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ABSTRACT

This article presents a study of the fatigue strength of welded parts in a crane boom. A finite
element analysis was carried out over the whole structure. Two critical welded zones were
identified and a detailed analysis was carried out on them, in the form of sub-models. Three
different approaches for estimating the structural stress in welded zones, were presented and
applied to each sub-model (surface extrapolation, Xiao-Yamada, and Dong's method).
Results were compared and discussed. The evaluation of fatigue resistance by the use of
appropriate S-N curves for each method was also carried out and discussed. The use of these
approaches on a complex industrial structure, and on tubular joints with hollow sections
required to perform many adaptations and to solve several difficulties. The results obtained
show a relatively good correlation between the surface extrapolation and Xiao-Yamada
methods. However, the method of Dong shows more conservative results. Analysis and
discussion of the results are presented in the conclusion.

Keywords: Fatigue assessment; welded joints; structural stress approach; finite element
analysis; fatigue strength.

INTRODUCTION

The structural integrity of mechanical assemblies is an absolute necessity in the industrial
world, so that each mechanical design ensures its functionality during the whole life of a
project. Today, various welding processes, such as Metal Inert Gas (MIG), Metal Active Gas
(MAG), Tungsten Inert Gas (TIG), etc., widely used in the mechanical industry, have made
it possible to design and erect large structures as bridges, offshore floating platforms, huge
storage tanks... In engineering, the assessment of welded fatigue assemblies is generally a
work restricted by design guides, among which are: Eurocode 3 [1] for steel structures and
assemblies, BS 7608 [2] and the 1IW recommendation for tubular [3] and non-tubular [4]
structures.

Several fatigue assessment approaches for welded parts, are proposed [5-7]. Each of
these approaches has a stress or strain determination method, appropriate for its assessment.
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The nominal stress approach, also known as the global approach, continues to be the primary
method of fatigue assessment. Over the years, it has acquired extensive experience in fatigue
analysis of welded parts and structures. The concept of the nominal stresses approach is still
widely used. Its application requires to know the applicable allowable value in relation to a
corresponding classified structural detail [8,9]. This approach is based on the analysis of the
stress field, not far from the potential site of cracking. The fatigue strength S-N curve for
each welded structural detail is abbreviated to FAT, which means "Fatigue design class".
This abbreviation is combined with a number which indicates the permissible nominal stress
range Aon at N = 2 x 10° cycles, with a probability of survival Ps = 97.7 % [4]. but the
development of the computer tool has pushed mechanical engineering to very high levels,
however, the design requirements of manufacturers is increasingly complex, generally cause
significant limitation of the nominal stress approach.

The structural stress approach, also called the geometric stress approach, is an
approach among local approaches. According to Radaj [10,11] the application of the
approach in the early times goes back to Haibach, where in a historically early contribution,
a series of experimental tests using strain gauges was made by the latter. It was then
established and extended on the fatigue assessment of tubular welded joints of offshore
structures. However, a new term called Hot Spot Stress (HSS) for the evaluation of structural
stress was introduced in this period. Taking advantage of the progress of FE calculation
software and computers, the (HSS) expanded on non-tubular joints [12,13]. For this, and in
order to assess the fatigue strength by using the structural hot spot stress approach, the
analysis of the structural hot spot stress range in mechanical elements, is a necessary
operation for estimating the service life of a welded mechanical assembly by using dedicated
S-N curves. The HSS approach, describes always the macrostructural behaviour, without
taking into account local notches. In addition, different measurement methods can be applied
such as strain gauges, analytical calculations using engineering formulas and also finite
element analysis which is widely used [11]. Generally premature cracking of welds develops
initiating from the toe or the root of the welds, which are places of concentration of local
stresses by excellence. Also, these weld joints are the cause of considerable uncertainties
linked to geometric irregularities, heterogeneity of the materials and potential residual
stresses. These irregularities are known to have an influence on the fatigue strength. As a
result, HSS range determination takes into account the concentration of critical point stresses
(hot spot) that are highly dependent in physical models on the local weld profile and, in
numerical analysis on mesh refinement [14].

The determination and computation of structural hot spot stress is a know-how
generally confined to experts who often deal with problems related to the fatigue of welded
structures. However, several methods have been developed to ensure accuracy of structural
stress, which plays an important role in determining the life of any welded structure. Many
problems related to experimental manipulations can be overcome using FEA [12,15-17].
Several research works propose FE-based techniques to calculate and evaluate the structural
stress. Hobbacher [4] and recently Niemi et al [18] have proposed a FEA technique, in order
to determine the structural hot spot stress. These methods are approved by I1IW, and are
widely used for the fatigue assessment of welded joints in engineering offices. It is generally
based on the linear or quadratic extrapolation of the stresses measured on the surface of parts
welded at two or three reference points from the hot spot in the weld toe. Another technique
proposed by Dong [19] has given a new definition on the distribution of equivalent structural
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stress in a way that conforms to the theory of elementary structural mechanics. The two
components of membrane and bending stress adapted to this new definition are used in this
technique to calculate the stress at the weld toe. Thus, Dong concludes his approach by
analysing a large amount of fatigue test data found in literature and propose a single S-N
curve called “Master S-N curve”, which correlates several types of welded joints under
different solicitations. More recently Xiao and Yamada [20] proposed to extract the estimated
stress at 1 mm below the surface of the weld toe in order to calculate the structural stress.
Later, several proposals, have been the subject of new methods of structural stress approach
as an example Kim et al [21] and Shen et al [22], but their applications at the industrial scale
always remain individual experiences. Few works have been found in the open access
literature, concerning the application of the “Xiao - Yamada” and Dong’s methods in the
calculation of the structural stress of complex industrial structures. The absence of
application of these methods on some typical welded joints (such as hollow section tubular
joints) should also be noted.

In this work, an evaluation of the fatigue life in the most critical areas of a typical
crane boom (GMR 2010) manufactured by the national company ENMTP is performed. This
structure is modelled in 3D and analysed by the finite element method in order to obtain the
structural hot spot stress and structural stress in the most solicited weld toes. The calculation
of structural stresses at the weld toe is done by three methods. The application of two modes
of analysis namely the surface analysis mode represented by the 11W method and through the
thickness represented by Dong [19] and Xiao-Yamada [20] on parts of industrial scale
structure, has the aim to express the reliability and robustness of each of these methods on
curved or tubular type joints by comparing the lifetimes obtained through the S-N resistance
curves appropriate to each method. The steps of evaluation and estimation of service life are
presented in the following diagram (see Error! Reference source not found.):
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Preliminary FEA of the complete
CAD model

|
Selection of the critical (mostly stressed) locations and

generation of sub-models with appropriate mesh refinements

Determination of structural|| Determination of structural ||Determination of structural
hot spot stress by W stress by Dong’s approach stress by Xiao-Yamada
approach

Estimation of fatigue life-time

Comparaison and conclusion

Figure 1. Diagram representing the main steps of the presented study.

TECHNIQUES FOR THE DETERMINATION OF STRUCTURAL STRESS

Determination of the structural stress at the weld toe using surface stress extrapolation
The determination of the structural hot spot stress, according to the recommendations of W
[4,18] takes into account all the effects of increasing stress in a structural detail except that
due to the local weld profile itself. while generally, a local notch causes a nonlinear maximum
stress oni, the related dimensions and load parameters in the vicinity of the joint give the
structural stress. However, the determination of structural hot spot stress is usually made on
the surface of the component designed to be evaluated. Generally, these stresses ohs are
defined for the structures in plates, shells and tubes.

If structural discontinuities are not comparable to a structural detail class, this
automatically makes the definition of the nominal stress approach unsuitable. For this reason,
it is usually replaced by structural hot spot stress approaches. The determination of the
stresses at the reference points form the hot spot under consideration, makes it possible to
calculate the structural hot spot stress by the extrapolation method.
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Figure 1. Definition of structural hot-spot stress [4].

The method as defined in [4,18] is limited to the evaluation of weld toe. However, other
potential fatigue crack initiation sites, such as weld root, can be assessed using the structural
hot spot stress approach, always by using ons as reference for evaluating the stress in the zone
of interest.

In addition to the definition of the structural hot spot stress, the hot spots that are
located on weld toes are classified in two types, which are defined according to their
orientation and their location on the plate. Table 1 and Error! Reference source not found.
give a description and show the two types of hot spots.

Table 1. Type of hot spots.

Type Description Determination
a Weld toe on plate surface FEA or measurement and extrapolation
b Weld toe at plate edge FEA or measurement and extrapolation
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Figure 2. Types of hot spots [4].

Two methods are possible for the determination of structural hot spot stresses, which acts
normal to the weld toe. It can either be determined by a special FEA procedure or by
extrapolation from stress measurements. For these methods, it is first necessary to establish
the reference points. Then, the structural hot spot is determined by extrapolating the stresses
of these reference points to the weld toe. In order to avoid any influence related to the form
of notches, the reference points are chosen at a specific distance from the weld toe (for
example at a distance of 0.4t, or at 1.0t). Three methods are possible for the identification of
hot spots. They will be presented hereafter. They can be used either by measuring
(experimentally) the stress on several different reference points, or by post-treating results of
a FEA. These results are usually compared to experimental results for fatigue life prediction.

Calculation of Structural Hot Spot Stress

The analytical methods do not allow to obtain the structural hot spot stress and the parametric
formulas are rarely available. For this the analysis of the structural discontinuities and details
is generally done by the FEA.

It is possible to use models either with solid or with shell elements. The stresses have
to be evaluated at the specified reference points. The Finite Element model has to be built in
a way to have a sufficient extent, in order to avoid influence of the Boundary Conditions on
the zone of interest (welded zone).
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Figure 3. Typical meshes and stress evaluation paths for a welded detail [4].

Surface stress extrapolation methods

The principle of these methods is to define reference points for post-treating the stress results
at a specific distance of the weld toe, in order to avoid local effects. Different methods are
proposed, according to the hot spot type and mesh size.
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Figure 4. Reference points for different mesh sizes, type (a) (schemes 1 and 2), type (b)
(schemes 3 and 4) [4].

The following extrapolation equations give the way to obtain the structural hot spot stress s
from the stresses raised in the reference points. For hot spots of type (a), three equations of
extrapolation are presented. Two equations are related to fine mesh models, and the last one
is related to coarse mesh models. Eqn. (1) as shown below requires a fine mesh with an
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element length that does not exceed 0.4 t around the hot spot area. The hot spot stress
calculation focuses on two reference points which are distant at 0.4t and 1.0t of the weld toe,
respectively.

Ops = 1.67 0g4r — 0.6704 o; D

For the Eqgn. (2) always with a fine mesh, it is rather based on three points of reference, which
are respectively at a distance of 0.4t, 0.9t and 1.4t from the weld toe. The equation is written
as follows:

Ops = 2.5200 4¢ — 2.24049; + 0.720 4+ (2

On the other hand, Eqn. (3) is related to coarse mesh models. In this case, the length of the
element is approximately equal to the thickness of the plate. Two reference points are needed
at 0.5t and 1.5t from the hot spot, this equation is presented as follows:

ops = 1.50 0p5¢ — 0.50 0y 5¢ 3

Concerning hot spots of type (b), two equations are given according to the mesh. It has to be
noted that, unlike for type (a), the reference points in type (b) hot spots, are given at absolute
distances. In the case of a fine mesh Eqgn. (4) below shows a quadratic extrapolation, where
the reference points are taken at distances of 4, 8 and 12 mm from the hot spot.

Ons =3 04mm — 3 0gmm + O12mm (4)

Eqgn. (5) is used in the case of a coarse mesh with a length of element of approximately 10
mm. This equation is based on a linear extrapolation. The two reference points must be
positioned at the mid-side nodes of the two first elements, i.e. at 5 and 15 mm of the hot spot,
respectively.

Ons = 1.5 0smm — 0.5 015mm )

Tubular Joints

The determination of the structural hot spot stress on the tubular joints, passes automatically
by special recommendations published in [3]. These recommendations are approved by IW.
According to Hobbacher [4] it is allowed to use two reference points, and perform a linear
extrapolation of the stresses calculated or measured. It is mentioned that the measure of
simple uniaxial stress is convenient.

Parametric formulae have been established for the stress concentration factor kg, in many
joints between rectangular and circular section tubes. Thus, the structural hot spot is given
by:

Ons = Kns Onom (6)

where onom IS the nominal axial or bending stress in the braces, calculated by elementary
stress analysis or uniaxial measurement.
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Determination of the structural stress by the method of Dong

Following crack propagation considerations, Dong [19] proposed modifications related to
the resulting stresses from coarse mesh finite element models. The propagation of cracks
starting at weld toe and crossing the thickness of the plate, is controlled by the total stress,
normal, to the path of crack. An analysis based on the finite element method (FEA) allows
to evaluate the linearized structural stress from the weld toe in the direction of the thickness.
The distribution of the linearized stresses on the thickness of the plate constitutes membrane
stresses and bending stresses. It is used to predict fatigue life. The following figure shows
the stress distribution across the thickness used by Dong for determination of bending and
membrane stresses.

Determination of the structural stress by the method of Xiao-Yamada

An alternative method for the assessment of structural stress or geometrical stress of welded
parts and welded structural details has been proposed by Xiao and Yamada [20].
Theoretically, this method is based on a generalized analysis of crack propagation. It
concerns in particular the cracks that originate at weld toe. Xiao and Yamada [20] found that
fatigue life is generally related to crack propagation. For this, it better can be expressed by
the stress value at a point 1 mm below the surface on the expected cracking path (assumed
to be normal to the surface of the plate at the level of the weld toe). This stress at 1 mm below
the surface of the welded part has a relation with the lifetime of the propagation of crack or
with the strength of the structural detail considered.

In order to be able to calculate the structural stress at 1 mm, the finite element method remains
the method used with classical requirements on mesh design, knowing that the size of the
element must not exceed 1 mm. However, it has to be mentioned that the method of Xiao-
Yamada may not be suitable for thin plate (t <5 mm), as explained in [18].

(a) , B ‘Eraca

(©)

e o o o o e ot bt Line at
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Figure 5. Definition of structural stress across the thickness according to the method of Dong
[25].
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Figure 6. Determination of structural stress according to the method of Xiao-Yamada [20].

PRELIMINARY STUDY OF THE STRUCTURE

A 3D digital mock-up of the crane boom (GMR 2010) was performed using a CAD software.
The dimensions are based on the drawings consulted in the design office of ENMTP
company. The structure itself generally consists of metal profiles (UPN, tubes, L profiles...)
of steel grade S235JR (according to European standards). Based on the CAD model, a finite
element analysis of the structure was then performed in order to identify the stress
concentration areas. Using a finite element computation software, a preliminary mesh of
quadratic tetrahedron elements is applied on the whole structure.

This boom is articulated at the end by two cylindrical pieces, which allows the boom
to have a rotational degree of freedom with respect to the mast (namely a rotation along the
transversal axis, which allows to increase the lifting height to 30.5 m). A wire rope type (6 x
37 Fiber Core Wire Rope of 36 mm diameter) is attached between Jib Tie and the gantry of
Boom. Figure 8 shows a complete schema on the crane.
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Figure 7. Complete schematic description of the crane ENMTP type GMR 2010.

The load application takes into account the maximum allowable loads given by the
manufacturer for each lifting configuration. For example, if a load has to be carried at 9 m of
distance from the mast, the allowable load is 2000 kg. At 22 m from the mast, the allowable
load is 750 kg. Figure 9 shows a diagram representing the maximum allowable load with
respect to the distance from the mast.
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Figure 8. Load allowed to be lifted by the crane depending on the distance to the mast.

Two numerical studies were carried out with two loading configurations: 2000 kg and 750
kg applied respectively at 9 m and 22 m distance from the mast. The results have been
carefully analysed in order to identify mostly stressed welded zones, with aim to perform the
fatigue evaluation on them. Figure 10 shows the results obtained as well as the welded parts
chosen for fatigue study and their positions in the structure. Two areas of interest were
selected. The first zone concerns a welded assembly between the part of the Jib Tie
(attachment part of the steel rope) and a hollow cylindrical tube of the structure (detail a).
The second zone gives an assembly welded between two cylindrical hollow tubes of different
diameter, type CHS T-joint (detail b). The dimensions of the welded parts are shown in
Figure 11.
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Figure 9. Results of the finite element analysis of the crane boom and location of areas of
interest (750 kg load at 22 m distance).
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Figure 10. Main dimensions of the selected welded parts for fatigue assessment study.
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DETERMINATION OF THE STRUCTURAL STRESS BY FEA

Often, the problems associated with the computer tool, and the time taken for a numerical
resolution of large and complex structures, prevent the calculation engineers from using a
fine mesh necessary to solve some complex problems which require an absolute precision of
the results obtained. In order to overcome these problems, an important technique in the
world of numerical simulation called sub-modelling was developed. This allows to define a
refined mesh in the zone of interest, i.e. in the sub-model itself. In our case, this will allow
us to mesh the welded zone more accurately. Attention was paid to define sufficiently large
dimensions around the welded zone of interest, in order to avoid any interference with the
boundary conditions. The determination of structural stress is carried out according to three
methods.

Determination of HSS with surface stress extrapolation methods

Following the recommendations of Hobbacher [4] and in order to determine the hot spot
stress (HSS) according to the surface extrapolation method, the element sizes are to be
defined in order to match the reference points as given in Figure 5. For this to avoid an
influence of the singularity stress, the stress closest to the hot spot stress is usually evaluated
at the first nodal point. Therefore, the length of the hot spot element corresponds to its
distance from the first reference point.

A mesh has been carefully designed in such a way that the extrapolation of stresses at the
weld toe can be carried out along the most critical extrapolation path. And for that, two mesh
size using solid elements to 20 nodes were performed for each sub-model, knowing that the
two sub-models have a hot spots (HS) type “a” located on the surface of the tubular parts.
Figure 12 and Figure 13 show the mesh of the two sub-models with different sizes.

Figure 11. Mesh of sub-model (a) with two different element sizes.
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Figure 12. Mesh of sub-model (b) with two different element sizes.

From the results and as shown in Figure 12 and Figure 13, the hot spots: HS1 and HS2 for
both sub-models are positioned at the weld toe, which is logical of geometric point of view
(see Figure 2). The hot spot of sub-model (a) HS1 causes an eventual cracking which starts
from the point indicated in red on Figure 12 and propagates through the thickness of tube.
The extrapolation of HSS1 is done according to the recommendations of I1W [4], respecting
the distances required for the extrapolation of the nominal stresses to the plane of cracking
and which are oriented in the same direction of the loadings. These distances are 0.5 t and
1.5 t for sub-model (al) in the case of a coarse mesh. They are set to 0.4 t and 1 t for (a2) in
the case of a fine mesh. Figure 14 shows the results of the maximum principal stresses
obtained from HS1 (maximum tension stresses). Figure 15 shows the normal stress
distribution from the hot spot point along X axis as a function of linear distance.
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Figure 13. Results of the maximum principal stresses around the weld toe for sub-model (a).
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Figure 14. Calculated structural hot spot stress for sub-model (a).

Noted that the maximum principal stresses at the weld toe in this case of sub-model (a) have
almost the same direction as the X axis. The second sub-model (b) or CHS T-joint gives more
complex results. The HS2 is positioned on the Chord tube surface exactly at the saddle point
level. In this case, some technical problems concerning the calculation of HSS2 must be
exposed. These problems are related to the application of IIW’s recommendations [4], where
the rules generally apply to nontubular welded parts. However, the recommendations
required for the assessment of the structural hot spot stress for tubular structures [3] do not
have clearly defined FE methods. Besides that, the position of HS2 as found in sub-model
(b) and which is positioned at saddle point, not at Crown point of Chord tube, complicates
the determination of HSS2 numerically.

In order to overcome these problems a numerical resolution technique and a
supposition are employed. The numerical technique is based on the determination of the
direction of application of the maximal principal stress at the considered hot spot, in order to
predict the possible cracking path on the HS2. On the other hand, the supposition stipulates
that the surface of the part is approximated to a flat surface, thus taking advantage of the
small thickness of tube Chord which is 4.5 mm.

The analysis of the maximum principal stresses orientation in the HS2 and the
surrounding area (Figure 16) shows that the direction of these principal stresses are parallel
to the surface of Chord tube. Thus, the crack path is expected in the direction of the Chord
tube thickness. The intensity results of these principal stresses calculated numerically by FEA
around the weld toe are represented in Figure 17.
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HS2

Figure 15. Distribution and orientation of the maximum principal stress around the weld toe
of sub-model (b).

The difference in peaks stress recorded between (bl) and (b2) is related to the size of
elements, from where it should be emphasized that the stress at weld toe is theoretically
infinite for a negligible weld toe radius (p ~ 0 mm). The determination of HSS2 is always
done by the surface extrapolation method, for this the HSS2 is calculated by use of
Egn. (1) and Eqgn. (3) in the same way as HSS1 thus taking advantage of the size of the
elements and the thickness of tube Chord in a way to maintain the supposition already
exposed. Figure 18 shows the distribution of normal stresses from weld toe and along the Y-
axis that is perpendicular to the crack path as a function of the linear distance to HS2.
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Figure 16. Results of maximum principal stresses around weld toe, for sub-model (b).
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Figure 17. Calculated structural hot spot stresses for sub-model (b).

The results obtained from each case of HS1 and HS2 are shown in Table 2. A remark must
be made before starting the analysis of comparisons. This remark concerns the values of
HSS1 and HSS2 which are greater than the yield stress of the base metal used in the structure
of the crane boom (235 MPa). Additional information is already exposed concerning this
point by Lee et al [13]. The authors indicate that in order to assume an elastic behaviour of
the material, the stress range of the hot spot found in elastic analysis should not exceed twice
the yield strength of the weakest material. Indeed, the results found for HSS1 and HSS2 are
not greater than twice the yield stress of the base metal.

Table 2. HSS values.

HSS1 [MPa] HSS2 [MPa]
Sub-model (a) al 443.48 -
a2 437.49 -
Sub-model (b) bl - 329.55
b2 - 339.11

As was found on the values of Table 2, a small difference is recorded between the values of
the hot spots stresses of sub-models (al) and (a2) and between sub-models (b1) and (b2).
This slight difference between the values of the stresses at weld toes is mainly related to the
sensitivity to the size of the mesh.

On the other hand, a remarkable difference of about 100 MPa is recorded between
the sub-model (a) and the sub-model (b). This allows to confirm that the detail studied in the
sub-model (a) is more critical for the structural integrity of the crane (GMR 2010) with
regards to fatigue damage.
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Determination of the structural stress according to Dong
The determination of the structural stress according to the method of Dong as described in
[19,23-26], is mainly defined as the sum of the membrane stress (om) and the bending stress
(ob). The procedure itself is based on an equilibrium approach. Thus, membrane and bending
stresses are calculated by the FEM at a distance 6 of the weld toe. Then, by applying the
principle of equilibrium of forces and moments on the considered element, membrane and
bending stresses are recalculated exactly at the weld toe, allowing to get the structural stress
at that point.

In our case, and in order to numerically proceed to the application of the method of
Dong, on the two sub-models, the mesh applied on the two assemblies selected is a mesh
with hexahedral quadratic elements. The size of the elements is mainly equivalent to the
thickness of the welded parts under study, i.e., 5.3 mm for the sub model (a) and 4.5 mm for
the sub-model (b). Figure 19 shows the mesh applied to the two sub-models. For 3D solid
elements, the elements along the weld toe line, called welding elements, are used for the
purpose of calculating structural stresses. The shape difference between the two sub-models,
requires a proper procedure for each one of them.

(b)

Figure 18. Model mesh and example of a coordinate system located on a weld toe for
the Method of Dong.

For example, the sub-model (a) has a straight weld line, while the sub-model (b) has a
circumferential weld shape. For this latter case, a system of local coordinates has been set at
each node along the weld toe respecting the orientation of the axes along the line of the weld
toe. Figure 19 shows two examples of the orientation and location of two local coordinate
systems for each sub-model in the normal and tangential direction of the expected cracking
plane. An analysis of different types of stress that have been recorded around the weld toe
for each sub-model, is given in Figure 20 and Figure 20. This aims to locate the zones that
have the maximum probability of crack initiation and growth.
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Figure 19. Stress distribution along the weld line for sub-model (a).
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Figure 20. Stress distribution along the weld line for sub-model (b).

The results of maximum structural stress of each sub-model are presented in Table 3.

Table 3. Results of Dong's approach for the studied sub-models.

Membrane stress Bending stress Structural stress
(om) [MPa] (o0) [MPa] (o5) [MPa]
Sub-model (a) 253.55 171.82 425.37
Sub-model (b) 75.70 299.92 375.62
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The results obtained with Dong’s method, show a similar tendency as those obtained by
surface extrapolation methods. Indeed, sub model (a) is still the most critical as it shows
higher stress results.

Determination of structural stress according to Xiao-Yamada.

The determination of the structural stress according to Xiao-Yamada in a welded construction
is based on the stress value calculated at 1 mm below the surface in the direction
corresponding to the expected crack path. For this, a fine mesh is required to determine the
stress at 1 mm below the weld toe. The results of structural stress obtained are presented in
Table 4.

Table 4. Results of structural stresses according to Xiao-Yamada.
Sub-model (a) Sub-model (b)

Structural stress [MPa] 322.71 194.49

As given in Table 4, the structural stress of sub-model (a) is always greater than the one
obtained for sub-model (b). Thus, the Xiao-Yamada method, confirms the tendencies
obtained with the two previous methods, showing that sub-model (a) represents the most
critical location for potential crack initiation and propagation.

LIFE PREDICTION WITH STRUCTURAL STRESS APPROACHES

The fatigue lifetime estimation of boom crane GMR 2010 requires the estimation of stress
concentration zones. In this purpose, the estimation of the lifetime of sub-models (a) and (b)
is carried out. The lifetime estimation for the three presented methods (and two related sub-
models) is done as follows:

For the surface extrapolation method, the use of fatigue resistance curves, S-N,
described in the 11W recommendations for hollow welded tubular joints [3], is mainly related
to the nature of the sub-models (a) and (b). The position of the structural hot spot stress is
located on the singularity zone between the surface of tubes and weld toe. The lifetime
estimation is calculated from the fatigue resistance equations given in [3].

In the structural stress approach proposed by Dong [19,23-26], Eqn. (7) is used to
calculate the equilibrium equivalent structural stress [24,25]. On the other hand, fatigue life
integral 1 ()™ was calculated using a polynomial function of the degree of bending (r),
assuming load-control conditions (Eqn. (9), ref. [24,25]):

AS = oy /t@Tm/2m [()1/m ©)
where
AS is equilibrium equivalent structural stress.

t isthe plate thickness.
r is the degree of bending, such as:

r= lop| (8)

[om|+lopl
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[(r)Y™ = 0.00117r° 4+ 0.0767r> — 0.0988r* + 0.094673 + 0.0221r2 4+ 0.014 r +
1.2223 9

I(n)¥™ fatigue life integral from crack propagation analysis considering the effects of the
degree of bending, elliptical crack front type, and Load controlled conditions.

In order to estimate the number of allowable cycles (lifetime) of the structure (N),
Eqgn. (10) developed by Dong can be used.

AS =C x Nh (10)

Where the parameters used in our case for C and h are [24,25]:

Statistical basis C h
Mean 19930.2
+20 28626.5
-26 13875.8 -0.32
+30 31796.1
-30 12492.6

The value of C = 13875.8 corresponding to -2c is chosen for our calculation. This value is
related to a probability of survival of Ps = 95%, which is suitable for comparison with the
other methods (using FAT curves at 97.7% of survival probability).

In the approach proposed by Xiao Yamada [20], an S-N design curve corresponding to FAT
100 is proposed. This S-N curve allows to estimate the number of allowable cycles (N)
corresponding to a given value of structural stress.
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The fatigue lifetime results obtained for each sub-model are then shown in Figure 22
and Figure 23.
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Figure 21. Lifetime results for sub-model (a).
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Figure 22. Lifetime results for sub-model (b).
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The comparison of fatigue life times obtained, is done in a general way between the results
of sub-model (a) and sub-model (b), where an appreciable difference is to be reported.
Generally, for sub-model (a) the results are relatively close and ranging from 60 000 to 100
000 cycles, with the exception of the Dong method, where lower results (in the order of 30
000 cycles) have been recorded. The results of sub-model (b) show a considerable variability
between the 1IW and Xiao-Yamada results on the one hand and the results of Dong on the
other hand, Indeed, a remarkable difference of more than 200 000 cycles has been recorded.
This is probably related to the nature of the master curve used by Dong. Indeed, Dong et al
[26] have built their master curves using parts of thickness varying between 5 mm and 100
mm. The thickness of the studied sub-model (b) is out of this range. Additional experimental
tests aiming to build master curves for parts with lower thickness could confirm this
assumption. These tests are actually being scheduled and may be reported in a separate
article. Finally, the lifetime results confirm that the sub-model (a) is the most critical zone of
the crane boom, with a lower number of allowable cycles recorded for all the methods used.
Noted that as mentioned above, all life results are compared to S-N curves with similar
survival probability Ps.

CONCLUSIONS

In order to estimate the fatigue lifetime of the ENMTP GMR 2010 crane boom, a study was
conducted to estimate the service life of the welded zones. A 3D model of the structure was
first created using a computer design software. A FE model was then generated including the
geometrical and material input data provided by the company's design office. A preliminary
analysis of the global structure was performed in order to identify mostly stressed areas. Two
critical areas were thus selected and two corresponding sub-models were performed in order
to estimate accurately the structural stress at each critical location.

o Three different approaches to calculate the structural stress were used, and compared.
IIW approach was used on one hand (with two different mesh sizes), and Xiao-
Yamada and Dong approaches were used on the other hand. It should be noted that
these two methods are generally presented for very simple structures in the literature.
Their use and adaptation to large-scale industrial structures constitutes an innovative

work.

o Fatigue lifetimes have been predicted using the design S-N curves recommended by
these approaches.

o The lifetime prediction results, were obtained for the two sub-models with three

different approaches. They reveal an appreciable difference between the sub-models,
confirming that detail (a) is the most critical.

o Relative differences in the results have been observed between the 1IW and Xiao-
Yamada approaches for the sub model (a). However, the method of Dong gives
considerably more conservative results.

o The sub-model (b) shows similar results between the 1IW and Xiao-Yamada
approaches. On the other hand, the method of Dong shows again more conservative
results. This is supposed to be caused by the applicability range of the master curves
presented by Dong et al [28], which involve parts of different thicknesses, varying
between 5 mm and 100 mm, while the thickness of the parts studied in the present
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