 
Stress criterion 

θτ angle of the plane where the maximum shear occurs 

λ1, λ2 Williams’ solution eigenvalues for fracture modes I and II 

ν Poisson’s ratio 

ρf fictitious notch radius 

ρ actual notch radius 

ρ* substitute microstructural length 

σ normal stress  

 yield strength of material 

 ultimate tensile strength of material 

τij shear stress  

χ relative stress gradient 

 dimensionless stress gradient 
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1, 2,…, N index 

x, y, z  x-, y- and z-axes 
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I, II, III  fracture modes I, II, III 
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2D Two-dimensional 

3D Three-dimensional 

FE Finite Element 

FEM Finite Element Method 
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General Features 

The laser-welded web-core steel sandwich panel is a set of steel plates 
assembled by utilizing a stake-welded T-joint. The joint connects a vertical 
core plate called the web plate to the horizontal face plates that are located 
far from the mid-plane of the cross-section of the panel. The so-called 
sandwich effect is made possible by the coupled response of the connected 
web and face plates. The breadthwise penetration of the laser beam 
determines the thickness of the weld, which is less than half of the thickness 
of the web plate. Consequently, the joint has two crack-like notches on each 
side of the weld. This makes the joint considerably less stiff than an 
equivalent fillet-welded T-joint. In the bending response of the panel the 
stiffness of the joint needs to be accurately accounted for. The stiffness is 
usually assumed to be constant with respect to the increase in the load at 
small load levels. The web plates are positioned at distances 10-100 times 
larger than the thickness of the plate. This leaves voids in the panel, which 
make the core inhomogeneous. Usually, when a sandwich panel bends its 
homogeneous core carries the shear force, whereas the face plates carry the 
global bending moment. In web-core sandwich panels, besides the bending 
moment, the face plates carry a significant portion of the shear force in the 
plane orthogonal to the web plate. In empty panels this portion of the shear 
force is carried solely by the face plates. This causes the secondary bending 
of the web and face plates, which manifests itself in tension stress at one 
notch tip and compression at the other. The fatigue crack initiates as a 
consequence of the dominant tension stress range at the tip of the critically 
loaded panel joint. After the initiation, the crack propagates through the 
weld until the face and web plates are separated by the fracture of the weld 
material. The separation is considered as a failure of the panel since it 
causes a local loss of the sandwich effect. 
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Original Features 

This thesis utilizes local approaches in the assessment of over 70 
experiments in which stake-welded T-joints deform in the plane orthogonal 
to the weld line. Joints with face plate thicknesses in the range from 2.5 to 
16 mm are considered. The aim of the thesis is to acquire knowledge about 
the fatigue resistance of the joint that can be utilized for panels subjected to 
lateral loads. This thesis presents the following original features:  

 
1. Systematic comparison of local stress and energy-based approaches 
for thick joints under tensile loading is conducted to determine their 
applicability to this type of joint. It is shown that the J-integral-based 
approach is suitable [P1]; 
 
2. Under tensile loading of the web plate, it is shown that the stress 
state at the notch tips depends on the thickness of the face plate. 
Consequently, in the case of thin face plates the shear and notch-
parallel normal stresses become equally important as the normal 
stress component in the load direction [P2]; 
 
3. It is demonstrated that when the fatigue load is positioned on top of 
the face plate between two web plates, contact occurs in a high-cycle 
regime. This causes an increase of the stiffness of the joint. The 
increase needs to be considered in the assessment of the response of 
the sandwich panel [P4]. However, when the load is positioned on top 
of the web plate, the constant stiffness of the joint is sufficient for the 
assessment in a high-cycle fatigue regime [P3];  
 
4. It is shown that adding the filling material into the panel voids 
increases the shear stiffness of the panel and reduces the bending 
moment in the critical joint, which manifests itself in prolonged 
fatigue life [P3]; 
 
5. Assuming that the weld has statistically mean geometry, and 
applying the J-integral approach, it is demonstrated that the fatigue 
strength of the joint at five million load cycles is similar, regardless of 
the loading condition imposed and the plate thicknesses. The fatigue 
strength at five million cycles also agrees with that of other steel joints 
[P1]-[P4]; 
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6. The dimensionless stress gradient is formulated to characterize the 
stress distribution in close proximity to a notch tip. It is demonstrated 
for a high-cycle regime that the slope value of the fatigue resistance 
curve is related to the dimensionless gradient of the maximum 
principal stress evaluated in the stress direction [P4]. 
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1. Introduction 

1.1 Motivation and Objective 

Industries such as civil engineering and, especially, transport are seeking 
lightweight and space-saving structural solutions such as sandwich panels. 
These panels consist of face plates separated by a low-density core. This 
permits high strength- and stiffness-to-weight ratios. In general, the core 
carries the shear force, while the face plates carry the bending moment. The 
face plates and core can be made of various materials, such as metals, 
polymers and composites connected to one another by adhesives, 
mechanical joints, friction or welding. The core can be a single part made of 
homogeneous material or it can consist of various unidirectional shapes 
that are periodically distributed across the length or breadth of a panel. 
Since steel and welding are commonly used in large ships, this thesis 
focuses on laser-welded steel sandwich panels with a unidirectional core; 
see Figure 1.  

 

Figure 1. Sandwich panels and the definition of a laser stake-welded T-joint.

The inhomogeneous core is a typical feature of sandwich panels composed 
of steel only. Steel sandwich panels are closed structures welded from 
inside or outside utilizing a laser weld [1-4]. In thin-walled sandwich 
panels, the material is positioned far from the neutral axis of the cross-

Crack-like 
notches 
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section what makes them bending-efficient. Consequently their strength-to-
weight ratio is higher than that of conventional one-sided stiffened panel 
structures where the material is close to the neutral axis. Sandwich panels 
also occupy less space because of their smaller stiffener heights. Besides 
these benefits, the usage of these panels can also reduce production time 
and costs [4-7]. In sandwich panels, the uniaxial and periodic core allows 
the material to be positioned in the direction of the primary loads [8-11]. 
Such a core also allows the integration of low-strength insulation material 
and different wiring and piping systems into the panels, enabling additional 
space savings [4, 12]. In addition, many research efforts have confirmed 
that sandwich panels have good impact and blast resistance properties [2, 
13-18]. Filling the voids improves the shear stiffness of the panel [19], the 
critical buckling stress [20-22] and the collapse load [23]. It has also been 
shown that if the panels are filled with low-density in situ PUR foam, the 
secondary bending stresses in the connected plates and in the welds 
decrease significantly [24] and this allows further weight savings. As a 
result of the advantages of steel sandwich panels, they were already 
considered for the superstructures of ships some time ago [25-28]; see 
Figure 2.  

 

Figure 2. View of stiffened and sandwich panel decks. 

The web-core sandwich panel has perhaps the simplest core topology of 
all steel sandwich panels. This panel type is unique because it is assembled 
utilizing a laser stake-welded T-joint instead of a lap joint as in the case of 
the other panel types shown in Figure 1. The design and production aspects 
of web-core panels in the shipbuilding industry have been explored by 
many authors [5, 26, 32-35] and in civil engineering [36-38]. Kujala et al. 
[25] and Metschkow [26] consider the fatigue life when panels are used for 
primary structural members such as decks and bulkheads, which need to 
withstand the normal and shear stresses caused by the bending of the hull 
girder. Although the estimated fatigue life of the panels within these studies 
exceeds the service life of the ship, the analysis is limited only to the 
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primary response of the hull girder, meaning the membrane forces in the 
plane of the sandwich panel as a result of wave loads. However, sandwich 
panels also need to withstand lateral loads, i.e. the secondary and tertiary 
out-of-plane loads such as uniform deck pressure and local patch loads. The 
objective of this thesis is to identify and validate a method for fatigue 
strength assessment of web-core panels under lateral loads. The intention is 
to provide a basic approach that can later be extended for different load 
ratios and to account for combined in- and out-of-plane loading. 

1.2 State of the Art 

1.2.1 Experimental Investigations of Panels and Joints 

Fatigue tests of laser stake-welded T-joints were reported by Socha et al. 
[39] and some years later by Boronski and Szala [40, 41]. Fatigue 
experiments conducted on web-core sandwich panels under lateral fatigue 
loads were performed by the Sandwich Consortium [42] and later by Kozak 
[43, 44]. Kozak’s experiments were performed on web-core panels with face 
plate thicknesses of 2.5 and 3 mm, which is the minimum allowable for 
marine applications [45]. The common observation is that the panels fail by 
a fatigue crack propagating through the weld. According to Kozak [44], the 
failure in the weld is caused by local bending of the plates in the vicinity of 
the weld, as shown in Figure 3. As a result, one notch is in a tensile stress 
state, whereas the other is in a compressive state. This failure mode also 
occurs if the panel voids contain in situ low-strength PUR foam [42]. 

 

    

Figure 3. Weld failure resulting from the bending of the joint. Tension and compression in 
the plates are distinguished by + and – signs, respectively. 

Kozak [44] reported a large scatter of results if the nominal stress 
approach to fatigue assessment is applied to stake welds. Consequently, he 
emphasized that the nominal stress approach is not suitable for the bending 
case as there are too many unknown factors for a large scatter. In addition, 
the full field strain measurements and fatigue experiments on laser stake 
welds conducted by Boronski and Szala [40, 41] indicated that the contact 
between the free surfaces of the compressive notch might have an influence 
on the deformation of the joint and fatigue strength. The Sandwich 
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Consortium [42] additionally reported that the fatigue resistance curve, 
based on the force range, varies under different loading conditions and with 
the use of different filling materials. The slope value is found to be larger 
than that which is commonly observed for other steel joints, but possible 
reasons for the slope difference were not given. Thus, it remains unclear 
what is the fatigue strength of a laser stake-welded T-joint and a sandwich 
panel having many joints. However, it was learned that the measured 
strains at the critical joint do not change until final stage of the total fatigue 
life in high-cycle regime. The change is noticed in a few percent of the total 
fatigue life prior to the weld failure. This indicates that the investigations 
based on the initial, i.e. the intact geometry could be sufficient to describe 
the total fatigue life.  

The studies [39-44] did not consider scatter of results caused by residual 
stresses because the scatter for panels was very small [42]. It is known for 
laser welds that the tension residual stress on the interface between heat-
affected and fusion zones can reach up to 600 MPa, i.e. close to the yield 
limit [46]. However, it can be assumed that residual stresses do not affect 
fatigue properties of laser welds with sharp crack-like notches [47]. The 
reason is because even under a low-level loading a small-scale plasticity 
develops at sharp notch tips and the plastic strain relieves the residual 
stresses in a small number of cycles [47].  

1.2.2 Mechanics of Web-Core Sandwich Panels 

Fatigue strength assessment is challenged by the mechanical behaviour of 
the sandwich panel, the T-joint, and their interaction. In web-core 
sandwich panels the face plates carry the shear force in the plane 
orthogonal to the web direction. This consequently causes the secondary 
bending of the face and web plates [48], which in turn causes high local 
stress gradients. This causes difficulties with the definition of the nominal 
stress. Depending on the load distribution over the upper face plate, the 
laser stake-welded joint can experience a mixture of normal and shear 
stresses simultaneously [49]. Romanoff et al. [50] demonstrated that the 
panel bending response depends on the rotational stiffness of the joint; see 
Figure 3. The stiffness of a laser stake-welded T-joint is considerably 
reduced in comparison to the equivalent fillet-welded T-joint since the weld 
thickness of the stake-welded T-joint is less than the thickness of the plates 
it connects. It is known that the stiffness of the joint increases as a result of 
the contact between the free surfaces of the compressive notch and that this 
can significantly affect the stresses in the weld [50]. Therefore, the fatigue 
assessment of the joint in web-core panels is challenging since the response 
of the panel depends on the stiffness of the joint, which is influenced by the 
contact effect. Moreover, the joint within the panel is exposed to the 
mixture of stresses that are possibly influenced by the contact effect. 
Achieving an accurate panel bending response is a prerequisite for the local 
assessment of the joint. In practical applications lateral loads are most 
commonly approximated by uniform pressure across the whole surface of 
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the panel or by patch loading concentrated over a small area of the panel; 
see Figure 4. Romanoff et al. [49, 51] performed detailed stress 
investigations in the plates of web-core panels subjected to uniform 
pressure and patch loading. These investigations showed that the 
deformation of the critical joint is mainly two-dimensional (2D) in the 
plane orthogonal to the weld line; see Figure 4. Considering these facts, it 
seems more convenient to use a local approach to the assessment of the 
fatigue strength rather than the nominal stress approach, since the 
combined influence of contact, stiffness and mixed stresses can be 
considered accurately in the local analysis.  

 
 

Figure 4. Stresses in web-core sandwich panels with dimensions 3 x 3 m; core height of 40 
mm, web plate spacing 120 mm; web plate thickness 4 mm; face plate thickness 2.5mm; 
uniform pressure of 1 ton over the whole surface or 500 kg over the patch size 200 x 200 
mm.  

1.2.3 Local Approaches to Fatigue Assessment 

The transport industry requires panels that can withstand a large number 
of load cycles. In general, the requirement exceeds 100,000 cycles and thus 
the high-cycle fatigue regime is of primary interest. In this regime material 
yielding is confined to the small area surrounding the notch tip and this 
condition is referred to as the small-scale yielding. The average grain size in 
a heat-affected zone of laser welds is around 5 μm [52], whereas it seems to 
be about 1 μm in a fusion zone [53]. In addition to fine granular structure, 
Boronski [54] and Jutila [55] showed that laser welds have high yield 
strength of about 800 MPa, ultimate strength of about 1100 MPa and a very 
small plastic elongation. Considering these facts, the linear-elastic material 
assumption in the fatigue strength assessment seems justified. Several local 
concepts are recommended for the assessment of welded joints under a 
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small-scale yielding condition. These approaches can be stress- or energy-
based. The most commonly used is the notch stress concept with a 
reference radius of 1 mm [56]. This approach is based on the averaging of 
stress using a fictitiously enlarged notch tip radius. According to the micro-
support theory of Neuber [57], the actual notch tip radius is enlarged by the 
product of the stress multiaxiality factor and the substitute micro-structural 
length. Radaj used a multiaxiality factor of 2.5 for the plane strain 
conditions and a micro-structural length of 0.4 mm for low-strength cast 
steel in the welded zone. When the actual tip radius is assumed to be zero, 
the fictitious radius becomes equal to 1 mm. The approach is utilized in 
Finite Element (FE) analysis, where the material is removed from the 
model within the radial distance of 1 mm from the notch tip, i.e. around the 
so-called reference radius. According to the International Institute of 
Welding (IIW), the approach is suitable for joints with plate thicknesses of 
5 mm and above [58] because the removal of the material might have a 
weakening effect on thinner plates [56]. This is important for laser stake-
welded T-joints since even in thick-plate joints the weld thickness is less 
than 5 mm. Therefore, the stiffness of the joint, which needs to be 
accurately accounted for, might be influenced by the removal of the 
material. The weakening effect can be avoided by using the notch stress 
approach with a small reference radius of 0.05 mm [58, 59]. This approach 
is used for thin-plate joints, for example by Zhang et al. [60], Eibl et al. [61] 
and Sonsino et al. [62, 63]. Regardless of the radius size, the aim of both 
notch stress concepts is to define the fatigue strength at two million cycles 
[56, 64]. However, these methods have not been applied thoroughly to laser 
stake-welded T-joints and thus investigation is needed. 

In laser stake-welded T-joints there are two sharp crack-like notches [50]. 
Dealing with the sharp notches in welded joints, Lazzarin and Tovo [65] 
showed that the total fatigue life can be estimated on the basis of the initial 
unmodified geometry when the Notch Stress Intensity Factor (NSIF) is 
used as the fatigue strength parameter. Since then the approach has been 
successfully applied to different welded joints [66]. During the last decade 
another approach based on the intact notch geometry has been extensively 
researched. The fatigue strength parameter in this approach is the Strain 
Energy Density (SED) averaged over a control volume surrounding the 
notch tip [67]. The concept is based on the hypothesis that the energy 
concentration caused by the notch is constant, regardless of whether the 
material is linear-elastic or elastic-plastic. Under the small-scale yielding 
conditions the hypothesis results in constancy of the average strain energy 
density (SED) contained in a control volume, which in that case is larger 
than the yield zone [68]. The approach has been validated for different 
notch geometries, plate thicknesses and loading conditions [69, 70], but 
excluding the laser stake-welded T-joints.  

Besides SED averaged over a control volume, fatigue strength can be 
expressed by the strain energy release rate. The strain energy release rate 
available for crack growth is the difference between the work of external 
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forces and the change in the internal energy of the body [71]. The 
fundamentals of fracture mechanics state that the crack in a body extends 
by an increment when the available strain energy release rate becomes 
larger than the amount of energy required to create the increment [72]. 
Rice [73] devised the analytical expression, called the J-integral, that 
evaluates the strain energy release rate over a contour path surrounding the 
notch tip. The expression is useful for cracks and notches with parallel free 
surfaces, i.e. zero notch opening angles. This is the case in laser stake-
welded T-joints. The J-integral can be evaluated for linear-elastic or elastic-
plastic materials. Therefore, when the J-integral is evaluated under the 
linear-elastic hypothesis it is identical to Irwin’s energy release rate. There 
are also alternate formulations of the J-integral proposed for sharp V-
shaped notches where the angle of the notch opening is different from zero 
[74, 75]. Both of these studies suggest that the J-integral can be used as the 
fatigue strength parameter, but this needs to be validated in the case of 
laser stake-welded T-joints.  

1.2.4 The Slope of the Fatigue Resistance Curve 

The experimental results indicate that the slope of the fatigue resistance 
curve varies for stake welds in sandwich panels. In general, the fatigue 
resistance curve for welded joints is commonly defined in a high-cycle 
regime as: 

 
,                                  (1) 

where S represents a fatigue strength parameter that can be expressed by 
force, stress or energy. The parameter m is the slope of the fatigue 
resistance curve, C is the material constant and Nf represents the number of 
load cycles to final fracture. According to different recommendations, the 
slope value is 3 for thick steel joints (t > 5 mm) under the influence of 
tension stresses, whereas in the case of torsion loading the slope is 5 [64, 
76]. Lazzarin and Berto [77] suggested an explanation of the different 
slopes by showing that the SED concentration in the highly stressed volume 
surrounding the notch tip is higher in the case of torsional than tensile 
loading. Sonsino et al. [62, 63] observed that the slope for thin plates (t < 5 
mm) differs from that for the thick ones. It was found that in the case of a 
tensile load the slope changes from 3 to 5, while in the case of torsion it 
changes from 5 to 7. Berto and Lazzarin [70], dealing with multiaxial 
fatigue in combined tensile and torsional loading, reported that in- and out-
of-phase loading cause different slopes. However, it is unknown how the 
combined stresses at the notch tip impact on the slope [70]. In the case of 
web-core sandwich panels, values for the slopes from 3 to over 10 are 
observed, depending on the face plate thickness, loading condition and type 
of filling material [42]. These facts indicate that various effects influence 
the slope of the sandwich panel, but these have not yet been systematically 
investigated. 
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1.3 Scope of the Work 

The present work investigates the fatigue strength of laser stake-welds in 
web-core steel sandwich panels. The panel fails as a result of local 
separation of the face and web plates caused by the fracture of the stake 
weld. Consequently, the sandwich effect and load-carrying capacity are 
locally lost. The conservative assumption used here is that the joint that 
fails first defines the fatigue life of the panel. The research applies local 
approaches aiming to determine a total fatigue life of the joint based on the 
initial geometry and stiffness of the joint. In order to study different panel 
bending responses separately from plate thickness and contact effects, the 
investigation is divided into the four stages schematically presented in 
Figure 5.  

 

Figure 5. Loading and boundary conditions in different stages of the research. 

The research stages are: 
 
1. The first stage investigates the joints with plate thicknesses in a range in 

which local stress-based fatigue assessment approaches are known to be 
valid for other steel joints than laser stake welds. The loading condition is 
tensile and the contact effect is not present. [P1]  

The investigation considers the joints with plate thicknesses above 5 mm 
subjected to tensile loading on the web plate. The test setup prevents 
contact between the plates. This loading condition is theoretical since it 
does not occur in the sandwich panel bending response. However, this stage 
enables the fatigue strength of laser stake-welded T-joints to be compared 
to that of other types of welded joints. It also enables different local 
approaches to be compared.  
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2. The second stage investigates welded joints with thin plates 
corresponding to the minimum requirements of classification societies. The 
loading condition is tensile so as not to cause contact. [P2] 

The second stage is the intermediate step between thick joints under 
tensile loading and the bending of thin panel joints that involves contact. 
The investigation considers the joints with plate thicknesses below 5 mm, 
where the notch stress approach with a 1-mm reference radius is not 
applicable. The tensile loading allows the comparison of the fatigue 
strengths of thick and thin specimens without the influence of the contact.  

 
3. The third stage investigates the joint under bending when the face 

plate deflection is moderate between the web plates. The possible influence 
of the contact is considered. The response of the joint corresponds to the 
critical joint in the panel under uniform pressure loading. [P3] 

The investigation considers the panel specimens with plate thicknesses 
below 5 mm subjected to symmetrical bending as shown in Figure 5. The 
test setup allows the secondary bending of the plates and the realistic 
influence of the contact effect. The span between the supports is small, with 
the aim being to maximize the local shear-induced secondary bending of 
the T-joints; see Figure 5. Such a situation simulates the T-joint behaviour 
close to the edges of sandwich panels under a uniform pressure load. Two-
stage FE analysis is employed. The panel bending response is assessed with 
a shell element model using rotational springs to simulate the stiffness of 
the joint. The displacements from the panel analysis are mapped to the 
local model, which computes the stress in the T-joint and around the notch 
tips. This stage also investigates the influence of the low-stiffness filling 
material on the panel response and its fatigue strength. 

 
4. The final stage investigates the panel joints in the case of significant 

deflection of the face plate between the web plates. This loading condition 
corresponds to the critical joint of the sandwich structure subjected to 
patch loading. [P4] 

The investigation considers experiments similar to those in the third 
stage, but with the load shifted to a position between two web plates; see 
Figure 5. The test setup causes the thin face plate to bend significantly 
between the webs, causing contact and a possible influence on the slope of 
the fatigue resistance curve.  

1.4 Limitations 

The ship classification society Det Norske Veritas [45] demands that the 
thickness of face plates should be at least 2.5 mm for steel sandwich panels. 
However, the laser stake welding of web-core sandwich panels is extremely 
difficult if the web plate has a thickness below 4 mm. Because of that, this 
study is limited to specimens with a face plate thickness above 2.5 mm and 
a web plate thickness above 4 mm. As indicated by previous experiments, 
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for these thicknesses the secondary bending causes fatigue damage in the 
weld. The study is limited to the conditions where the longitudinal bending 
of the web plate is negligible. This limitation is valid at the locations where 
the curvature of the panel in the web plate direction is close to zero, i.e. at 
the mid-span of long panels. This makes 2D investigation possible using the 
plane strain assumption. Linear-elastic material is used since the 
investigation aims to explain the fatigue resistance in a high-cycle regime in 
which the plasticity of the material is confined to a small region 
surrounding the notch tip that has a negligible size with respect to the joint. 
Besides the panels made exclusively of steel, panels filled with low-density 
in situ PUR foam are also considered. This is because the insulation 
material in practical applications mostly has low-strength and low-stiffness 
properties similar to those of PUR foam. The fatigue tests in question are 
conducted under constant amplitude loading and with a load ratio R = 0. 
This limitation enables focusing to the parameters that affect the fatigue 
strength. Crack initiation and propagation phases are not distinguished and 
analysed because the aim is to determine a total fatigue life based on the 
intact geometry of the joint. Effects of residual stresses are not considered 
because of the existence of sharp crack-like notches.  
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2. Fatigue Strength Assessment of 
Panel Joints 

2.1 Response Analysis 

The local approaches require that the panel bending response is accurately 
calculated. The calculated response is used as the input for the local 
response assessment of the T-joint. In this specific case, contact between 
the surfaces of the compressive notch can occur. In general this means that 
the stiffness of the joint can vary as a function of the loading. Since the 
width of the weld is significantly smaller than the dimensions of the panel, 
the solid element modelling of the sandwich panel including the T-joint and 
the contact becomes extremely expensive in terms of computational efforts 
[51]. Therefore, shell element modelling is preferred in the assessment of 
the panel response. The rotational springs with a non-constant stiffness are 
utilized to model the relation between the moment and the rotation of the 
T-joint. The stiffness for these calculations is taken from the experiments 
on stake-welded T-joints [50]. This approach is successfully validated with 
the panel experiments in [P3] and [P4]. The panel response defines the 
boundary displacement for the local model of the fatigue-critical joint. As 
shown in Figure 6, the behaviour of the joint is affected by the loading 
position and mechanical properties of the panel.  

 

Figure 6. Comparison of panel loading conditions and the response of the critical joint. LBW 
– load between the web plates. PUR – panel filled with PUR foam. EMPTY – panel without 
filling. 

When the loading is between the webs (LBW, in Figure 6), large local 
deflections occur in the loaded face plate. This causes contact between the 
web and face plate at the load level corresponding to the high-cycle fatigue 
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regime [P4]. In the case when the loading is on top of the web plate 
(EMPTY, in Figure 6) the contact is not present for the considered fatigue 
load range [P3]. This means that the constant stiffness assumption [49] is 
valid in the latter case. However, in the former case the increasing stiffness 
of the joint needs to be included in the modelling of the response of the 
sandwich panel. It is also presented in [P3] that because of the low-density 
filling material (PUR, in Figure 6), the shear stiffness of the panel increases 
and the resulting moment in the joint decreases significantly. This 
resembles the work of Kolsters and Zenkert [19] and also Romanoff et al. 
[24], who reached the same conclusion regarding the influence of the filling 
material on the response of the panel and the joint. However, this thesis 
extends the state-of-the-art for the panel assessment in the case when the 
assumed constant stiffness of the joint no longer achieves the accurate 
response.  

 

 

Figure 7. Stress distribution in plates and around the tips with the diagram of mode I and II 
contributions to the J-integral. The assumed angle of the crack growth direction, θMTS, is 
orthogonal to the maximum principal stress direction.  

The response of the critical joint is the basis for the fatigue strength 
assessment by local approaches. The response is greatly affected by the 
loading condition. [P2] investigates how the thickness of the face plate 
affects the response of the joint under tension loading. The comparison of 
thin joints (t < 5 mm) from [P2] and thick ones (t > 5 mm) from [P1] was 
made under the same tensile loading in the web plate that prevents contact 
between the plates. [P2] demonstrates that at a constant load level a 
decrease in the thickness of the face plate has a significant impact on the 
stress distribution in the face plate and the stress state at the notch tips. 
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Because of this, the direction of the maximum principal stress, σmax, changes 
considerably; see Figure 7. Specifically, when the face plate is 2.5 mm thick, 
the in-plane shear becomes almost equally significant as the normal stress 
components. This can be presented using the J-integral as shown in Figure 
7, where ΔJi = (1 - ν2) ΔKi2 / E are the contributions of the modes and i stands 
for I or II, respectively. It is worth noting that the tensile specimens and test 
setup from [P2] are very similar to the ones used by Jutila [55]. The 
maximum level of fatigue loading in [P2] is less than half of the load level at 
which plastic deformation could be identified by the sophisticated imaging 
system in [55]. Therefore, it is the fact that yielding is highly localized at the 
notch tips under the load levels considered in this study. Additional 
comparison shows that the maximum fatigue loading in [P2] is about 30% 
of the joint’s ultimate strength load from [55] what is common for fatigue 
tests. 

The bending of the joint plates in a laterally loaded panel causes the 
surfaces of the compressive notch to gradually come into contact as the load 
level increases; see Figure 8. Consequently, the newly formed contact 
surface increases, and participates in carrying the compressive stress. This 
thesis clarifies the previous assumptions by Boronski and Szala [41] and 
Romanoff et al. [50] that the contact effect is important, but only in the case 
of significant rotation of the T-joint in a high-cycle regime. The contact 
redistributes the stresses in the weld to a larger area than the actual weld; 
see Figure 8.  This is in agreement with the findings of Romanoff et al. [50].  

  

Figure 8. Geometry of the laser stake-welded T-joint and the influence of the contact effect 
on the stress distribution 

Regardless of the contact or loading, the stress distribution at the notch 
tips is singular. Thus, in order to characterize the stress distribution, the 
dimensionless stress gradient is introduced in [P4]. The gradient is used in 
addition to the J-integral to explain the fatigue strength and the slope of the 
fatigue resistance curve. The research considers only theoretical elastic 
stresses from which perspective a granular material structure doesn’t exist. 
However, some comparison between FE sizes and approximate grain size of 
1 μm in fusion zone is worth mentioning. The contour path over which the 
J-integral is evaluated was about five grains away from the tip (5 μm). The 
closest FE node for the calculation of the dimensionless gradient was about 
two grains from the tip (2 μm). In addition, the smallest elements used to 
extract any stresses within the study were about 1.5 μm, meaning always 
larger than the grain. 
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2.2 Fatigue Strength Assessment by Local Approaches 

The local FE assessment of the joint requires consideration of the weld 
geometry, in which the notch depths are not constant along the weld line. 
Thus, in [P1] and [P2] the weld geometry is considered by measuring the 
notch depths at multiple cross-sections of each specimen. The critical tip 
under tensile loading is the one with the greater depth, which is more 
stressed. In the bending case, it is the tensile one. Figure 9 presents the 
synthesis using the J-integral calculated at the critical notch tip of each 
specimen from [P1]-[P4] on the basis of the mean geometry of the weld; the 
given probability of survival is PS = 50%. The results show that the fatigue 
strength at 5 million load cycles is very similar for all series, demonstrating 
that the mean geometry of the weld is adequate for the fatigue strength 
assessment of this joint without considering residual stresses. It can be 
assumed that the residual stresses differed between series because the used 
power output of the laser beam varied. For example, power output used for 
FWE series was 40 kW, for FWA-C series it was 25 kW and all other thin 
series were welded with the laser that has the maximum output of 12 kW. 
This observation supports the conclusions made by Sonsino [47] for laser-
welded lap joints. 

 
Figure 9. Results obtained using the J-integral approach in [P1]-[P4] 

The difference between the fatigue strengths of the thin (T) and the thick 
series (FWA-FWE) under tensile loading cannot be distinguished at five 
million cycles, even though a major contribution of mode II is present in the 
thin joints (t < 5 mm) in [P2]. This agreement of fatigue strengths between 
the thick and thin joints is in line with the work of Sonsino [59] and 
Sonsino et al. [62], who propose the same fatigue strength for different 
thick and thin joints at two million load cycles using an 0.05-mm rounding 
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approach. A similar finding can also be observed on the basis of the 
previous work done by Berto and Lazzarin [69] using the average SED 
approach. Remes and Fricke [78] indicated the same for butt welds using 
the structural-stress approach, whereas Fricke et al. [79] used the nominal 
stress approach. A similar finding was presented using a 1-mm rounding 
approach by Lillem e et al. [80]. In addition, the diagram in Figure 9 shows 
agreement between all the tensile and panel series at five million load 
cycles, indicating that there is no difference in the fatigue strengths under 
tensile and bending loads. The comparison between laser stake-welded T-
joints and other steel joints in the same diagram reveals that the 97.7% 
probability of survival (PS = 97.7%) according to Livieri and Lazzarin [66] is 
conservative for all series at five million load cycles; see Figure 9. From 
these results it is obvious that the J-integral is useful for the local fatigue 
assessment of laser stake-welded T-joints with crack-like notches. This 
brings forth the potential of the strain energy release rate as the strength 
parameter in the fatigue assessment of sharp crack-like notches, in addition 
to the sharp V-notches investigated by Lazzarin et al. [74] and Livieri and 
Tovo [75]. Furthermore, the mean J-integral value at two million cycles for 
all series in this thesis corresponds to mode I SIF value of 170 MPa mm0.5 
that is commonly applied threshold value for crack propagation in welds 
[64].  

The comparison of the J-integral to other local approaches is investigated 
in [P1]. The thick tensile specimens are considered also to include the 
fictitious rounding concept rref = 1 mm. The results of rref = 1 using the 
maximum principal stress as the criterion show that the Ps = 97.7% curve 
for laser stake-welded T-joints estimates the fatigue strength at two million 
cycles to be 15% less than that from Radaj et al. [56]. When compared to the 
recommended design curve [64, 59] the reduction is 12%, but 10% higher 
than the curve recommended by Pedersen et al. [81]. This indicates that the 
the rref = 1 mm concept is applicable for thick laser stake-welded T-joints, 
but is not sufficient for the assessment of joints with plate thicknesses 
below 5 mm since the artificial keyhole model affects the stiffness of the 
joint. The substitute rref = 0.05 concept, normally intended for thin plates, is 
also applied to thick joints in [P1]. However, in this case the fatigue 
strength (Ps = 97.7%) of laser stake-welded T-joints is 30% higher than that 
of the other steel joints from Sonsino et al. [62] and Sonsino [59]. Better 
agreement was observed for the J-integral approach, where the fatigue 
strength (Ps = 97.7%) at five million cycles for laser stake-welded T-joints 
was 3% less than for other steel joints, according to Livieri and Lazzarin 
[66]. Good agreement was observed for the average SED, where the PS = 
50% value for laser stake-welded T-joints at two million cycles is 16% less 
than that for other steel joints, according to Berto and Lazzarin [69]. This 
shows the benefit of the energy-based approaches in the fatigue assessment 
of laser stake-welded T-joints.  

Even though the fatigue strengths of all the series are in agreement, the 
slope of the fatigue resistance curves varies. It is shown in [P4] that the 
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slope in the case of joint bending is higher than in the case of tension; see 
Figure 10. The results indicate that the reduction in the face plate thickness 
reduces the slope value slightly. The results contradict the findings from 
Sonsino et al. [62, 63], which state that the slope value increases for welded 
joints as the plate thickness decreases. For laser stake-welded T-joints with 
a narrow weld, the loading condition, especially bending, has a stronger 
influence on the slope than the plate thickness effect. The detailed analysis 
of the stress distribution at the notch tip in [P4] reveals that the maximum 
principal stress has a significant influence on the slope value; see Figure 10.  

 

 

Figure 10. The relation between the dimensionless stress gradient and the slope m. 

The slope of laser stake-welded T-joints is shown to depend on the 
distribution of the maximum principal stress, which is here characterized 
by the dimensionless gradient evaluated in the stress direction, . The 
gradient exhibits sensitivity towards the thickness of the plate and the 
loading condition. The maximum principal stress direction is 
approximately orthogonal to the direction of the crack path observed in the 
experiments in [P2]. The stress direction is related to the maximum yield 
direction, according to Sih’s theory, which assumes that the yielding occurs 
along the course where the maximum strain energy density develops [82, 
83]. This indicates why the dimensionless gradient of the theoretical elastic 
stress is able to relatively quantify the effects of the small-scale yielding at 
the notch tip.  
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3. Conclusions 

This thesis investigated the high-cycle fatigue resistance of laser stake welds 
in web-core steel sandwich panels subjected to lateral loads. The thesis 
considers the case where the local loss of the sandwich effect occurs as a 
result of the separation of the plates caused by the fatigue failure in the 
weld zone of the critically loaded panel joint. The focus of the thesis is on 
thin plate panels in which the plate thicknesses are above 2.5 mm. The plate 
thickness effect is investigated by a comparison of thick and thin stake-
welded joints under tension loading in order to eliminate the influence of 
the contact between the plates. The panel loading conditions that were 
considered caused responses and stress states of the critical joints that are 
similar to those when panels are subjected to uniform pressure or patch 
loading. Under lateral loads, the joined plates are prone to the secondary 
bending caused by the low shear stiffness of the panel in the plane opposite 
to the web plate direction. This causes the tension stress range at one of the 
notches of the joint and compression at the other. In this case, the fatigue 
crack initiates at the tip of the tensile notch and its propagation leads to the 
failure of the weld and the local loss of the sandwich effect. The efforts of 
this thesis were focused on identifying the local approach to the fatigue 
strength assessment that can consider joint deformation, the local stress 
field at the notch tip and the contact at the compressive notch.  

The J-integral is shown to be useful parameter for prediction of total 
fatigue life based on the intact notch geometry and assuming the elastic 
continuum. Statistically mean geometry of the weld proved to be sufficient 
for the fatigue strength assessment of panel joints and tensile specimens. 
When the fatigue strengths of all investigated series are compared, the 
agreement is found at five million cycles where the agreement with other 
steel joints is also achieved. The compared fatigue strengths agree 
regardless of different plate thicknesses, steels, loading conditions and 
whether the contact occurs or not. The contact effect is present only in the 
case of a significant face plate deflection and then, the resulting increase of 
the joint’s stiffness must be included in the assessment of the panel 
response. The increasing stiffness is necessary for obtaining accurate global 
displacements of the panel that need to be imposed as boundary conditions 
in the local FE assessment of the joint. It is also shown that the filling 
material partially increases the shear stiffness of the panel and reduces the 
secondary bending of the plates what results in a smaller bending moment 
in the critical joint. This prolongs the fatigue life of the panel or, in other 
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words, influences the fatigue strength based on the force range. However, 
filling doesn’t influence the fatigue strength based on the J-integral range as 
the parameter. The slope of the fatigue resistance curve for laser stake-
welded T-joints mainly varies according to the loading condition imposed 
on the joint. These conditions cause different elastic stress distributions in 
the close vicinity of the notch tip. The distribution of the maximum 
principal stress in the direction of the stress significantly influences the 
slope value because this direction is associated with extension of the plastic 
zone. When the stress distribution is characterized by the dimensionless 
gradient, the linearly approximated relation between the slope and the 
gradient is useful for slope prediction of laterally loaded panels in a high-
cycle regime. 

The thesis considered laser stake-welded T-joints with plate thicknesses 
in the range from 2.5 to 16 mm. However, future work could consider joints 
made of plates with different thicknesses. The work focused on loading 
conditions in which fatigue failure is caused by two-dimensional 
deformation in the plane orthogonal to the weld line and thus, the 
assessment was based on the plane strain hypothesis. However, the J-
integral is not limited to the plane strain analysis and thus, the work could 
be extended to loading conditions causing considerable mode III at the 
notch tips, e.g. panel bending in the web plate direction. The future 
investigation should also consider other load ratios than R = 0 because load 
ratio influences the fatigue strength. Before web-core panels are used as 
load-carrying structures, durability under variable amplitude loading needs 
to be considered because variable amplitude is the feature of service loads. 
This is important because different amplitude sequences cause different 
fatigue lives. Furthermore, panels are subjected to in- and out-of-plane 
loads in a ship structure. In that case, boundary conditions in the panel 
assessment should impose the displacements generated by the global 
response of the ship structure, for example, bending of the ship’s hull 
girder. However, this requires careful consideration since some of 
connections between the panel and the remaining structure can be 
asymmetric. The asymmetric connections cause unequal transmission of 
global displacements to the top and bottom face plates creating the 
additional bending moment in the panel. Therefore, the future investigation 
should determine how connections influence the secondary bending of the 
plates and if this can change the type of panel failure.  
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Errata 

[P1] in Figure 8, the units on the horizontal axis should be [MPa mm] 
instead of [MPa2 mm] 
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Corrigendum

Corrigendum to ‘Fatigue assessment of laser stake-welded T-joints’ [Int. J. Fatigue
33 (2011) 102–114]

Darko Frank ⇑, Heikki Remes, Jani Romanoff
Department of Applied Mechanics, Aalto University, Otakaari 4, 02150 Espoo, Finland

The author would like to notify the below change for the article ‘‘Fatigue assessment of laser stake-welded T-joints’’ published in vol. 33,
issue 2, pp. 102–114. There is a modification in Table 3 and the correct Table appears below:

Table 3
Fatigue assessment results and test results for specimens from [21] (R = 0).

Specimen Cycles to
failure, Nf

Nominal
stress
range, Drn

[MPa]

Notch stress
range, Dr
(rref = 1.0 mm)
[MPa]

Standard deviation of
notch stress range, Dr
(rref = 1.0 mm) [MPa]

Notch stress
range, Dr
(rref = 0.05 mm)
[MPa]

Standard deviation of
notch stress range, Dr
(rref = 0.05 mm) [MPa]

Stress
intensity
range, DKI

[MPa mm0.5]

Standard deviation of
stress intensity
range, DKI

[MPa mm0.5]

Series FWA
FW01A 5381 187.5 943.2 74.6 4005.0 260.4 725.2 48.0
FW02A 93,069 112.5 540.9 23.7 2283.6 108.6 414.9 20.4
FW03A 18,591 150 3048.0 91.9 551.6 17.0
FW04A 2222 225 1200.8 43.7 4994.9 156.3 910.3 30.3
FW05A 249,169 75 374.3 12.6 1558.2 54.9 278.3 10.3
FW08A 146,342 75 384.3 16.1 1619.4 59.7 290.7 11.6

Series FWB
FW01B 2494 225 1152.5 20.5 4673.9 103.0 846.4 19.0
FW02B 7625 187.5 902.4 23.2 3860.5 102.9 696.4 21.1
FW03B 19,865 150 734.2 18.5 3109.0 73.3 564.1 14.6
FW04B 63,414 112.5 563.4 16.1 2402.8 57.8 438.3 11.5
FW05B 181,782 75 395.1 6.6 1639.2 31.3 293.5 5.9
FW06B 233,919 75 400.0 14.7 1674.2 51.9 300.7 9.6

Series FWC
FW01C 4013 225 1141.9 31.3 4826.0 106.1 878.5 20.6
FW02C 9435 187.5 948.6 21.1 3979.9 70.2 718.1 13.3
FW03C 32,902 150 738.4 20.1 3140.4 101.3 571.0 20.1
FW04C 26,038 150 751.2 8.6 3141.7 46.0 569.7 9.0
FW05C 58,579 112.5 2322.2 66.7 420.5 11.9
FW06C 349,212 75 384.7 8.8 1608.9 41.4 288.2 7.9
FW07C 3700 225 4572.7 115.6 827.6 20.7
FW08C 281,018 75 1526.5 38.1 272.3 6.9

Series FWE
FW01E 3723 150 1090.2 56.4 4475.0 200.5 829.1 35.3
FW02E 42,957 100 717.1 37.5 2951.0 132.3 543.8 23.4
FW03E 157,424 75 500.1 20.1 2073.7 73.9 384.1 13.5
FW04E 12,563 125 852.5 58.5 3526.6 219.0 652.5 37.7
FW05E 1277 150 1090.3 114.6 4452.4 378.6 809.9 74.7
FW06E 28,102 100 742.0 47.2 3038.1 165.4 560.1 28.7
FW07E 507,653 50 357.3 22.4 1470.7 81.6 271.2 14.1
FW08E 1,000,102 50 325.4 10.3 1353.8 39.5 249.3 7.0
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