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Abstract. Two-planar tubular DK T-joints are widely used in offshore jacket structures, where accurate assessment
of stress concentration factors (SCFs) is vital for evaluating fatigue performance. However, SCFs in DKT+joints with
intemal ring stiffeners have not been thoroughly studied, and no specific design equations currently exist for
determining SCFs under axial loading which is typically the dominant load in these joints. In practice, engineers
often rely on SCF data from uniplanar KT-joints to estimate values for multi-planar joints. This approach, however,
overlooks the influence of out-of-plane braces, potentially resulting in significant inaccuracies. This study addresses
this gap by analyzing SCFs on the chord side of ring-stiffened two-planar tubular DKT-joints under axial brace
loading. The investigation is based on 118 finite element (FE) models, validated through both experimental data and
existing numerical results. A comprehensive parametric FE study was conducted, followed by nonlinear regression
analyses to derive four new equations that accurately predict SCFs. These proposed formulas offer a reliable tool for
fatigue design applications.

Keywords: fatigue; internal ring stiffener; offshore jacket structure; stress concentration factor (SCF); two-
planar tubular DK T-joint

1. Introduction

Jacket structures are commonly used in offshore industry as the substructure of fixed offshore
oil and gas platforms and offshore wind turbines (OWTs). They are steel space frames composed
of welded circular hollows section (CHS) members also called tubulars. The connection between
the tubulars in which the prepared ends of brace members are welded onto the undisturbed surface
of the chord member is called a tubular joint (Fig. 1). Static and fatigue strengths of tubular joints
are governing factors in the design of jacket structures.

Tubular joints must be properly dimensioned during the design stage so that they perform
satisfactorily in service and achieve a reasonable balance between the project cost and risk of
failure. If the capacity of a joint is found to be inadequate during the design stage, it can be
enhanced by welding ring stiffeners onto the inner surface of the chord (Fig. 1) as this is an
efficient method to reduce the stress concentration, increase the load-carrying capacity and fatigue
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life of the joint, and avoid the attraction of additional wave forces. None of the major offshore
design codes provides any substantial quantitative recommendations on fatigue strength
requirements for internally ring-stiffened joints. This is due partly to the vast variety of possible
stiffening arrangements and partly to the dearth of information available on such joints in research
literature. There is, therefore, a need for further research so that more detailed guidelines on
fatigue strength estimation of internally ring-stiffened tubular joints can be formulated, which is
the incentive of the present work.

Significant stress concentrations at the vicinity of the welds are considerably detrimental to the
fatigue performance of the joints. Hence, it is important to accurately determine the magnitude of
stress concentration and to reduce it to a reasonable level. In the design practice, a parameter
called the stress concentration factor (SCF) is used to evaluate the magnitude of stress
concentration. The SCF is defined as the ratio of the local surface stress at the brace-chord
intersection to the nominal stress in the brace. More specifically, the local surface stress used for
the calculation of the SCF, as defined by API RP 2A [1], is the linear trend of shell bending and
membrane stress, extrapolated to the actual weld toe, excluding the local notch effects of weld
shape. The local surface stress calculated in this manner is called the hot-spot stress (HSS).

The value of the SCF exhibits considerable scatter depending on the joint geometry, loading
type, weld size and type, and the considered position for the SCF calculation along the weld
profile. Under any specific loading condition, the SCF value along the weld toe of a tubular joint is
mainly determined by joint geometry. To study the behavior of tubular joints and to easily relate
this behavior to the geometrical characteristics of the joint, a set of dimensionless geometrical
parameters has been defined. Fig. 1 depicts an internally ring-stiffened two-planar tubular DKT-
joint with the geometrical parameters z, y, f5, 1, {, 6, a, and ap; where D and d are the diameters of
the chord and brace, respectively; L and / are the lengths of those members, respectively; and 7, ¢,
and wy are the chord thickness, brace thickness, and stiffener width, respectively. Critical positions
along the weld toe of the brace-chord intersection for the calculation of SCFs in a tubular joint, i.e.,
saddle, crown, toe, and heel on the chord side of central and outer braces are shown in Fig. 1.

Significant effort has been devoted to the study of SCFs in various uniplanar tubular joints (i.e.,
joints where the axes of the chord and brace members lay on the same plane). As a result, many
parametric design formulas in terms of the joint’s geometric parameters have been proposed
providing SCF values at certain positions adjacent to the weld for several loading conditions. An
extensive survey of the literature is provided in the following section. Multi-planar joints (i.e.,
joints where the axes of the chord and all brace members do not lay on the same plane) are an
intrinsic feature of offshore tubular structures. The multi-planarity effect might play an important
role in the stress distribution along the brace-to-chord intersection. Thus, for multi-planar
connections, the parametric formulas of simple uniplanar tubular joints may not be applicable for
the SCF prediction since such formulas may lead to highly over-/under-predicting results.
Nevertheless, for multi-planar joints which cover most practical applications, much fewer
investigations have been reported due to the complexity and high cost involved.

In the present paper, results of a numerical investigation on the SCFs in two-planar tubular
DKT-joints reinforced with internal ring stiffeners are presented and discussed. In this research
program, a set of parametric finite element (FE) stress analyses was carried out on 118 internally
ring-stiffened tubular DKT-joint models subjected to axial loading (Fig. 1). Analysis results were
used to present general remarks on the effects of geometrical parameters including 7 (brace-to-
chord thickness ratio), y (chord wall slenderness ratio), f (brace-to-chord diameter ratio), 6 (brace
inclination angle), and # (ring width to chord diameter ratio) on the SCFs at crown, toe, and saddle
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positions on the chord side of central and outer braces. Based on the results of internally ring-
stiffened DKT-joint FE models, verified against experimental and numerical data, an SCF
database was prepared. Afterwards, a new set of SCF parametric equations was established, based
on nonlinear regression analyses, for the fatigue design of two-planar tubular DKT-joints
reinforced with internal ring stiffeners subjected to axial loading. The reliability of proposed
equations was evaluated according to the acceptance criteria recommended by the UK Department
of Energy [2].

2. Literature survey
2.1 SCFs in unreinforced tubular joints

2.1.1 SCFs in unreinforced uniplanar connections

For the study of SCFs in various uniplanar tubular joints, the reader is referred to [3], [4], [5],
[6], [7] for the SCF calculation at the saddle and crown positions of simple uniplanar T-, Y-, X-,
K-, and KT-joints; and [8], [9], [10], [11] for the SCF determination in overlapped uniplanar joints,
among others. For the study of SCF distribution along the weld toe in uniplanar tubular joints, the
reader is referred for example to [12, 13] for K-joints; [14, 15] for T-, Y-, X-, and DT-joints; [16,
17], [18] for T- and K-joints; [19], [20], [21] for KT- and DKT-joints; and [22] for T-joints.

2.1.2 SCFs in unreinforced multi-planar connections

For the SCF studies in multi-planar joints, the reader is referred to [23] and [24] for the SCF
calculation in XX-joints; [25] for the SCF determination in KK-joints; [26] for the study of SCFs
in DT-joints; [27] for the study of SCFs in XT-joints; [28, 29], [30], and [31] for the investigation
of SCFs in multi-planar KT-joints under axial loads; [32] for the SCF determination in
unreinforced XT-joints subjected to out-of-plane bending (OPB) moment loadings; and [33] for
the analysis of SCFs in two-planar tubular joints of OWTs, among others.

2.2 SCFs in reinforced tubular joints

2.2.1 SCFs in reinforced uniplanar connections

For the SCF calculation at saddle and crown positions of stiffened tubular joints, the reader is
referred for example to [34] for ring-stiffened T-joints; [35] for doubler-plate reinforced T-joints;
[36] for rack-plate reinforced joints; [37] and Ahmadi and Zavvar [38] for ring-stiffened KT-joints
subjected to in-plane bending (IPB) moment and OPB moment loadings; [39] for concrete-filled
joints.

Ahmadi et al. [40, 41] investigated the SCF distribution along the weld toe of central and outer
braces in tubular KT-joints reinforced with internal ring stiffeners and proposed a set of parametric
equations to calculate the SCFs along the brace-to-chord intersection in internally ring-stiffened
KT-joints subjected to axial loading. Nassiraei and Rezadoost [42-45] investigated the stress
concentration in tubular T/Y- and X-joints retrofitted with fiber-reinforced polymer (FRP)
composites subjected to axial and bending loads. Nassiraei and Rezadoost [46, 47] studied the
SCFs in tubular T-joints stiffened with external rings subjected to axial and bending loads. Zavvar
and Guedes Soares [48] investigated the SCFs in FRP strengthened uniplanar DK T-joints.
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2.2.2 SCFs in reinforced multi-planar connections

Woghiren and Brennan [49] developed a set of parametric equations to predict the SCFs at
critical positions along the brace-to-chord intersection in two-planar tubular KK-joints reinforced
with rack plates. Ahmadi et al. [S0] conducted a comprehensive stress concentration analysis on
internally ring-stiffened tubular KK-joints.

2.3 Other SCF-related studies in various tubular joints

For other SCF-related investigations such as probabilistic and reliability studies, the reader is
referred for example to [S1], [52], [53], [54], [55], [56], [57], [58], [59], [60].

2.4 Study of ultimate strength, degree of bending (DoB), and local joint flexibility (LJF)

Azari-Dodaran et al. [61, 62] and Azari-Dodaran and Ahmadi [63] studied the ultimate strength
of axially loaded K- and KT-joints at fire-induced elevated temperatures. Nassiraei [64-68]
investigated the ultimate strength of tubular T/Y- and X-joints reinforced with collar plates at
ambient and elevated temperatures based on deterministic and probabilistic approaches.

Zavvar et al. [69] published a comprehensive review on the analysis of tubular joints in marine
structures. Ahmadi and Asoodeh [70] investigated the DoB in tubular K-joints subjected to OPB
loadings. Nassiraei et al. [71] and Nassiraei [72] studied the DoB values for X-joints retrofitted
with FRP composites.

Ahmadi and Ziaei Nejad [73] investigated the LJF in two-planar DK-joints of OWTs subjected
to axial loading. Nassiraei [74-77] studied the LJF in T/Y- and X-joints stiffened with collar and
doubler plates. Ahmadi and Akhtegan [78] and Ahmadi and Akbari Niri [79] investigated the LJF
in three-planar T- and Y-joints in offshore structures.

2.5 Remarks

It can be clearly concluded from Sects. 2.1-2.4 that, over the past five decades, significant
effort has been devoted to the study of SCF, ultimate strength, DoB, and LJF in various
unstiffened tubular joints including both uniplanar and multi-planar connections. Albeit the
majority of these studies are on uniplanar joints. However, the study of SCFs in stiffened joints is
rather limited. It is also evident that in the case of stiffened joints, almost all available research
reports are on the SCFs in uniplanar connections and the studies on the SCFs in multi-planar
stiffened joints are quite rare. Despite the application of two-planar tubular DKT-joints reinforced
with internal ring stiffeners in the design of offshore jacket-type structures, the SCFs in internally
ring-stiffened DKT-joints have not been investigated and no design equation is currently available
to determine the weld-toe SCFs in this type of joint.

3. FE modeling

3.1 Internal ring stiffeners

The simplest and most accurate way to model the interaction between the chord and the
stiffener is to glue their volumes during the geometrical modeling by which the generated mesh for



88 Hamid Ahmadi, Haleh Dasti

these volumes will be automatically merged. However, this straight-forward method is not
applicable in the present study. The reason is that gluing the volumes of the chord and the stiffener
during the geometrical modeling will produce serious problems in generating a high-quality mesh
around the brace-to-chord intersection. Consequently, due to the poor quality and irregularity of
the generated mesh along the brace-to-chord intersection, it is almost impossible to accurately
determine the extrapolated stresses (HSSs) along the intersection based on the stresses
perpendicular to the weld toe. In such a situation, only the SCF at the saddle position may be
extracted accurately. In the present study, to resolve this issue, the chord and stiffener were
meshed separately and then the ANSYS contact capability was used to define the interaction
between them. In problems involving contact between two boundaries, one of the boundaries is
conventionally established as the “target” surface and the other as the “contact” surface. In this
study, the outer surfaces of the rings were introduced as the target surface and inner surface of the
chord was established as the contact surface. Flexible-to-flexible surface-to-surface contact
elements were used to simulate the interaction. The augmented Lagrange method was used as the
contact algorithm and the behavior of the contact surface was defined to be always bonded.
Contact was set to be detected on Gauss points and be automatically adjusted to close the gap and
reduce the penetration.

For axial loading, the most effective position for ring stiffeners has been found to be the middle
half of the plug [34]. However, the use of a single stiffener at the saddle position is not
recommended since it produces a region of high local stiffness through which a high proportion of
the load is transferred causing high SCFs on the chord and brace side [36]. Hence, as shown in Fig.
1, three ring stiffeners were used for each brace member in all models: One at the saddle position
and the other two at the crown positions. To avoid high stress concentrations in the stiffener,
thickness of the stiffener (z;) should not be less than the brace wall thickness (). On the other hand,
according to [34], the inertia moment of the stiffener, in the radial direction of the chord, is the
main factor in controlling the SCFs. This result suggests that using thin tall stiffeners can lead to
optimum SCF values. Hence, the stiffener thickness was designated to be equal to the brace wall
thickness in all models of the present study.

3.2 Weld profile

Accurate modeling of the weld profile is one of the most critical factors affecting the accuracy
of SCF results. Therefore, the weld sizes must be carefully included in the FE modeling. Several
research works has been carried out on the study of the weld effect. For example, the reader is
referred to [80], [81], [82], among others. It was found that the fatigue strength of the joint can be
underestimated by 20% compared to the experimental data when the weld is not considered [83].

In the present study, the welding size along the brace-to-chord intersection satisfies the AWS D
1.1 [84] specifications. According to these specifications, the weld sizes at the crown, saddle, toe,
and heel positions can be determined as follows

H (mm)=0.85¢(mm)+4.24

; _1[135 —y (deg) (1)
v 45°
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The parameters used in Eq. (1) are defined in Fig. 2. The dihedral angle (y) which is an
important parameter in determining the weld thickness is defined as the angle between the chord
and brace surface along the intersection curve. Details of the weld profile modeling according to
[84] have been presented by Ahmadi et al. [85].

It should be noted that attempts to produce an improved as-welded profile often result in over-
welding. Consequently, the actual weld size, typical of yard practice, is usually different from the
nominal weld size recommended by AWS D 1.1 [84]. For the correction of SCFs to consider the
actual position of the weld toe, the reader is advised to follow the recommendations of Sect.
B.8.3.2 of API RP 2A [1].
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Figure 2 (a) Definition of the dihedral angle, (b) Weld dimensions at the saddle position, (c) Weld
dimensions at the crown position, (d) Weld dimensions at the toe position and (¢) Weld dimensions at the
heel position
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Figure 3. Half of the entire two-planar tubular DKT-joint required to be modeled under studied axial
loading condition

Considering the effect of possible weld defects, it should be noted that for fatigue design
purposes, the hot-spot stress (HSS) method has been quite efficient and popular in which the local
weld effects such as the sharp notch, undercut and crack-like defects at the weld toe are included
in the S-N curve. According to this method, the nominal stress at the joint members is multiplied
by an appropriate SCF to provide the HSS at a certain location. HSSs are calculated at various
positions around the weld and the maximum HSS range (S) is determined. Then, the fatigue life of
the joint is estimated through an appropriate S-N fatigue curve, N being the number of load cycles.
The HSS range concept places different structural geometries on a common basis, enabling them
to be treated using a single S-N curve. The basis of this concept is to capture stress (or strain) in
the proximity of the weld toes, which characterizes the fatigue life of the joint, but excludes the
stress increase due to the local notch of the weld toe. As stated before, the local weld notch effects
are included in the S-N curve.

3.3 Boundary conditions

In offshore structures, the chord end fixity conditions of tubular joints may range from almost
fixed to almost pinned with generally being closer to almost fixed [4]. In practice, the value of the
parameter a in over 60% of tubular joints is in excess of 20 and is bigger than 40 in 35% of the
joints [86]. Changing the end restraint from fixed to pinned results in a maximum increase of 15%
in the SCF at the crown position for joints with a = 6, and this increase reduces to only 8% for a =
8 [13]. In the view of the fact that the effect of chord end restraints is only significant for joints
with a < 8 and high £ and y values, which do not commonly occur in practice, both chord ends
were assumed to be fixed, with the corresponding nodes restrained.
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Due to the symmetry in geometry and loading of the joint, only half of the entire internally
ring-stiffened tubular DKT-joint is required to be modeled to reduce the computational time (Fig.
3). Appropriate symmetric boundary conditions were defined for the nodes located on the
symmetry planes.

3.4 Mesh

Both shell and 3D solid (brick) elements are commonly used for the FE analysis. The choice of
element type for the analysis depends on the geometry of the joint and the purpose for which the
results of the analysis are to be used. It must be a compromise between accuracy of representation
and the computer time taken to analyze a particular model [15]. The 3D brick elements can be
used to model the entire tubular joint. Using this type of element, the weld profile can be modeled
as a sharp notch. This method will produce more accurate and detailed stress distribution near the
intersection in comparison with a simple shell analysis. The most important disadvantage for using
shell elements is that this type of element is not suitable to model the weld and consequently some
details of the 3D stresses in the joint are lost. This is the main reason why there are some
discrepancies between the thin shell FE results and those obtained from experimental tests.
However, shell element was used by most researchers in early stages because it is much easier to
generate the mesh and it was less expensive in computer time to compute the stresses in the
tubular joints. Nowadays, the advances in the technology of computer processors lead to a
considerable reduction in the computer time needed to analyze solid models. It is worth
mentioning here that for certain applications which require detailed information in the vicinity of
the weld and through the wall thickness of the members, such as fracture mechanics studies of
small cracks in tubular joints, solid elements are essential.

In the present study, ANSYS element SOLID95 was used to model the chord, braces, rings,
and weld profiles. This element type has compatible displacements and is well-suited to model
curved boundaries. It is defined by 20 nodes having three degrees of freedom per node and may
have any spatial orientation.

To guarantee the mesh quality, a sub-zone mesh generation scheme was used during the FE
modeling. The entire structure was divided into several zones according to computational
requirements. The mesh of each zone was generated separately and then the mesh of the entire
joint was produced by merging the meshes of all the sub-zones. This scheme can feasibly control
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the mesh quantity and quality and avoid badly distorted elements. The mesh generated by this
procedure for an internally ring-stiffened tubular DKT-joint is shown in Fig. 4.

As mentioned earlier, to determine the SCF, the HSS at the weld toe should be divided by the
nominal stress of the loaded brace. The stresses perpendicular to the weld toe at the extrapolation
points are required to be calculated to determine the stress at the weld toe position. To extract and
extrapolate the stresses perpendicular to the weld toe, as shown in Figs. 4 and Fig. 5(b), the region
between the weld toe and the second extrapolation point was meshed finely in such a way that
each extrapolation point was placed between two nodes located in its immediate vicinity. These
nodes are located on the element-generated paths which are perpendicular to the weld toe.

To verify the convergence of FE results, convergence tests with different mesh densities were
conducted before generating the 118 FE models for parametric study.

3.5 Analysis and SCF extraction

Static analysis of the linear elastic type is suitable to determine the SCF in a tubular joint [87].
The Young’s modulus and Poisson’s ratio were taken to be 207 GPa and 0.3, respectively.
The weld-toe SCF is defined as

SCF=o0,,/0,, (2)

In Eq. (2), o, is the nominal stress of the axially loaded brace; and o, is the extrapolated
stress at the weld toe position which is perpendicular to the weld toe. Values of o, and o, are
calculated by Egs. (3) and (4), respectively.

o - 4F,
" or|di-(d-u) | (3)

where F, is the applied axial force; and d and ¢ are brace diameter and thickness, respectively.
To calculate the SCF, the stress at the weld toe position should be extracted from the stress
field outside the region influenced by the local weld toe geometry. The location from which the
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stresses must be extrapolated, extrapolation region, depends on the dimensions of the joint and on
the position along the intersection. According to the linear extrapolation method recommended by
IIW XV-E [88], the first extrapolation point must be at 0.47 from the weld toe, and the second
point should lie at 1.07 further from the first point (Fig. 5(a)). Hence, based on the extrapolation
method recommended by [IW XV-E [88], o, in Eq. (2) should be calculated by the following

equation
ow = 140,51 — 040, 5, 4)

where o, and o), are the stresses at the first and second extrapolation points along the

direction perpendicular to the weld toe, respectively.
Stress at an extrapolation point is obtained as follows

o -0
O = % (4 —383) +oyN2s 5

where o, ,; (i =1 and 2) is the nodal stress at the immediate vicinity of the extrapolation point

along the direction perpendicular to the weld toe (Eq. (6)); J; (i = 1 and 2) is the distance between

the weld toe and the considered node inside the extrapolation region (Eq. (7)); and A equals to
0.4T and 1.4T for the first and second extrapolation points, respectively (Fig. 5(b)).

2
o N= lel + O-ymlz + O-anz + Z(Txyllml + Tyzmlnl + sznlll), (6)

6= \/(xw - xn)z + (yw - yn)z + (Zw - Zn)za (7)

In Eq. (6), 0, and 7, (a, b = x, y, z) are components of the stress tensor which can be

extracted from ANSYS analysis results; and /;, m;, and », are transformation components defined
as

Ly = cos(Xy, x);my = cos(Xy,y);ny = cos(Xy,2), ()

where X is the direction perpendicular to the weld toe; and x, y, and z are axes of the global
coordinate system (Fig. 5(b)). These components can be calculated as below

ly = (ow = x0)/8;my = W — Yu) /611 = (20 — 2,) /0, ©)

where (X, , Vu, z») and (xw, Yw, zw) are global coordinates of the considered node inside the
extrapolation region and its corresponding node at the weld toe position, respectively.
At the saddle, crown, toe, and heel positions, Eq. (6) is simplified as

o1y = oymy? + o,n% + 21,myny (Saddle) ; o,y = 0, (Crown, toe, and heel) , (10)

To facilitate the SCF calculation, the above formulation was implemented in a macro
developed in the ANSYS Parametric Design Language (APDL). The input data required to be
provided by the user of the macro are the node number at the weld toe, the chord thickness, and the
numbers of the nodes inside the extrapolation region. These nodes can be introduced using the
Graphic user interface (GUI).

Regarding the type of stress to be used for the SCF calculation, it should be noted that in earlier
studies, SCF calculations were based mostly on the maximum principal stress. Alternatively, the
primary stress defined as the stress normal to the weld toe can be used. According to [7], in crown



94 Hamid Ahmadi, Haleh Dasti

7
7
1
477
7
0

Figure 6. Validating FE model generated for the comparison of results with HSE OTH 354 [6]
experimental measurements

positions of K-joints, primary and principal stresses coincide and differences in saddle positions
are negligible. As stated before, in the present study, primary stress was employed exclusively.

Regarding the extrapolation method to be used for the HSS determination, it should be noted
that Lloyd’s Register has reviewed 67 T/Y-, X-, and K-joints that employed both linear and non-
linear extrapolation of stresses to the brace-to-chord intersection to calculate the HSS. It was
concluded that non-linear extrapolation exceeds linear extrapolation on the chord side for all load
cases by less than 5% irrespective of brace angle [6]. As stated before, the linear extrapolation
method recommended by IIW XV-E [88] was used in the present study.

3.6 Verification

As far as the authors are aware, there is no experimental/numerical data available in the
literature on the SCFs in internally ring-stiffened two-planar tubular DKT-joints that are studied in
the present research. However, a set of related experimental and numerical data is available that
can be used for the verification of present FE models. The method of geometrical modeling
(introducing the chord, brace, stiffener, and weld profile), the mesh generation procedure
(including the selection of element type and size), load application, analysis method, and the
method of SCF extraction were identical for the validating FE models and the DKT-joint models
used for parametric study. Hence, the verification of SCF values derived from validating FE
models with the available experimental/numerical data lends some support to the validity of SCF
values derived from the DKT-joint models of present paper.

3.6.1 HSE OTH 354 [6] experimental data

Experimental data on the SCFs of uniplanar K-joints published in HSE OTH 354 [6] was used
to validate the present FE models. In order to do so, an FE model was generated for a K-joint
having the same geometrical characteristics as the K-4 specimen (Table 1) and the model was
analyzed subjected to balanced axial loading (Fig. 6). Results of verification process are presented
in Table 2 which shows that there is a good agreement between the results of present FE model
and experimental data, where the difference between the results is about 7%.

3.6.2 Numerical results of Nwosu et al. [34]
Nwosu et al. [34] presented a set of numerical results for the estimation of SCFs in axially
loaded uniplanar tubular T-joints reinforced with internal ring stiffeners (Fig. 7). This data was
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Ring stiffeners

Figure 7. Validating FE model to compare the results with the numerical data from Nwosu et al. [34]

Table 1. Properties of uniplanar tubular K-joint used for the verification of present FE model

Joint ID [6] Material Loading type D (mm) T B Y 6 a 4
K-4 Steel Axial 216 0.88 047 135 60° 102 0.11

Table 2. Results of the FE model verification based on HSE OTH 354 [6] experimental data

o SCF .
Position . Difference
Present FE model HSE OTH 354 [6] experimental data

Toe 5.8 54 6.9%

Table 3. Properties of internally ring-stiffened T-joint used for the verification of present FE model

Loading type D (mm) d(mm) 7 (mm) ¢(mm) L(mm) /(mm) w,(mm) ¢ (mm) A*(mm)
Axial 914 457 16 16 2458 1828 100 16 266

*As: Distance between stiffeners

Table 4. Results of the FE model verification based on experimental and numerical data provided by Nwosu
et al. [34]

SCF
Position - Difference
Present FE model Nwosu et al. [34] numerical results
Saddle 8.30 7.30 12.0%
Crown 3.69 4.00 7.7%

used in the present study to validate the generated FE models. To do so, an FE model was
generated for an internally ring-stiffened T-joint having the same geometrical characteristics as an
FE model generated by Nwosu et al. [34] and the model was analyzed subjected to axial loading
(Table 3). Results of verification process are presented in Table 4. There is a good agreement
between the results of present FE model and the data provided by Nwosu et al. [34], where the
average difference is less than 10%.
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833.5

11585

325

Dimensionless geometrical parameters:
7=0.60,y=16.25, f=0.41,7=023,{=0.31,a=12.31

Figure 8. Geometrical properties of the steel uniplanar KT-joint reinforced with internal ring stiffeners
used for the validation of developed FE models [40]

3.6.3 Numerical results of Ahmadi et al. [40]

A validating FE model was generated, and its results were compared with the results of
numerical modeling carried out by the first author on a uniplanar KT-joint reinforced with internal
ring stiffeners (Fig. 8). Results of verification process are presented in Table 5 which shows that
there is a good agreement between the results of present FE model and numerical data provided by
Ahmadi et al. [40] where the average difference is 5.7%.

3.6.4 Experimental results of Ahmadi [89]

Results obtained from a validating FE model were compared with the results of experimental
tests and numerical modeling carried out by the first author on an unstiffened two-planar tubular
DKT-joint (Fig. 9). The geometrical properties of the tested specimen were as depicted in Fig. 8
without the stiffeners. Results of verification process are presented in Table 6. It can be seen that
there is a good agreement between the results of present FE model and experimental data provided
by Ahmadi [89] and the average difference is 5.4%.

Sects. 3.6.1-3.6.4 indicate that generated FE models can be considered to be accurate enough to
provide valid and reliable results.

Table 5. Results of the FE model verification based on numerical data provided by Ahmadi et al. [40] on the
SCFs in a uniplanar KT-joint reinforced with internal ring stiffeners

SCF
Position - - Difference
Present FE model Ahmadi et al. [40] numerical results

Saddle 1.36 1.43 5.1%
Crown 1.35 1.27 6.3%
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(a) Test setup for unstiffened two-planar DKT-joint (c) ta—logging Aevice
Figure 9. Setup of the experimental test on unstiffened two-planar DKT-joint used for the validation of
developed FE models [89]

Table 6. Results of the FE model verification based on experimental data provided by Ahmadi [89] on the
SCFs in an unstiffened two-planar tubular DK T-joint

SCF
Position - - Difference
Present FE model Ahmadi [89] experimental data
Saddle 4.43 4.82 8.8%
Crown 2.97 3.03 2.0%

4. Geometrical effects on the SCFs
4.1 Details of parametric study

In order to study the SCFs in two-planar tubular DKT-joints reinforced with internal ring
stiffeners subjected to axial loading (Fig. 1), 118 models were generated and analyzed using the
FE software, ANSYS. The objective was to investigate the effects of non-dimensional geometrical
parameters on the chord-side SCFs at various positions along the weld toe.

It should be noted that only the brace members were loaded, and no axial loading was applied
to the chord member. According to Sect. B.8.3.1 of API RP 2A [1], although nominal cyclic
stresses in the chord member also contribute to fatigue loading, their contribution is usually small.
The reason is that, unlike brace loading, chord loading does not cause any significant local
bending of the chord walls. Hence, any stress raising effects are minimal. The effect of nominal
cyclic stresses in the chord member may be covered by including the stress due to axial load in the
chord can member, with SCF = 1.25, at the chord crown location only, accounting for sign and
phase differences with other brace load effects. Contributions at other locations, namely at the
saddle and the brace side are considerably smaller and may be neglected. For the special case of a
structure in which the cyclic loads in the chords dominate, the braces can be regarded as non-load
carrying attachments and checked with an appropriate S-N curve.
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Table 7. Values assigned to dimensionless parameters

Parameter Definition Value(s)
F; d/D 0.3,0.4,0.5
¥ D/2T 12, 18,24
T t)T 0.4,0.7, 1.0
6 Brace inclination angle 30°, 45°, 60°
1 w, /D 0.1,0.15, 0.2
¢ g/D 0.3
a 2L/D 16
ap 21/d 8

Different values assigned for parameters S, y, 7, 6, and # are presented in Table 7. These values
cover the practical ranges of the dimensionless parameters typically found in tubular joints of
offshore jacket structures.

Providing that the gap between the brace members is not very large, the relative gap ({ = g/D)
has no considerable effect on the SCF values. The validity range for this conclusion is 0.2 < {<0.6
[19]. Hence, a typical value of {= 0.3 was designated for all joints.

A sufficiently long chord greater than six chord diameters (i.e. o > 12) must be used to ensure
that the stresses at the brace-to-chord intersection are not affected by the end condition [4]. Hence,
in this study, a realistic value of a = 16 was designated for all the models. The brace length has no
effect on SCFs when the parameter o3 is greater than a critical value [14]. This critical value is
about 6 [90]. In the present study, to avoid the effect of short brace length, a realistic value of az =
8 was assigned to all joints.

The 118 generated models span the following ranges of geometric parameters

03<p<05
12<y<24
04<7<1.0 2)
30°<6<60°
0.1<17<0.2,

4.2 Effects of parameters z, £, y, 6, and  on SCF values

Parameter 7 is the ratio of brace thickness to chord thickness and y is the ratio of radius to
thickness of the chord. Hence, the increase of the 7 in models having constant value of y results in
the increase of the brace thickness. Four charts are given in Fig. 10, as an example, depicting the
change of chord-side SCFs at crown 0 and crown 180 positions (Fig. 1) due to the change in the
value of 7 and the interaction of this parameter with y. A large number of comparative charts were
used to study the effect of 7 on the SCFs and only four of them are presented here for the sake of
brevity. Results showed that the increase of 7 leads to the increase of SCFs at all the considered
positions. This result is not dependent on the values of other geometrical parameters.

Parameter f is the ratio of brace diameter to chord diameter. Hence, the increase of £ in models
having constant value of chord diameter results in the increase of brace diameter. Fig. 11
demonstrates the change of SCFs at compressive toe and tensile toe positions (Fig. 1) due to the
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Stress Concentration Factor
Stress Concentration Factor

Stress Concentration Factor
Stress Concentration Factor

(c) Crown 180° - #=0.3 (d) Crown 180° - £=0.5
Figure 10. The effect of 7 on the SCFs and its interaction with y (8 = 30°, # = 0.15)

change in the value of £ and the interaction of this parameter with 6. Through investigating the
effect of f on SCFs, it can be concluded that the increase of S generally leads to the increase of
SCFs at the considered positions.

Parameter y is the ratio of radius to thickness of the chord. Hence, the increase of y in models
having constant value of the chord diameter means the decrease of chord thickness. Four charts are
presented in Fig. 12 depicting the change of SCFs at crown 0" and crown 180 positions (Fig. 1)
due to the change in the value of y and the interaction of this parameter with f. It was observed
that the increase of y results in the increase of SCFs at the considered crown, toe, and saddle
positions.

The parameter 6 is the brace inclination angle. Fig. 13 shows the change of SCF values at
compressive toe and tensile toe positions (Fig. 1) due to the change in the value of & and the
interaction of this parameter with y. Results show that the increase of § leads to the increase of the
SCF. This result is not dependent on the values of other geometrical parameters.

The parameter 7 is the ratio of the stiffener width to the chord diameter. Hence, the increase of
7 in models having constant value of the chord diameter means the increase of the stiffener width.
Fig. 14 shows the change of the SCF values at crown 0" and crown 180" positions (Fig. 1) due to
the change in the value of # and the interaction of this parameter with z. Results show that the
increase of # leads to the decrease of SCFs at all the considered positions.
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B=03

B=0.5
(c) Tensile Toe - y=12,7=0.4 (d) Tensile Toe - y=24,7=0.7
Figure 11. The effect of § on the SCFs and its interaction with 8 (y = 0.15)

4.3 Remarks on the biggest and smallest SCF values

By comparing the SCFs at the positions considered, it can be concluded that
SCFcis30 > SCFco> SCFcr> SCFrr> SCFis> SCFos, (12)

where SCFcis0, SCFco, SCFcr, SCFrr, SCFis, and SCFos denote the SCF values at the crown 180,
crown 0°, compressive toe, tensile toe, inner saddle, and outer saddle positions, respectively (Fig.
1).

It should be noted that a limit on minimum SCF is necessary for conservative design of tubular
joints under fatigue loading. A limit of SCF = 1.5 is recommended for simple tubular joints by API
RP 2A [1], UEG [91], Smedley and Fisher [86], [15]. Efthymiou and Durkin [92] proposed that
the limit of minimum SCF for overlapping joints could be lowered to 1.0 for the chord-side SCFs.

4.4 Remarks on the effects of stiffeners on SCFs
The SCF values in unstiffened and internally ring-stiffened DKT-joints are compared in Fig. 15

indicating that there is a significant difference between the SCF values in two-planar KT-joints
with and without internal ring stiffeners. It can be clearly observed that the internal ring stiffeners
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Stress Concentration Factor

B=05

B=03

y=12
y=24 y=24

(¢) Crown 180° -7=10.7 (d) Crown 180° -7=1.0
Figure 12. The effect of y on the SCFs and its interaction with 8 (6 = 30°, = 0.15)

can significantly reduce the SCFs in DKT-joints which consequently leads to considerable
increase in the fatigue life of tubular joint. For example, the SCF value at the crown 180" position
of a sample stiffened joint model (7 = 0.1, 8 = 0.4, y = 24, t = 0.7, 0 = 45") is 4.8 times the SCF
value at the crown 180 position of the corresponding unstiffened joint. Hence, it can be concluded
that for axially loaded ring-stiffened DKT-joints, the parametric formulas of unstiffened DKT-
joints are not applicable for the SCF prediction, since such formulas lead to highly over-predicting
results. Consequently, developing a set of specific parametric equations for the SCF calculation in
internally ring-stiffened DKT-joints subjected to axial loading would be beneficial for design
purposes.

5. Derivation of design equations to calculate the SCFs
Four individual parametric equations are proposed in the present paper, to calculate the SCFs at

the crown 0°, crown 180°, compressive toe, and tensile toe positions on the weld toe of two-planar
tubular DKT-joints reinforced with internal ring stiffeners subjected to axial loading (Fig. 1).
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Stress Concentration Factor
Stress Concentration Factor

6 =60° 6 =60°

Stress Concentration Factor
Stress Concentration Factor

0=60° 0=60°
(c) Tensile Toe -7=0.7 (d) Tensile Toe - 7= 1.0
Figure 13. The effect of 6 on the SCFs and its interaction with y (= 0.3, # = 0.15)

Since the values of SCF at the inner saddle and outer saddle positions are usually less than unity,
no parametric equation is required for these positions and a minimum value of 1.0 can be adopted
for design purposes.

Results of multiple nonlinear regression analyses performed by SPSS were used to develop
these parametric SCF design formulas. Values of dependent variable (i.e., SCF) and independent
variables (i.e., f, 7, 7, 6, and #) constitute the input data imported in the form of a matrix. Each row
of this matrix involves information about the SCF value at a considered position on the weld toe of
an internally ring-stiffened two-planar tubular DK T-joint having specific geometrical properties.

When the dependent and independent variables are defined, a model expression must be built
with defined parameters. Parameters of the model expression are unknown coefficients and
exponents. The researcher must specify a starting value for each parameter, preferably as close as
possible to the expected final solution. Poor starting values can result in failure to converge or in
convergence on a solution that is local (rather than global) or is physically impossible. Various
model expressions must be built to derive a parametric equation having a high coefficient of
determination (R?).

The following parametric equations are proposed, after performing a large number of nonlinear
analyses, for the calculation of chord-side SCFs at the crown 0°, crown 180°, compressive toe, and
tensile toe positions in two-planar tubular DKT-joints reinforced with internal ring stiffeners
subjected to axial loading (Fig. 1).
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(c) Crown 180° - 0 =45° (d) Crown 180° - 6 = 60°
Figure 14. The effect of # on the SCFs and its interaction with 7 (£ =10.3, y = 12)

Crown 0° position:
SCFCO - 0.68Sﬁ0'291'}/0'1661'1'03877_0'5069_0'052

- 0s(0.3088 + 1.036y — 1.1027 + 0.407n + 0.8120) ; R? = 0.825, (13)

Crown 180° position:
SCFc1go = 0.7464039y 0741,/ 72784 =0.386(1.199

14
- cos(—0.084p + 1.033y — 0.474t — 0.232n — 0.6216) ; R? = 0.824, (14)
Compressive toe position
SCFCT — 0.65B1.063 ]/_0'3181'0'6587]_0'58792'275
- (—8.8998 + 0.199y — 0.8237 + 0.12n — 13.4526 + 19.705) ; R? = 0.902, (13)

Tensile toe position:
SCFTT — 0.016,80'175)/0'4771'0'5607]_0'7979_0'722

- (1.5078 + 0.003y — 1.9967 — 5.17 + 8.3530 — 2.025) ; R? = 0.962, (16)
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Figure 15. Comparison of SCF values in unstiffened and internally ring-stiffened DKT-joints (£ =0.4, y =

Table 8. Results of equation assessment according to the UK Department of Energy [2] acceptance criteria

. Conditions o
Proposed equation Decision
%P/R <0.8 %P/R > 1.5
Eq. (13) 2.5% < 5% OK. 5.9% < 50% OK. Accept
Eq. (14) 1.7% < 5% OK. 2.5% < 50% OK. Accept
Eq. (15) 4.2% < 5% OK. 0.8% < 50% OK. Accept
Eq. (16) 6.8% > 5% 6.8% < 50% OK. Revise

Dimensionless parameters used in Eqgs. (13)-(16) are defined in Fig. 1. SCFco, SCFcis0, SCFcr,
and SCFrr denote the SCF values at the crown 0, crown 180", compressive toe, and tensile toe
positions, respectively, as shown in Fig. 1. Values obtained for R* are acceptable considering the
complex nature of the problem. The validity ranges of dimensionless geometrical parameters for

the developed equations are given in Eq. (11).

In Fig. 16, the SCF values predicted by proposed equations are compared with the SCFs
extracted from FE analyses. It can be seen that there is a good agreement between the results of

proposed equations and numerically computed values.

The UK Department of Energy [2] recommends the following assessment criteria regarding the
applicability of the commonly used SCF parametric equations (P/R stands for the ratio of the
predicted SCF from a given equation to the recorded SCF from test or analysis):

e For a given dataset, if % SCFs under-predicting < 25%, i.e. [Y%P/R < 1.0] £ 25%, and
if% SCFs considerably under-predicting < 5%, i.e., [%P/R < 0.8] < 5%, then accept the
equation. If, in addition, the percentage SCFs considerably over-predicting < 50%, i.e.,
[%P/R > 1.5] 250%, then the equation is regarded as generally conservative.
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SCF Value Obtained from Eq. (13)
SCF Value Obtained from Eq. (14)

0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
SCF Value Extracted from FE Analysis SCF Value Extracted from FE Analysis
(@) (b)

SCF Value Obtained from Eq. (15)
SCF Value Obtained from Eq. (16)

0 05 1 15 2 25 3 0 05 1 15 2 25 3
SCF Value Extracted from FE Analysis SCF Value Extracted from FE Analvsis
(©) (d)
Figure 16. Comparison of 118 SCF values calculated by each of the proposed equations with the
corresponding SCFs extracted from the FE analysis: (a) Eq. (13), (b) Eq. (14), (¢) Eq. (15) and (d) Eq.
(16)

e If the acceptance criteria is nearly met i.e., 25% < [%P/R < 1.0] £ 30%, and/or 5% <
[%P/R < 0.8] £ 7.5%, then the equation is regarded as borderline and engineering judgment
must be used to determine acceptance or rejection.

e Otherwise reject the equation as it is too optimistic.

In view of the fact that for a mean fit equation, there is always a large percentage of under-
prediction, the requirement for joint under-prediction, i.e., P/R < 1.0, can be completely removed
in the assessment of parametric equations [93]. Assessment results according to the UK
Department of Energy [2] criteria are presented in Table 8.

For example, we had 118 SCF values at the crown 0° position extracted from the numerical
analysis of 118 FE models which means that we had 118 R values at the tensile toe position. We
also had 118 SCF values obtained from Eq. (13) based on the dimensionless geometrical
parameters of 118 generated FE models meaning that we also had 118 P values. Hence, altogether
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we had 118 P/R values at the crown 0° position that only three of them were smaller than 0.8
resulting in [%P/R < 0.8] = 3/118 = 0.0254 = 2.5% which is the number mentioned in the second
column of Table 8.

Table 8 shows that Egs. (13)-(15) satisfy the criteria recommended by the UK Department of
Energy, but Eq. (16) requires revision. To revise Eq. (16), the SCF values calculated from this
equation were multiplied by a coefficient in such a way that the obtained SCF set satisfies the UK
DoE acceptance criteria. This idea can be expressed as follows

Design Factor = SCFpesign / SCFEq, (17)

where the values of SCFgq are calculated from the proposed equation and the values of SCFpesign
are expected to satisfy the UK DoE criteria.

Multiple comparative analyses were carried out to determine the optimum value of the design
factor. Results showed that the optimum design factor for Eq. (16) is 1.07. Hence, the following
equations should be used for design purposes.

Design Factor = SCFpesign / SCFEq, (18)

SCFDesign: 1.07 x SCFEq_(m) . (19)

6. Conclusions

Results from 118 validated FE models were used to quantify the influence of key geometric
parameters on chord-side SCFs at the crown, toe, and saddle positions of internally ring-stiffened
two-planar tubular DKT-joints under axial loading. Based on the analyses, four parametric
equations were developed for fatigue design applications. The main conclusions are as follows:

e Increasing 7, 8, y, and 6 increases SCFs along the weld toe, whereas increasing # reduces SCFs
at all considered locations.

e For arbitrary joint geometries under axial loading, the maximum and minimum SCFs occur at
the crown (180°) and outer saddle positions, respectively.

e Internal ring stiffeners significantly reduce SCFs compared to unstiffened DKT-joints, leading
to improved fatigue performance. Therefore, existing parametric formulas for unstiffened
DKT-joints are not applicable to ring-stiffened configurations, as they substantially
overpredict SCFs.

e The proposed parametric equations demonstrate high coefficients of determination and satisfy
the acceptance criteria of the UK Department of Energy, confirming their reliability for SCF
prediction and fatigue design of axially loaded, internally ring-stiffened two-planar tubular
DKT-joints.
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Nomenclature

DoB Degree of bending

DoE Department of Energy

FE Finite elements

HSS Hot-spot stress

IPB In-plane bending

LJF Local joint flexibility

OPB Out-of-plane bending

SCF Stress concentration factor

Outer diameter of the brace

Outer diameter of the chord

Axial force of brace

Gap

Chord length

Coefficient of determination

Brace wall thickness

Chord wall thickness

Ring width

Direction perpendicular to the weld toe
Chord slenderness ratio (= 2L /D)

Brace slenderness ratio (= 21/d)
Brace-to-chord diameter ratio (= d/D)
Ring width to chord diameter ratio (= wg/D)
Chord wall slenderness ratio (= D /2T)
Dihedral angle

Extrapolated geometric stress at weld toe
Stress at extrapolation point normal to weld toe
Nominal stress

Brace-to-chord thickness ratio (= t/T)
Brace inclination angle

Relative gap (= g/D)
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