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Abstract Fixed offshore platforms have been used for extraction of oil and gas.
These platformswere primarily constructed using steel framesmade of tubular mem-
bers welded at joint or specially fabricated joints. The tubular joints are vulnerable to
fatigue-induced cracks which initiate at joints and may propagate through its design
life. If the platform life is extended depending upon oil and gas availability, the ini-
tial cracks may extend beyond acceptable limits. In recent times, the research on
evaluation of residual strength of cracked tubular connection has been considerably
increasing since the platforms in various oil and gas fields are ageing. To determine
the residual capacity of cracked T-tubular joints, a nonlinear finite element analysis
has been carried out. The FEMmodel of uncracked T joint was validated with exper-
imental result available in literature. The benchmark study has also been made on
uncracked T-joints with a specific d/D, t/T and D/2T and compared with the results
obtained from empirical equations (API RP 2A). The possible crack locations have
been identified using the maximum SCF at crown and saddle points for axial loads.
The cracks are introduced in the maximum SCF locations of tubular joint. The study
has been extended to range of d/D and D/2T . A correlation has been established
between lengths of crack to the residual strength for various crack locations investi-
gated. The residual strength obtained has been compared with reduction factor (BS
7910). It was also found that the residual strength of joints decreases with increase
in D/2T .
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1 Introduction

Fixed offshore platforms have been used for extraction of oil and gas. These platforms
were primarily constructed using steel frames made of tubular members welded at
joints or specially fabricated joints. The tubular joints and members of the steel
structures are subjected to cyclic loading due to wave and wind during its design life.
Further, in some cases, the design life may also be extended due to prolonged period
of production of oil and gas depending on the availability of oil and gas, which also
increases the period of cyclic loading. The tubular joints are vulnerable to fatigue-
induced cracks which may propagate during the lifetime. The joint strength capacity
reduces as the crack length/depth increase in its size and it eventually fails by brittle
fracture or ductile deformation, if repair of the cracks is not carried out on time.

The estimation of residual strength of cracked tubular joints is a subject matter
of interest for decades; two methods are widely accepted as approaches relevant and
appropriate. The first method is based on reduction factor FAR applied to the ultimate
strength and the reduction factor is calculated based onmethod described by BS 7910
[1]. The second method is developed based on failure assessment diagram (FAD) as
described by BS 7910 [1]. The reduction factor approach focuses only on ultimate
strength of cracked tubular joints, whereas the FAD approach focuses on ductile
tearing effect of crack.

Earlier investigations have focused on reduction in joint strength for part through
thickness cracks in T, DT and K joints under axial tension. This resulted in reduction
factor FAR proposed by Burdkein [2], and subsequently the reduction factor FAR had
undergone further modifications by BS 7910 [1]. The plastic collapse capacity (Pu−c)
of cracked tubular joint is predicted by applying this reduction factor FAR to ultimate
capacity of uncracked tubular joint (Pu). In these investigations, the crack locations
were arbitrarily chosen at crown or saddle points of weld toe in the tubular joint and
which extends up to 33%of perimeter of chord brace intersection. In reality, the crack
initiates at the hotspot location of tubular joint and not always at crown or saddle
location. There seems to be some degree of variation in the conservativeness of the
reduction factor, so a penalty factor has been proposed by Lie et al. [3, 4] for residual
static capacity of pre-cracked square hollow section (SHS) joints and tubular joints,
respectively.

The difficulties involved in numerical modelling of cracked tubular joints are
modelling of weld at tubular joint, crack geometry and crack tip singularity
[3, 4]. The T-tubular joints have been considered as specially fabricated joints with-
out welding as stated by Lee [5]. Generally, the cracks are irregular in shape and
vary up to any length [6]. In numerical analysis, the crack tip is considered as sharp
[6] and a regular crack shape needs to be assumed. In order to capture the effects of
crack and crack deformation, appropriate element type and mesh is required [7–9].

There have been extensive studies on element type and mesh techniques to cap-
ture crack tip singularity and crack effects. Previously, the programs like PATRAN,
NASTRAN, ANSYS, PRETUBE and PMBSHELL were used for mesh generation
of cracked tubular joints. Even though automatic mesh generation capabilities are
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available, the necessity of an upgraded mesh generation has been addressed by Lie
et al. [7–9] to capture crack tip singularity and crack effects. To implement upgraded
mesh, improved skill overmeshing strategy is required.The crackproblemshavebeen
solved using virtual crack extension or closure technique [3, 4, 7–9]. The shortcom-
ings of FEM formulation for numerical modelling of crack is overcome by extended
finite elementmethod (XFEM) [10–12]. TheXFEM technique uses enrichment func-
tions for crack modelling. This enrichment function ensures for crack tip singularity
in this analysis. Since XFEM modelling is available in ABAQUS [12] package, this
software package was used for the present study. The residual static strength of
cracked tubular joints has been estimated using nonlinear XFEM and compared with
codal provision of BS 7910 [1].

2 Methodology

2.1 Numerical Modelling of Uncracked Tubular Joints

A typical cross-sectional view of the T-tubular joint is shown in Fig. 1a. The geo-
metrical dimensions of tubular joints are expressed as non-dimensional parameters,
such as diameter ratio β �d/D, thickness ratio τ � t/T and chord slenderness ratio γ=
D/2T,whereD is the chord diameter, d is the brace diameter, t is the thickness of brace
and T is the thickness of chord, respectively. The corresponding non-dimensional
parameters used for the simulation are β �0.3–0.9, τ �0.3, 0.5 and 0.7 and γ �
10, 20, 30 and 40. The chord diameter (D) of the tubular joint is 750 mm. The chord
ends are fixed and the brace end is restrained except in axial direction to allow the
axial loads as shown in Fig. 1b. The actual boundary conditions for the chord ends
are partially fixed as the ends may rotate due to joint flexibility. In order to avoid
short chord effects and stiff joint, the length of chord is assumed as Lc �5D and
the length of brace was taken as Lb �3d. Thus, the non-dimensional chord length
parameter α �2Lc/D becomes 10, which falls within the applicability range of 4–40
as per API RP 2A [13].

The steel material properties used for the simulation is summarised in Table 1. The
material selected is in accordance with the recommendations of API RP 2A [13]. The
nonlinear finite element analysis method is based on arc length (RIKS) as proposed
in reference [14] which is used in the present study and the solution procedure is
available in ABAQUS [12]. This method has been used to determine the ultimate
capacity and deformation of tubular joints. The eight-node brick elements are used as
it will have facility to simulate through thickness crack. To obtain the hotspot stress
around the joint intersection, procedure from DNV-RP-C203 [15] has been adopted,
which requires small element sizes around the joints.

In order to reduce the number of elements, coarse mesh was used away from the
joint and denser mesh around the joint as suggested by Lee [5] and Lie et al. [7–9].
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Fig. 1 a Cross-section view of tubular joints, b boundary conditions of tubular joint

Table 1 Material properties

E (MPa) μ σ y (MPa) σ u (MPa) Elongation (%)

200 × 103 0.3 240 410 20

200 × 103 0.3 345 490 25

The generated mesh is shown in Fig. 2. This varying mesh was surrounded by the
same size of elements around the joint which extends up to 0.8D from the centre
of intersection in chord and up to 0.4D in brace from the chord surface. The limits
used in varying mesh were arbitrary and it was sufficient to cover the length required
to obtain SCF. The numerical model proposed in this paper to evaluate the static
strength of cracked and uncracked joints has been validated using experimental data
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Fig. 2 Meshed geometry of tubular joint with varying element sizes

published in Lie et al. [4] for uncracked tubular joint. Hence, the same numerical
modelling technique has been adopted for both uncracked and cracked tubular joints,
so that the results can be compared.

2.2 Numerical Modelling of Crack in Tubular Joints

The location of pre-crack for simulation has been selected based on the stress con-
centration factor (SCF) obtained from uncracked tubular joints. The hotspot location
was observed in and around saddle position as expected and extends up to 20 mm
for β <0.6. This was due to punching action and ovalizing flexibility of the chord,
the brace member transfers most of the load at saddle position. As the diameter ratio
(β ≥0.6) approaches unity, the brace transfers the load tangentially on to the chord,
thus hotspot location can be observed in crown and saddle with slight deviations.
This can be substantiated by dramatic increase in the ultimate capacity of joints.

The present study focuses on residual strength of small crack length in hotspot and
non-hotspot regions. The crack length used for analysis is summarised in Table 2a, b
for part through and through thickness crack. Since the T-tubular joint is symmetry
in two planes the crack length was considered up to 25% of brace circumference. As
stated earlier, cracks can be modelled in XFEM independent of mesh [10–12]. The
in-built level set method automatically generates the position of crack with respect
to model when the shell is used for representation of crack. It can also be written
in the input file using signed distance (F, �) value for respective nodes. The signed
distance is the distance between the discontinuity (crack) and the nearest nodes. For
example, in a 2D mesh layout (see Fig. 3a), the signed distance value shall be (0.5,
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Table 2 a. Part through thickness crack geometry and crack locations. b. Through thickness crack
geometry and crack locations

Case β γ 2c (mm) a (mm) Cracked
area (mm2)

% of crack
length =2c/πd

Crack tip

(a)

TN12 0.5 20 5 5 19.64 0.4 Crown QP

TN1 0.3 10 5 5 19.64 0.7 Crown

TN5a 0.5 10 13.13 10 103.12 1.1 Saddle

TN8a1 0.8 10 30 18 424.15 1.6 Saddle

TN8a2 0.8 10 30 18 424.15 1.6 Crown

TN4 0.5 10 20 10 187.5 1.7 Crown

TN6a 0.6 10 24 10 188.5 1.7 Crown

TN6a1 0.6 10 30 18 424.15 2.1 Saddle

TN6a2 0.6 10 30 18 424.15 2.1 Crown

TN2a 0.3 10 20 10 157.09 2.8 Saddle

TN3a1 0.4 10 28 18 424.15 3.0 Saddle

TN10a1 0.4 20 30 10 235.62 3.2 Saddle

TN8a3 0.8 10 60 18 848.23 3.2 Saddle

TN8a4 0.8 10 60 18 848.23 3.2 Crown

TN16a 0.3 30 30 7 164.93 4.2 Saddle

TN2a1 0.3 10 30 18 424.15 4.2 Saddle

TN6a3 0.6 10 60 18 848.23 4.2 Saddle

TN6a4 0.6 10 60 18 848.23 4.2 Crown

TN9a1 0.3 20 30 10 235.62 4.2 Saddle

TN8a5 0.8 10 90 18 1272.34 4.8 Saddle

TN8a6 0.8 10 90 18 1272.34 4.8 Crown

TN3a2 0.4 10 54 18 848.23 6.0 Saddle

TN7 0.7 10 100 10 785.4 6.1 Saddle QP

TN10a2 0.4 20 60 10 471.23 6.4 Saddle

TN6a5 0.6 10 90 18 1272.34 6.4 Saddle

TN6a6 0.6 10 90 18 1272.34 6.4 Crown

TN16a2 0.3 30 60 7 326.84 8.5 Saddle

TN2a2 0.3 10 60 18 848.32 8.5 Saddle

TN9a2 0.3 20 60 10 471.23 8.5 Saddle

TN3a3 0.4 10 84 18 1272.34 9.0 Saddle

TN10a3 0.4 20 90 10 766.85 9.5 Saddle

TN16a3 0.3 30 90 7 494.8 12.7 Saddle

TN2a3 0.3 10 90 18 1272.34 12.7 Saddle

TN9a3 0.3 20 90 10 766.85 12.7 Saddle

(continued)
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Table 2 (continued)

Case β γ 2a (mm) b (mm) Cracked
area (mm2)

% of crack
length =2a/πd

Crack tip

(b)

TN15 0.9 20 14.2 37.5 532.5 0.7 Saddle

TN8b 0.5 10 20 37.5 750 1.1 Saddle

TN6b 0.6 10 211.5 37.5 7931.3 12.8 Crown QP

TN3b 0.4 10 141.3 37.5 5298.8 15 Crown QP

TN2b 0.3 10 176.5 37.5 6618.5 25 Saddle

TN5b 0.5 10 294.4 37.5 11038.8 25 Saddle QP

Fig. 3 a Typical 2D Mesh showing nodal distance and crack location, b meshed joint with crack
pre-set location for XFEM analysis

−1.5) at node 1, similarly it can be written for other nodes. The level set method is to
track discontinuity using signed distance function. This was incorporated in XFEM
[12] to track the crack tip with respect to nearby nodes. The jump (Heaviside) and
asymptotic function [12] are used to capture the discontinuity at prescribed nodes
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and crack tip singularities, respectively. These functions are enriched for a radius
equal to 3 times the characteristic element length from the crack tip by default [12].
The complexity of crack is limited by the given three-dimensional shell in XFEM.
Based on SCF, the crack has been assigned at position using three-dimensional shell,
as shown in Fig. 3b. Then, the XFEM method was applied to estimate the residual
static strength and predict the failure using J-integral from elastic and elastic-plastic
analysis.

3 Results and Discussion

3.1 Validation of Numerical Model

The geometric and material properties of joint UT5 used for the validation have been
taken from Lie et al. [4] and the same is summarised in Table 3. The validation
study has been carried out using varying mesh with finer mesh near the footprint of
the brace brick elements. Mesh details and the ultimate capacity obtained from the
simulation are summarised in Table 4 and shown in Fig. 4a, b. The sizes of elements
were varied from 20 to 1.75 mm. This resulted in total number of elements ranging
from 20,000 to 112,290.

The ultimate capacity is defined as the maximum peak load in the load–deforma-
tion diagram, i.e. when joint is loaded in compression from brace end which may
show a maximum peak load before the load carrying capacity reduces for further
deformation. In contrast, there may not be any distinct maximum peak load when
joints are subjected to brace end tension. This was evident from the experiment and
numerical investigation carried out by Lie et al. [4]. Thus, it is necessary to use

Table 3 Joint parameters used for validation

Specimen Brace Chord σ y
(MPa)

σ u
(MPa)

E (MPa) Elongation
d (mm) t (mm) D (mm) T (mm)

UT5 108 6 219 6 290.5 585.8 161.0 25.5%

Table 4 Summary of ultimate strength of uncracked tubular joint (T5)

Joint ID Size of element
(mm)

No. of
elements

Numerical Simulation Pu (kN) Experiment
(Lie et al.)
Pu (kN)Around

joint
Away
from joint

δ/D�
0.03

12.5% 2 TES

UV1 4 20 20,268 197.1 199.2 380 174

UV2 3 20 28,348 196.5 207.4 – 174

UV3 2 20 83,010 204.7 210.0 380 174

UV4 1.75 20 1,12,290 204.7 210.0 380 174
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Fig. 4 a Load (P)—displacement(	) response, b load (P)—chord deformation (δ/D) response

an appropriate criterion to estimate the ultimate capacity for tensile loaded joints.
Several methods exist in literature for the evaluation of ultimate capacity of tubular
joints. The noted one commonly used are listed below:

(a) Twice Elastic Slope (TES) method,
(b) 12.5% maximum principal strain method,
(c) 3% chord displacement method.

TES method uses the intersection of a straight line from origin to the load–de-
flection curve, and the slope of the line is taken as twice the elastic slope (F) taken
clockwise from vertical axis (i.e. load axis). The 12.5% maximum principal strain
method uses the load at 12.5% strain as the ultimate capacity. The strain is taken
as a peak strain at the chord–brace interface locations. The 3% chord displacement
(ovalisation) method uses the load at which the chord displacement becomes 3% of
chord diameter.

Lie et al. [4] have used Twice Elastic Slope (TES) criterion to determine the
ultimate capacity of tensile loaded joints. The ultimate capacity obtained using this
method by Lie et al. [4] for the uncracked tubular joint (UT5) in experiment was
174 kN. The ultimate capacity obtained from numerical simulation by applying TES
criteria was 380 kN in all cases, except in one case. Lee and Dexter [16] predicted
the ultimate capacity for T- and Y-tubular joints (γ>10) using TES. The determined
ultimate capacity usingTESwaswidespreadwhencomparedwith the values obtained
from characteristic equations of codal provisions under brace end tension loads.
Hence, this method seems to be not recommended for the present investigation of
uncracked joints.

The chord ovalisation and first crack were observed by Lee and Dexter [16] on
comparing the BOMEL database at an assumed 12.5% maximum principal strain.
This criterion was consistent and has some physical significance with ISO char-
acteristic equations. Thus, the 12.5% maximum principal strain criterion has been
employed to determine the ultimate capacity in the present study. The ultimate capac-
ity obtained using 12.5% maximum principal strain is varying from 199.2 to 210 kN
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for various simulation IDs (UV1, UV2, UV3 and UV4) with different mesh sizes as
summarised in Table 4.

The other alternative was to use the serviceability criterion based on chord ovality
expressed as δ/D. The serviceability criterion of tubular joints [17] was specified
as 3% deformation limit of chord wall as shown in Fig. 1a. The 3% chord defor-
mation limit could be obtained by normalising the chord wall displacement (δ) at
joint with respect to the diameter of chord (D) and excluding chord beam bending
due to axial load [16, 17]. This 3% deformation limit is represented in Fig. 4b by
drawing solid straight line at (δ/D �0.03) by excluding chord beam bending. The
3% deformation limit could be used only for uncracked joints as cracks should not
occur at serviceability load.

The ultimate capacity estimated using 3% deformation limit varies between 197.1
and 204.7 kN for various cases investigated for the validation study. The brace end
displacement (	b) of 12.07 mm is noted at the ultimate capacity as observed from
Fig. 4a. The brace displacement (	b) was noted as 21 mm at ultimate capacity from
experiments conducted by Lie et al. [5]. The 3% deformation limit (see Fig. 1a)
was calculated by subtracting chord beam bending displacement of (	c�	c1 +
	c2) 5.5 mm. Yura limit [13] was not considered additionally as it was nearby 3%
deformation limit. It can be observed from Table 4 that the values estimated using
12.5% strain and 3% chord deformation limit are reasonably closer to that estimated
from experiments though the difference between them varies 20% to 16.5%, respec-
tively. However, 12.5% strain limit gave consistent results than the 3% deformation
limit, and hence 12.5% strain limit is used in the present study for estimating the
ultimate strength of uncracked joints loaded under tension. It is further noted from
Table 4 that the mesh convergence has been noted between UV3 and UV4 that the
ultimate strength of joint has not changed even though the number of elements has
been increased considerably between UV3 and UV4. Hence, the mesh size for all
the cases in this study is adopted similar to UV3.

3.2 Ultimate Strength Assessment of Uncracked Tubular
Joint

The ultimate capacity of uncracked T-tubular joints for brace end compression and
tension load has been summarised in Table 5 and 6, respectively. The von Mises
stress distribution on uncracked tubular joint under tension and compression loading
is shown in Fig. 5a, b. The brace punch through was observed for tubular joints
loaded under brace end compression as shown in Fig. 5b, whereas the brace pullout
was observed for tubular joints loaded under brace end tension as shown in Fig. 5a.
The non-dimensional parameter Qu has been obtained by dividing the estimated
ultimate capacity with yield stress and square of thickness of chord, as shown in
Eq. 1. This non-dimensional capacity has been compared with that obtained from
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Table 5 Ultimate capacities of uncracked joints loaded under compression

Joint
ID

8 β γ Fy
(Mpa)

Peak
load
(kN)

δ/D �
0.03
(kN)

FE Qu
=Pu/Fy *
T2

API Qu FE/API

TN2 90 0.3 10 240 2810 2810 8.33 6.88 1.21

TN3 90 0.4 10 240 3895 3882 11.50 9.26 1.24

TN5 90 0.5 10 240 5076 4921 14.58 12.04 1.21

TN6 90 0.6 10 240 6649 6392 18.94 15.16 1.25

TN7 90 0.7 10 240 7602 7435 22.03 18.62 1.18

TN8 90 0.8 10 240 8848 8599 25.48 22.41 1.14

TN9 90 0.3 20 240 993.4 820.4 9.47 8.13 1.16

TN10 90 0.4 20 240 1210 1140 13.16 11.06 1.19

TN11 90 0.5 20 240 1620 1536 17.73 18.61 0.95

TN13 90 0.6 20 240 2088 2015 23.26 23.02 1.01

TN14 90 0.8 20 240 3065 3064 35.36 33.04 1.07

TN16 90 0.3 30 345 780 581.4 10.79 8.04 1.34

TN17 90 0.5 30 345 926 909 17.18 14.67 1.17

TN18 90 0.6 30 345 1110 1097 20.59 18.69 1.10

TN19 90 0.8 30 345 2021 1684 37.49 33.22 1.13

TN20 90 0.3 40 345 215 210 6.91 8.04 0.86

TN21 90 0.5 40 345 524 496 16.34 14.67 1.11

TN22 90 0.6 40 345 667 658 21.67 18.69 1.16

TN23 90 0.8 40 345 1096 1080 35.58 33.22 1.07

Mean 1.12

Standard deviation 0.14

CoV (%) 12.80

empirical equations based on recommendations of API RP 2A for tubular joints. The
non-dimensional capacity for axial load can be expressed as

Qu � Pu sin θ

FyT 2
(1)

where Pu is the estimated ultimate capacity of joint against the axial load.
The ultimate simulated capacities (Pu) of joints loaded under compression were

determined using 3%chord displacement in order to limit the deformation.Moreover,
the ultimate capacities estimated using 3% chord displacement limit were similar
to maximum peak load, except in few cases. The effect of thickness ratio (τ) on
ultimate strength was less as expected, for a common chord slenderness ratio (γ) and
diameter ratio (β), as shown in Fig. 6a. The non-dimensionalised load–deformation
response for compression loaded joints is shown in Fig. 6b, which are typical for
other compression loaded joints.
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Table 6 Ultimate capacities of uncracked joints loaded under tension

Joint ID 8 β γ Fy
(Mpa)

δ/D �
0.03
(kN)

12.5% 2
load
(kN)

TES FE Qu
=Pu/Fy
* T2

API
Qu

FE/API

TN2 90 0.3 10 240 3095 3052 2900 9.04 9 1.00

TN3 90 0.4 10 240 4158 4075 3880 12.07 12 1.01

TN5 90 0.5 10 240 5291 5100 4800 15.11 15 1.01

TN6 90 0.6 10 240 6370 6200 6100 18.37 18 1.02

TN7 90 0.7 10 240 7398 7185 6980 21.29 21 1.01

TN8 90 0.8 10 240 8496 8247 8100 24.44 24 1.02

TN9 90 0.3 20 345 2070 1563 1968 12.55 9 1.39

TN10 90 0.4 20 345 3140 2597 2980 16.50 12 1.38

TN13 90 0.6 20 345 3930 3488 4272 28.01 18 1.56

TN14 90 0.7 20 240 3348 2700 3000 31.16 21 1.48

TN16 90 0.3 30 345 1080 780 1520 14.48 9 1.61

TN17 90 0.5 30 345 1845 1579 – 29.29 15 1.95

TN18 90 0.6 30 345 1910 1900 1954 35.25 18 1.96

TN19 90 0.8 30 345 3660 2190 3770 40.63 24 1.69

TN20 90 0.3 40 345 728 300 680 9.84 9 1.09

TN21 90 0.5 40 345 1228 750 – 27.88 15 1.64

TN22 90 0.6 40 345 1450 1080 – 35.43 18 1.97

TN23 90 0.8 40 345 2412 1300 2596 42.65 24 1.78

Mean 1.41

Standard deviation 0.37

CoV (%) 25.9

The variation of Qu with thickness ratio obtained from simulation has been com-
pared with that estimated using API RP 2A [13] as shown Fig. 6a for γ�10 and
20. The simulated/estimated codal API RP 2A [13] ultimate capacity statistics has
been summarised in Table 5, which show a mean of 1.12 and coefficient of variation
of 12.8% for T-joints loaded under compression. This indicates overall good corre-
lation between simulated and predicted results. Thus, ultimate capacities are safely
underpredicted by the empirical equations of API RP 2A [13] for joints loaded under
compression.

As stated earlier, there is no distinct peak for joints loaded in tension which is
shown in Figs. 7a, b. The load–deformation response for the τ�0.5 and γ�10 joints
is shown in Fig. 7a, which is typical for other tension loaded joints. In this plot, the
applied load has not been non-dimensionalised in order to compare with TES and
3% chord displacement limit. So, the relative proximity of all the failure criteria can
be compared. The residual γ effects are overpredicted after non-dimensionalisation
of ultimate capacities as shown in Fig. 7b. The ultimate simulated capacities for
joints loaded under tension were determined using 12.5% maximum principal strain
criteria. The simulated/codal API RP 2A [13] ultimate capacity statistics has been
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Fig. 5 a Stress distribution of tubular joint under tensile load, b stress distribution of tubular joint
under compressive load

summarised in Table 6, show a mean of 1.41 and coefficient of variation of 27% for
T-joints under tensile loading. This indicates that the ultimate capacities are safely
much underpredicted by the empirical equations of API RP 2A [13] for joints loaded
under tension.

3.3 Residual Strength Assessment of Cracked Tubular Joint

The 12.5%maximum principal strain is a first crack failure criterion [16]. According
to serviceability criteria (3% deformation limit), there should be no visible crack
in the tubular joints [17]. As the joints are pre-cracked, the criteria such as 12.5%
principal strain and 3% deformation limit are not considered for the residual capacity
of cracked tubular joints. Hence, the residual strength for cracked tubular joint was
estimated using twice elastic slope criterion. This criterion is well established for
residual strength of cracked tubular joints [3, 4, 18]. Figure 8a, b represent the
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Fig. 6 a Comparison of FE results for compression loaded joints (β�0.3) with API, b load–de-
formation responses for compression loaded joints (τ�0.5)

typical deformation of part through thickness crack and through thickness crack,
respectively. From the plots Fig. 9a, b, it can be inferred that the initial stiffness slope
of cracked remains the same with respect to uncracked tubular joints.

The residual strength of cracked tubular joint can be estimated by applying the
reduction factor FAR to the respective characteristic strength of uncracked tubular
joint. The FAR used for evaluation is as per BS 7910 [1], which is shown in Eq. 2.

Reduction factor FAR �
(
1 − Ac

T * lw

)(
1

Qβ

)mq

(2)

Qβ � 1 for β ≤ 0.6

Qβ � 0.3

β(1 − 0.833)
for β > 0.6
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Fig. 7 a Load (P)–deformation (δ) responses for tension loaded joints (τ�0.5, γ�10), b load
(P)–deformation (δ) responses for tension loaded joints (τ�0.5, β�0.3)

where Ac =area of crack, Ac =0.5πac and 2ab for part through thickness crack and
through thickness, respectively, lw �2πrKa as per AWS [19], r �effective radius of
intersection, Ka �1 for axial load, mq �0 for part through thickness crack. mq=1
and 0 as per HSE characteristic design strength and API RP 2A [13] design tension
strength for through thickness crack.

The non-dimensional parameter (Quc) is obtained in similar as of Eq. (1), expect
the ultimate capacity (Pu) that is replaced by (Pu−c). Then, the actual FAR is obtained
by dividingQuc/Qu. The residual strength estimated using BS 7910 [1] method based
on FAR compares reasonably well with that obtained from present numerical simula-
tions as shown in Table 7a. Amaximum decrease in estimated residual static strength
of cracked is observed to be 8.1%when compared to corresponding ultimate strength
of uncracked, in case of TN6a. The residual strength of TN3a was only 0.625 times
of TN6a, even though the crack length of TN3a was 10 times of TN6a. This shows
that the influence of crack length is not much in the reduction of residual strength.

The reduction in residual strength is significant for joints with smaller diameter
ratio (β) which can be seen in Fig. 10. The residual strength for joints with small
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Fig. 8 a Deformation of through, b deformation of part through thickness crack

Fig. 9 a Load–deformation response through thickness crack, b load–deformation for response for
part through thickness crack
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Table 7 a. Residual strength of joints with part through thickness crack under tension. b. Residual
strength of joints with through thickness crack under tension
Case Pu (kN) {1} FAR {2} Pc−p (kN) =

Pu × FAR
{3}�
{1} * {2}

Pu−c (kN)
{4}

Actual FAR
(Quc/ Qu)
{4}/{1}

Pu−c/Pc−p
{4}/{3}

(a)

TN12 1272 0.999 1266.0 1269.0 0.998 1.002

TN1 1980 0.999 1998.5 1978.0 0.999 0.990

TN5a 4800 0.998 4788.8 4790.0 0.998 1.000

TN6a 6100 0.996 6167.7 5600.0 0.918 0.908

TN4 5046 0.996 5028.0 5030.0 0.997 1.000

TN2a 2970 0.994 2952.2 2800.0 0.943 0.948

TN7 7282 0.987 7189.6 7100.0 0.975 0.988

TN3a 4036 0.969 3827.1 3820.0 0.946 0.998

TN2a1 3052 0.984 3003.2 2995.2 0.981 0.997

TN2a2 3052 0.968 2954.3 2894.1 0.948 0.980

TN2a3 3052 0.952 2905.5 2841.5 0.931 0.978

TN3a1 4075 0.989 4030.2 3964.9 0.973 0.984

TN3a2 4075 0.977 3981.3 3915.3 0.961 0.983

TN3a3 4075 0.966 3936.5 3904.3 0.958 0.992

TN6a1 6100 0.992 6051.2 5983 0.981 0.989

TN6a3 6100 0.984 6002.4 5969 0.979 0.994

TN6a5 6100 0.976 5953.6 5955 0.976 1.000

TN6a2 6100 0.992 6051.2 5963 0.977 0.984

TN6a4 6100 0.984 6002.4 5952 0.975 0.990

TN6a6 6100 0.976 5953.6 5992 0.982 1.006

TN8a1 12,000 0.994 11928.0 11,920 0.993 0.999

TN8a3 12,000 0.988 11856.0 11,900 0.992 1.004

TN8a5 12,000 0.982 11784.0 11,860 0.988 1.006

TN8a2 12,000 0.994 11928.0 11,915 0.993 0.998

TN8a4 12,000 0.988 11856.0 11,900 0.992 1.004

TN8a6 12,000 0.982 11784.0 11,885 0.990 1.008

TN9a1 1563 0.982 1534.9 1475.0 0.944 0.961

TN9a2 1563 0.964 1506.7 1445.0 0.925 0.959

TN9a3 1563 0.947 1480.2 1425.0 0.912 0.963

T16a1 780 0.981 765.2 704.8 0.904 0.921

T16a2 780 0.963 751.1 693.3 0.889 0.923

T16a3 780 0.944 736.3 686.1 0.880 0.932

Mean 0.963

CoV (%) 0.93

(b)

TN5b 4800 0.750 3600.0 4539 0.945 1.260

TN6b 6090 0.858 5314.3 5762 0.931 1.100

TN2b 2970 0.750 2227.5 2210 0.744 0.992

TN3b 4036 0.850 3430.9 3785 0.938 1.080

TN8b 8363 0.989 8112.9 8248 0.986 1.017

Mean 1.090

CoV (%) 9.63
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Fig. 10 Comparison of reduction in strength with crack length at saddle location for different
diameter ratios β and γ�10, τ�0.5

Fig. 11 Comparison of reduction in strength with crack length for different crack locations and
γ�10, τ�0.5

diameter ratio (β�0.3, 0.4) decreased by an average of 1.3% in addition to the
existing reduction factor (FAR). The residual strength is higher for the same crack
length present on increasing diameter ratio. The reduction in residual strength is
of similar manner irrespective of hotspot position, i.e. crown or saddle at higher
diameter ratio (β>0.6), which can be seen from Fig. 11.

The residual strength decreases on increasing the chord slenderness ratio for a
common crack length and diameter ratio, which can be seen in Fig. 12. The residual
strength for joints with increasing chord slenderness ratio γ�10–30 decreased by
an average 3% in addition to the existing reduction factor (FAR). It is known that the
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Fig. 12 Comparison of reduction in strength with crack length at saddle location for different chord
slenderness ratios γ and β�0.3, τ�0.5

reduction factor as per BS 7910 [1] is based on β, T and lw. In general, the strength
of joint reduces as the chord slenderness ratio increases. So, this chord slenderness
factor needs to be considered.

The residual strength of joints with through thickness crack loaded under tension
has been summarised in Table 7b. The maximum reduction in strength for through
thickness crack was 26%, in case of TN2b. This shows that the joint has residual
capacity even when the crack length was 25% of brace circumference.

The reduction in residual strength varies based on crack type which can be seen on
comparing cases TN5a (part through thickness crack) and TN8b (through thickness
crack). These two joints have crack tip at hotspot (saddle) and the same percentage of
crack length (1.1%). The reduction in strength is higher for TN8b (β =0.8) compared
toTN5a (β =0.5), even thoughβ is higher compared toTN5a.This shows that through
thickness crack results in higher reduction of residual strength.

The residual static strength for brace end compression load cases is summarised
in Table 8a, b for part through and through thickness crack, respectively. The reduc-
tion in residual static strength was less irrespective of crack type, under brace end
compression load which can be noted from Table 8a, b. The influence of brace end
loading on residual strength has been examined under both load cases. It has been
noticed that reduction in residual strength was higher in case of brace end tensile load
rather than compressive load which can be seen in cases of TN1 and TN2a. Thus, an
overall reduction of 5% was estimated in addition to the existing reduction factor as
per BS 7910 [1] for joints with part through thickness crack loaded under tension.
The reduction factor as per BS 7910 [1] was satisfactory for through thickness crack
under tension loading.
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Table 8 a. Residual strength of joints with part through thickness crack under compression. b.
Residual strength of joints with through thickness crack under compression

Case Pu (kN)
d{1}

FAR
{2}

Pc−p (kN)
= Pu × FAR
{3}={1}*{2}

Pu−c (kN)
{4}

Pu−c /Pc−p
{4}/{3}

Actual FAR
(Quc /Qu)
{4}/{1}

(a)

TN1 1971 0.999 1969.0 1962 0.996 0.995

TN2a 2977 0.994 2959.5 2957 0.999 0.993

(b)

TN15 3353 0.990 3319.2 3293 0.992 0.982

4 Summary and Conclusion

4.1 Summary

The FE simulations were carried out for uncracked and cracked T-tubular joints
under axial compressive and tensile loading. On comparing, the simulated ultimate
capacities of uncracked tubular joints with codal provisions (API RP 2A [13]), a good
correlation was obtained, even though there are some deviations due to γ effect. This
demonstrates the validity of numerical procedure.

The hotspot location was observed in and around saddle position as expected and
extends up to 20 mm for β <0.6. As the diameter ratio (β ≥0.6) approaches unity,
the hotspot location can be observed in crown and saddle with slight deviations. The
residual strength was obtained using twice elastic slope criterion for cracked tubular
joints.

4.2 Conclusion

The residual strength depends upon crack location, crack type, crack shape, load
applied and also geometric parameters of tubular joints such as β and γ ratio. From
simulations, the following were observed:

• If the crack is present at the saddle location (hotspot), the reduction in residual
strength is higher at smaller diameter ratio β <0.6 compared to β ≥0.6.

• The reduction in residual strength is in similar manner irrespective of hotspot
location, i.e. crown or saddle, when β ≥0.6.

• In the existing reduction factor (BS 7910 [1]) an additional 5% deduction is sug-
gested, while estimating the residual strength, for part through thickness crack in
tubular joints (β ≤0.6, γ >10) loaded under tension.

• The existing reduction factor (BS 7910 [1]) is conservative for through thickness
crack in tubular joints loaded under tension.
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• The through thickness crack results in much reduction of strength compared to
part through thickness crack. The joint has residual capacity even when the crack
length was up to 25% of brace circumference.

• The residual strength reduction was less for tubular joints under compression
loading as expected.

The residual strength has been obtained by considering tubular joints as specially
fabricated. A weld correction factor is needed to be used in order to employ these
residual strengths to tubular joints with weld.
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