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Abstract.  In this study, the SCFs in tubular T-joints stiffened with external ring under axial load are studied
and discussed. After verification of the present numerical model with the results of several available
experimental tests, 156 FE models were generated and analyzed to parametrically evaluate the effect of the
joint geometry and the ring geometry on the SCFs. Results indicated that the SCF of the stiffened T-joints at
crown point can be down to 24% of the SCF of the corresponding un-reinforced joint at the same point. Also,
the effect of the ring on the SCF at saddle point is more remarkable than the effect of the ring on the SCF at
crown point. Moreover, against un-reinforced joints under axial load, the SCF at saddle point of the stiffened
joint is smaller than the SCF at crown point of that stiffened joint. The ring results in the redistribution of
stresses in the ring and metal substrate. Also, the effect of the ring thickness on the decrease of the SCFs is
slight and can be ignored. In final step, the geometric parameters affecting the SCFs of the stiffened T-joints
are analyzed by multiple nonlinear regression analyses. An accurate formula is proposed for determining the
SCFs.
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1. Introduction

Circular hollow section (CHS) members are generally applied as the main components in
offshore tubular structures such as jacket-type platforms. The CHS members are connected to form
a tubular joint. The intersection between the tubular joints is always prone to high-stress
concentration because of its geometric complexity and welding defects (Mohamed ef al. 2022).
Under the operating conditions and climatic hazards on the site of the offshore structures, such as
cyclic loads induced by wind and sea waves, fatigue failure becomes the main cause of the collapse
in the absence of accidents (Xu et al. 2022). To evaluate the fatigue life of tubular joints, the
conventional method of combining hot spot stress (HSS) with a suitable S—N curve is widely applied.
Generally, the hot spot stress (HSS) can be calculated by multiplying the SCF by the normal stress
in the brace. Afterward, precise prediction of SCF is of primary importance for assessing the fatigue
life of tubular joints (Pan et al. 2022).

Several works are conducted on the SCF of un-reinforced tubular T-, Y-, and X-joints. For
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example, JISSP (1986), Kratzer (1981), Swensson and Yura (1986), United Kingdom offshore steels
research project (1980), and Wordsworth (1979) carried out some experimental tests on this matter.
Also, Chang and Dover (1999) proposed some empirical equations for determining the SCF in un-
reinforced tubular T-joints. The stress distribution in un-reinforced T-joints was studied by Shao
(2007). The effect of the combined axial, bending, and dynamic loading on the SCFs in tubular T-
joints was assessed by N’Diaye et al. (2009). The results showed that the increase of dynamic SCFs
leads to the appearance of fatigue damage, due to cracking at the hot spot stress (HSS) point. The
efficacy of the weld geometries on the SCFs investigated by Hectors and Waele (2021). The results
indicated that the geometry of the weld has a notable effect on the maximum SCF. Gho et al. (2006)
proposed some formulas for calculating the SCF in overlapped thin-walled CHS joints under axial
load. Liu et al. (2002) investigated the stress influence matrix on hot spot stress analysis. N’Diaye
et al. (2009) proved that the tubular joints should be stiffened to ensure sufficient fatigue life for
offshore structures. Also, several works are carried out on stiffened tubular joints. These stiffening
methods include internal rings (Pan et al. 2022, Ahmadi et al. 2022), fiber reinforced polymer
(Nassiraei and Rezadoost 2020, Nassiraei and Rezadoost 2022, Hosseini et al. 2020), collar plates
(Cai and Shao 2011, Nassiraei 2020), Doubler plates (Fung et al. 2002, Nassiraei 2022, Soh and Soh
1995), grout (Shen and Choo 2012), concrete (Musa ef al. 2018, Tong et al. 2019, Xu et al. 2015),
rack/rib (Myers et al. 2001), and ring (Zhu et al. 2017).

It can be concluded that, so far, no experimental/numerical/theoretical work is conducted on the
SCF in T-joints with the external ring under axial load (Fig. 1). Consequently, this is the first
available study on this problem. Investigation on the effect of the joint geometry (z, y, and ) and
ring geometry (ring and Sring) on the SCF is innovation of this paper. Also, proposing a new formula
for determining the SCF in T-joints with outer ring under axial load is innovation of the present study.
On the other hand, the ring can significantly decrease the SCFs. Moreover, it can be used for
reinforcing tubular joint in the structures during both design and operation. However, it should be
noted that under the water it is costly to implement such a retrofit ring.

In this work, in the first step, the details of the FE modeling are introduced. After that, the present
numerical model is validated by the experimental results reported by JISSP (1986), Kratzer (1981),
Swensson and Yura (1986), United Kingdom offshore steels research project (1980), Wordsworth
(1979), Zhu et al. (2017), and Zhao et al. (2020). In the following step, in the parametric study, 156
FE models are produced (Fig. 1). In the next step, using the generated FE models, the effect of the
joint geometry (z, y, and f) and ring geometry (zing and fring) are investigated on the SCFs. In the
final step, for the determining the SCFs in the stiffened T-joints at crown and saddle locations, a
parametric formula is derived. Applicability of the proposed equation is validated based on the
experimental results and the UK Department of Energy (1980) criteria.

2. FE modeling

The weld profile is designed based on the recommendations given by the American Welding
Society (A.W.S) (2015). All FE models are modeled using the SOLID186 element. The element has
20 nodes having three degrees of freedom per node. The meshed joint is shown in Fig. 2.

The element size near the weld is very small. Farther from the weld, a greater element size is
applied together with tetrahedral elements, to obtain an optimized mesh. Also, only one-fourth of
the T-joints were created, because of the symmetry in the geometry and loading conditions. In
addition, the displacements and rotations of both chord ends were fixed.
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Fig. 2 The generated mesh and extrapolation zone

To obtain the SCFs, a linearly static analysis is appropriate (Bao et al. 2022, Nassiraei and
Rezadoost 2021a). The “hot spot” is defined as the location along the weld toe, where the



46 Hossein Nassiraei and Pooya Rezadoost

a) b)
A Stress

[ Weld toe (g, ) Weld toe (o, )

First extrapolation point (6, g1)
—e—

<[—0 Second extrapolation point (g, ;) e

4 . 047 !
Geometric $ :

oint (o
l | ’ | Stress E, 1.0T ~ point (d, z2)
Weld ; (Extrapolation region)

First extrapolation
point (d, 1)

[Tes doerg I

Second extrapolation

L 1

T Chord wall
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extrapolated stress has a peak value (Jiang et al. 2018). Also, the stress component perpendicular to
the weld toe is chosen to carry out the line extrapolation for determining the hot spot stress (HSS),
based on, International Institute of Welding (1IW) (2008), Comité International pour le
Développement et I "Etude de la Construction Tubulaire (CIDECT) (2000), and American Petroleum
Institute (API) (2015). The region from which the stresses have to be extrapolated, the so-called
“extrapolation region” (CIDECT 2000), is shown in Fig. 3. The HSS along joint crossing (Fig. 3)
can be determined as expressed in Eq. (1).

~

o,,= l4o,,- 040 " (1)

Where the o.e1 and o1g2 are the stresses at a distance of A;and A, from the weld toe in the
direction perpendicular to the weld toe, correspondingly. A; and A, are equal to 0.4T and 1.4T,
respectively. They are indicated in Fig. 3. The stress at an extrapolation location can be calculated
by Eg. (2). In Eq. (2), ouniand oynz are the nodal stresses near the extrapolation location along the
vertical direction to the weld toe; 81 and 6 are the intervals between the nodes and the weld toe. The
SCF value can be determined by Eq. (3). In this equation, a is the nominal stress. For a joint under
axial load (F), on can be obtained by Eq. (4). The r and t are the radius and thickness of the brace
member. This method is performed for all 156 FE specimens.

o -0
O :M(Ai _§Z)+O-LN2
6, =9, 2)
SCF =0, /0, o)
F
On = 5 2y

3. Validation of the numerical model

The numerical procedure should be validated with the experimental data. There is no available
experimental/FE/theoretical result in the past works on the SCF in joints with ring. Therefore, the
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Table 1 Geometrical parameters of experimental tests

. D 0 .
Specimen o o Joint & Load type Ref.
p (mm) B y T yp
. . JISSP
S1 508 620 080 203 0.99 90 T, Axial, Un-stiffened (1986)
. . Sadat Hosseini
S2 3283 12.00 0.67 259 1.00 90 T, Axial, Un-stiffened et al. (2020)
s3 152 1350 050 120 052 90 T,Axial, Un-stiffened Uggs(gp
S4 150 16.00 050 240 1.00 45 Y, Axial, Un-stiffened W"(rld;%‘)’“h
X, Compression, Stiffened Zhu et al.
S5 299.8 1205 0.73 1862 1.00 90 with external ring (2017)
X, Tension, Stiffened Zhu et al.
S6 300 12.00 0.51 18.67 1.02 90 with external ring (2020)
Table 2 Material properties of experimental tests
Chord* Brace* External*
Specimen E Fy Fu E Fy Fu E Fy Fu
(GPa) (MPa) (MPa) (GPa) (MPa) (MPa) (GPa) (MPa) (MPa)
S1,S3, 84 207 - - 207 - - - - -
S2 200 385 510 200 383 498 - - -
S5 194 325 466 200 321 489 209 315 436
S6 198 291 - 208 357 - 209 315 -
* In all connections, v is equal to 0.3
Table 3 Comparison between numerical and experimental results
Specimen Position Experimental Test FE Exp/FE
S1 Crown 5.40 4.87 1.11
Saddle 11.40 10.93 1.04
9 Crown 4.97 5.34 0.93
Saddle 26.15 25.92 1.01
S3 Saddle 5.90 5.89 1.00
S4 Saddle 7.50 7.60 0.99
Mean error between experimental and numerical results 0.04

presented experimental tests in Tables 1 and 2 are used. The geometrical details of the tests are listed
in Table 1. In addition, the material properties of the members are listed in Table 2. The numerical
models were carried out and analyzed in ANSYS. Specimens S1 to S4 verify the accuracy of the
SCF calculation at the crown and saddle position and specimens S5 and S6 verify the accuracy of
the modeling and analysis of reinforced joints.

Table 3 lists the SCFs at crown and saddle locations of the un-reinforced tubular joints. It can be
seen that in all 6 locations, the present FE results and experimental data are close. The maximum
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Fig. 4 The comparison between the experimental data and numerical results

and average difference between the SCF of the experimental data and numerical results are equal to
11% and 4%, respectively. Figs. 4(a) and 4(b) present the load-displacement curves for two tubular
joints with the ring under axial load. It can be seen that the FE model can well predict the behavior
of the tubular joints with the ring. Hence, it can be concluded that the present 3-D FE model is
capable of simulating the SCFs of T-joints with and without the ring under axial load with enough
accuracy.

4. Parametric assessment program
4.1 General

156 FE models were created, using the commercial ANSYS software, to assess the efficacy of
the ring thickness (ziing), ring width (Bing), and joint geometry (z, 4, and y) on the SCFs at both crown
and saddle locations in the T-joints without and with the ring under axial load. The weld material is
similar to the material of the members, based on the recommendations of previous research. The
numerical models have been considered with Young’s modulus (E) of 207 GPa and Poisson’s ratio
(v) of 0.3.

4.2 Effectof

Figs. 5(a)-5(f) indicate the change of the SCFs at crown and saddle locations, because of the
variations in the value of z and the ring geometry (fring and zring). Due to this aim, 52 FE specimens
were created and analyzed with four different values of the 7 (z = 0.4, 0.6, 0.8, and 1.0), three diverse
values of Bring (Biing = 0.2, 0.6, and 1.0), and four various values of the zing (zring = 0.5, 1.0, 1.5, and
2.0). It should be noted that Yang et al. (2018) investigated the tubular X-joints reinforced with the
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Fig. 5 Effect of the 7 on the SCFs (y = 28 and = 0.5)

external ring. They investigated up to ting = 1.5. Melek ef al. (2020) studied the effect of the external
ring on the ultimate strength of T-joints. They investigated up to Tring = 1.75. Nassiraei and Rezadoost
(2021Db) investigated the effect of the external ring on the tubular joints. They used the ring up to
Tring = 2. Hence, this range (Ting = 0.5, 1.0, 1.5, and 2.0) is used for investigating the Tsing. In the
following step, the results are compared with their un-reinforced joint results. Fig. 5 shows that in
all joints reinforced with the ring, the increase of the z, in constant chord thickness, causes the strong
raise of the SCFs. To illustrate, in the joints with y = 28, = 0.5, zring = 2, and Sring = 0.2 (Fig. 5(a)),
the SCF for the joints with = 0.6 and 1.0 are equal to 2.77 and 4.56, respectively. Moreover, it can
be observed that the use of the ring can show the remarkable decrement in the SCFs. Because, the
ring enhances the stiffens of the joint intersection against ovalization and local bending of the chord.
Also, the increase of each the ring thickness or the ring width can lead to the decrease in the SCFs.
However, the effect of the ring width on the SCFs is slight. It can be seen that the SCFs in the
reinforced joints at saddle positions (Figs. 5(d)-5(f)) are smaller than 1.5. On the other hand, API
(2015) recommended that for all welded tubular joints under axial loading, a minimum SCF of 1.5
should be applied. Consequently, the SCFs at the saddle points should be considered equal to 1.5.

4.3 Effect of y

In this section, the effects of the y on the SCFs are discussed. A set of 52 numerical models are
generated with four various values of the y, four different values of the zing, and three varied values
of the Siing. After that, the results are compared with the results of corresponding un-reinforced joints.

Figs. 6(a)-6(f) indicates that the use of ring leads to the decrease of the SCFs. Because, the use
of the ring leads to redistribution of stresses in the ring and metal substrate. This phenomenon is
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Fig. 6 Effect of the y on the SCFs (4 = 0.6 and z = 0.5)

more notable at the saddle point. Because the ring is placed in this location. For example, in the
joints with £ = 0.6, 7 = 0.5, y = 16 at crown point (Fig. 6(b)), the SCFs for the reinforced joint (Sring
= 1.0, 7+ing = 2.0) and un-reinforced joint are equal to 2.46 and 2.58, respectively. But, the SCFs in
the same joints at saddle location are equal to 0.27 and 12.49, respectively. Also, it should be noted
that in un-reinforced T-joints under axial load, saddle point is critical. Hence, the ring is a valuable
technique for decreasing in the SCFs and enhancing the fatigue life in the T-joints. In addition, the
results illustrate that the effect of the y on the SCFs is slight. Figs. 6(d)-7(f) show that the SCFs in
the reinforced joints at saddle positions are smaller than 1.5. Hence, according to APl (2015), the
SCFs at the saddle points should be considered equal to 1.5.

4.4 Effect of B

Six charts in Fig. 7 present the SCFs in the un-reinforced and reinforced joins at crown and saddle
locations. For this aim, 52 FE models are generated and analyzed with four various values of the g
(6 =0.2,0.4, 0.6, and 0.8, three different values of the ring width factor (fing = 0.2, 0.6, and 1.0),
and four various values of the ring thickness factor (tring = 0.5, 1.0, 1.6, and 2.0). In the following
stage, the results are compared with their un-reinforced joint results.

The results indicate that the utilization of the ring can lead to the decrease of the SCFs. The
decrement is very more remarkable at the saddle point, lead to than the crown point. Because, the
ring is placed at the saddle location. As shown in Fig. 7, in the un-reinforced joints, the SCFs at
saddle locations are remarkably bigger than the corresponding SCFs at crown points. On the contrary,
in the reinforced joints, the SCFs as saddle points are significantly smaller than the corresponding
SCFs at crown locations. The results show that the effect of the ring the thickness on the SCFs is
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Fig. 7 Effect of the f on the SCFs (y =32 and 1= 0.9)

more remarkable than the effect of the ring width on the SCFs. From Figs. 7(d)-7(f), the SCFs in the
reinforced joints at saddle positions should be considered equal to 1.5. Because, APl (2015)
suggested that for all tubular joints, a minimum SCF of 1.5 should be used.

5. Deriving formula

So far, no equation is existing for determining the SCFs in any joints reinforced with ring. Hence,
a parametric equation is proposed for determining the SCFs in the T-joints with ring under axial
load. To this aim, the statistical evaluation of the SCFs has been done using SPSS V21, and the
following formula is established.

SCFcrown — 50‘5260.0636ring1.317.[.0.9281_rmg—0.003_49.[0.9336’ing1.306+3.6 T0.955V0.106 ; RZ =0.945 (5)
SCFaadie = 1.5 (6)

In Eq. (5), the SCF¢own Shows the SCF in the reinforced joint at the crown location. In Eq. (6),
the SCFsaddle presents the SCF in the reinforced joint at the saddle location. R? indicates the factor
of determination. Its value for the derived formula is regarded to be acceptable. The following ranges
of geometric parameters are valid for the application of Eq. (7).

0.2 <Bring < 1.0,
0.5<ming <2,
0.4<7<1.0,
12<y<28,
02<4<0.8 7
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Table 4 Evaluation of the formula based on the UK DoE (1980) criteria

Proposed formula %P*/M*<0.8 %P/M>1.5
Eq. (5) 1.4% < 5% OK. 0.0% < 50% OK.
*P is the SCF value calculated by the proposed equation and M is the SCF value obtained from the FE analysis
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Fig. 8 Comparison of the SCF ratios predicted by the equation with the SCF ratios extracted from FE
analysis

The UK Department of Energy (1980) suggests the below assessment criteria. In the assessment,
P means the predicted value. M means the measured value.

o [f[P/M <0.8]<5%; and [P/M < 1.0] <25%, the formula is accepted. If moreover, [P/M > 1.5]
> 50%, the formula is taken as generally circumspect.

o If 5% < [P/M < 0.8] < 7.5%, and/or 25% < [P/M < 1.0] < 30%, the formula is taken as
borderline. Consequently, more assessment should be conducted.

o Otherwise, the established equation cannot be approved. Since, it is too optimistic.

Based on the suggestions of Bomel Consulting Engineers (1994), P/R < 1.0 can be eliminated in
the assessment. Evaluating Eq. (5) according to the UK DoE (1980) standard is tabulated in Table
4. As shown, Eq. (5) is accepted.

In Fig. 8, the SCFs extracted by the established formula are compared with the corresponding
values obtained from FE analyses. From the value of R? (R?= 0.945), evaluating the equations based
on the UK DoE (1980) standard, and Fig. 8, it can be seen that the derived formula is accurate
enough to produce reliable results.

6. Conclusions

156 numerical models, verified against several available experimental tests, were produced to
assess the stress concentration factors (SCFs) in the T-joints with ring under axial load. Through
the analyses, the following conclusions were drawn:
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e The present developed FE model is capable of modeling the SCFs in tubular T-joints reinforced
with external ring subjected to axial load with enough accuracy.

e In T-joints reinforced with ring under axial load, against un-reinforced joint, the SCF at saddle
point is significantly smaller than the SCF at crown point.

e The use of the ring can lead to the considerable decrement in the SCFs. Since, the ring enhances
the stiffens of the joint intersection against ovalization and local bending of the chord.

e The increase of each the ring width or the ring thickness can result in a decrease in the SCFs.
But, the effect of the ring width on the SCFs is slight.

e The rise of the z, in fixed chord thickness, leads to the notable increase of the SCFs. However,
the effect of the y on the SCFs is slight.

e For determining the SCF in the reinforced T-joint at crown point, an empirical formula is
proposed. A High determination factor (R? = 0.975), accepting the UK DoE (1980) criteria, and
good match compared to corresponding values in a figure (Fig. 8) indicated that the proposed
formula can be reliably applied for designing and stiffening tubular T-joints. Also, for
determining the SCF in the joints at saddle point, the fixed value 1.5 is suggested. They can be
widely used in the fatigue evaluation of offshore steel structures.
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