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After many years of operation, the corrosion phenomenon frequently appears on fixed steel offshore platforms.
It changes the concentrated stress in joints, greatly increasing fatigue damage, and hastening structural collapse.

This study examines the impact of corrosion at various regions along the chord of the compressive T-joint
on the stress concentration factor (SCF) of the chord hotspots. Therefore, the region of influence is split into
15 shells. The impact ratio of the thickness in each shell on the SCF is estimated by using the numerical
model in 54 scenarios of different corrosion. Also, a formula for calculating the equivalent thickness of a
non-uniformly corroded chord is established using the regression approach. The condition that the SCF based
on API employing equivalent thickness is comparable to the actual value of the hotspots on the corroded joint
using gathered data is satisfied by this equation. Additionally, 4 scenarios for 2 numerical simulations of T-joints
are used to validate the equation, together with surveying data from the White Tiger field. Additionally, using
an experiment with compressive T-joints strengthened by doubler plates is used to compare the SCF. These
outcomes all provide a good match for the new formula, which can reduce the SCF’s computational time in

similar conditions.
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1. Introduction

Concentrated stress has a crucial role in the fatigue damage
at hotspots and the service life of a fixed offshore platform.
Due to a high exponential relation, a slight variation of the
concentrated stress also causes significant changes in fa-
tigue damage [1, 2]. For common structural members such
as tubular joints, the concentrated stress at the hotspot is
usually determined by multiplying the SCF with nominal
stress. Therein, SCF is determined by empirical formulae,
depending on the hotspot location, the type of joints, and
the geometrical dimension of a chord and brace. The ex-
perimental equations proposed by Kwang, Efthymiou, or

Wordsworth/Smedley [3] are widely used and produce ac-
curate results for simple joints like T, Y, K, X,... They were
first introduced in standards [4-6]. The SCF at the hotspot
has previously been studied for more complex joints, such
as multi-planar tube joints or overlap joints [7-9]. Studies
[10-13] presented the SCF on non-tubular and reinforced
joints. They stated that a critical factor in determining the
distribution of the concentrated stress was the geometric
form of the chord/brace intersection. For tubular joints,
we must strengthen the intersection to boost stiffness, such
as by rings, adding doubler plates, or wrapping FRP to
decrease SCF at the hotspot. In contrast, the SCF will sig-

nificantly increase when these areas corrode.
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There have been earlier studies on the strength and dis-
tribution of the tubular joint when taking the corrosion
effect into account in recent years. The tubular stress dis-
tribution is generally impacted by a range of one to three
times the chord outside diameter around the chord/ brace
intersection, according to earlier studies [14]. The thickness
and area of corroded regions mainly cause stress fluctua-
tion on joints. New hotspots with deep holes developing
at local corroded positions were the main focus of research
[15-17] regarding the SCF and fatigue strength of corroded
joints.

However, based on survey data of the offshore steel
platforms at the White Tiger field, Vietham, non-uniform
corrosion occurs popularly in both structural pipes and
joints. Moreover, corrosion thicknesses on the same cross-
section are significantly different. Typically, according to
an investigation at the BK1 platform [18], for a chord thick-
ness of 20.6 mm, after 25 years, the average difference in
corrosion thickness on a cross-section is 3.48 mm, and the
maximum difference is 6.5 mm. Similarly, at the MSP6
platform [19], the average corrosion thickness difference
on a cross-section is 4.54 mm, and the maximum difference
is 8 mm. The non-uniform corrosion typically manifests
over a large area (Fig. 1 and Fig. 2) or near the junction
of joints (Fig. 2). The geometric shape of joints will de-
teriorate as this corrosion region grows, resulting in an
unexpected change in the stress distribution on the tubular
joints. Therefore, more thorough investigations of the con-
centrated stress at the hotspot of non-corroded joints are
required. When the corroded position and size changed for
the same corroded thickness, Chinh et al. [2] found that the
SCF significantly altered for the primary hotspots on the
chord /brace intersection of the tubular joints. The previous
empirical formulas were no longer appropriate in this case.

Fig. 1. Corroded platform BK-1 at White Tiger field (photo
courtesy of VSP)

Fig. 2. A corroded tubular joint in platform MSP6 at White
Tiger field (photo courtesy of VSP)

The influence of corrosion on the SCF at hotspots on
the T-joint chord under compression in various zones is
examined in this research. Then a new equation to com-
pute the equivalent thickness of the chord is therefore pro-
posed. The formula meets the requirement that the SCF
at the crown and saddle of the corroded joint be equal to
that at the same place of the chord with the correspond-
ing thickness. The primary tool for conducting research is
the numerical model ABAQUS. Following the use of these
modelling findings and experimental formulae from API,
a new equation of the equivalent thickness is developed.
The proposed formula will be used to estimate the SCF
in the aforementioned hotspots in accordance with actual
corrosion data collected in the White Tiger field. Numerical
simulations are frequently used to calculate concentrated
stress at challenging locations in a structure. Compared
to experimental laboratories, ABAQUS is shown to corre-
spond well and produce accurate results [20-23]. In order
to demonstrate the use and accuracy of the new equation,
the physical results of SCFs at the saddle on the chord of
the T-joint presented by Fung et al. [13] will be used to
validate with API-based equivalent thickness.

2. Methods

2.1. SCF at saddle and crown on a chord based on API
In current standards, the SCF at the joint hotspots is deter-
mined through empirical formulae [4-6]. In the research of
Chinh et al. [2], the authors compared the SCF values based
on API and Lloyd’s Register of tubular T-joints under axial
loading. The comparison results are comparable, and the
maximum difference is only about 6%. According to the
API, the SCF at the crown and saddle on a chord of the
T-joint under axial loading with fixed ends is calculated as
follows (Table 1):
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Table 1. SCF of Crown and Saddle based on API

Crown

Saddle

SCFec = 7%t (2.65 +5(8— 0.65)2)
+ 76(0.250 — 3)

)

SCFsc = 7! (1.11 - 3(B — 0.52)%) (2)

Where:a =2, g=4; =51, =1

If considering corroded thickness has no impact on its outer
diameter, the SCF at both the saddle and crown is inversely pro-
portional to the chord thickness, with exponents of -1.2 and -2.1,
respectively. The SCF is proportional to t with an approximate
exponent of 1. Meanwhile, for an axial loading tubular, stress is
inversely proportional to its chord area A since t is much smaller
than d, so the brace area is a function of t in a relationship:

A=n(d—t)-t=n(dt—£) it ®)

Therefore, when t changes, the increase of SCF will be approxi-
mately equal to the decrease of the nominal stress. It means when
a brace is corroded, concentrated stress at hotspots is considered
insignificant change. Therefore, the only effect of corrosion on
hotspots of the chord is investigated in this paper.

2.2. Concentrated stress on a non-uniform corroded T-joint un-
der axial loading

A T+joint is investigated as mentioned in Fig. 3. The outer diameter
and thickness on the brace and the chord denote respectively d, ¢,
and D, T. An axial compressive force P is put on the brace. The
brace length [ is selected short enough to stay the brace stable.
The chord length L is long enough that does not impact stress
distribution at the crossing of the brace and chord. Moreover, the
ratio of L/ D should be more than 6 [21]. The corroded area lies in
the length of L. This area is divided into two zones to investigate
the influence scale of corrosion on each area. Two ends of the
restraint are fixed.

Brace

Crown,

Fixed Support Chord

Fig. 3. A corroded T-joint sketch)

Three different forms of T-joints are taken into consideration
when modelling in the SCF. Type 1 has a chord of DxT = 813x25mm,
and a brace of dxt = 530x15mm. Type 2, chord DxT = 1020x30mm,
brace dxt = 610x19mm. Type 3, chord DxT = 1270x30mm, brace dxt
= 812x19mm. Joints are arranged by different corroded scenarios
on chords. Material properties with E = 2x10° MPa, v = 0.3, Fy =
345 MPa are applied for all joints. P = 300 kN is putting in all braces.
Since this research mainly focuses on the linear elastic stage, force
P has not any influence on the SCF values. One more assumption

is the influence of axial force on pipe strength is insignificantly
considered in this calculation.

Abaqus is used to simulate corroded joints [24]. Tubular joints
are simulated by shell elements to reduce computational time and
make a rapid change in thickness. The impact of weld geometry
is not taken into account in the API formulae. The welding is
therefore neglected in the numerical models. For fixed supports,
reference points RP2 and RP3 are established at the chord’s two
ends, and for the axial load, reference point RP1 is designated at
the top of the brace (Fig. 5). The work of the relevant sections is rep-
resented by the reference points. Tubular joints are divided by shell
elements with four nodes S4R. Element dimension is chosen to
assure the concentrated stress at hotspots is convergent. The com-
parison of SCF on various grid sizes has been examined in some
studies [7, 8, 25]. ]. In the paper, the SCF of hotspots on the chord of
the different types above of non-corroding pipes—corresponding
to grid sizes of 3 cm, 2 cm, and 1 cm—will be examined. The
numerical results given in Fig. 4 demonstrate that the results start
to converge in a 2 cm grid and that the highest deviation from the
API standard is approximately 4%. Therefore, in the next scenarios
of corrosion studies, the model adopts the grid size of 2 cm (Fig. 5).

| SCF at Saddic

= SCF ABAQUS
(Mesh size of 3cm)
- SCF ABAQUS
{Mesh size of 2cm)
, SCF ABAQUS
(Mesh size of 1cm)
m SCF API

TS PN

DxT =813x25mm  DxT = 1020x30mm DxT = 1270x30mm
dxt=3530x15mm  dxt = 610x19%mm dxt = 813x19mm

(a)
SCF at Crown

32 315

- SCF ABAQUS

287 (Mesh size of 3cm)
5 o SCF ABAQUS
(Mesh size of 2cm)
24 = SCF ABAQUS
(Mesh size of lcm)
22 m SCF API

2 ! i it
DxT =813x25mm  DxT = 1020x30mm DxT = 1270x30mm
det=3530x15mm  dxt = 610x19mm dxt = 813x19mm

(b)

Fig. 4. SCF at hotspots in relation with different element
sizes
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Meshing with
element size of 2cm

Fig. 5. Element grid of tubular joint Type 1

The element grids in the corroded zone are moved into mod-
ified coordinates that match the corroded thickness (Fig. 6). The
Eq. (4) satisfy the new coordinate components x, y. at any point
on the chord with a corrosion thickness of AT [2].

D D
DT DT

oY *)

Xe = X Yo =

Where x and y are the pre-corrosion coordinates for that point.

Corroded Zone

Fig. 6. Corroded area on a joint in Abaqus

2.3. Limitation of the corroded zone

Based on Mohamed et al. [24], regarding ultimate strength in
corroded joints in physical models, a chord thickness in corroded
area L, takes approximately 3D. In the research of Lesani et al.
[22], the length of strengthened chords influences joint strength
(L, =2x 6vDT ). When the D/T ratio is smaller than 60, the
minimum value of L, is roughly 1.5D. In this research, based
on numerical analysis of T-joints in a uniform corroded chord,
when L, is greater than 2D+d, the SCF at the saddle and crown of
the chord can vary less than 8% in the same corroded thickness.
Results are given in Table 2.

Based on the results from Table 3, the influence of zone 2 on
SCF in the saddle and crown is relatively small. When all tubular
thicknesses in zone 2 decrease by more than 35%, the SCF increases
smaller than 6%. Therefore, the corrosion effects of this zone can
be ignored, the research focuses mainly on zone 1, including from
the center elevation to the top of the chord.

2.4. Non-uniform corroded scenarios

For existing platforms in Vietnam, corroded measurement is based
on 4 points in each tubular section, at directions 0 h, 3 h, 6 h,

and 9 h as mentioned in Fig. 7. To match the survey data, this
paper assumes each section is divided into four parts relying on
inclined angles (see section A-A in Fig. 7), corroded thickness is
considered a constant in each part. Based on the previous section,
the interested corrosion area is the upper half of the chord in a
length of L,=2D+d. This area is divided into 5 segments including
15 shells with sequences from 1 to 15 in Fig. 7. Corroded thickness
stays constant in each shell. This condition satisfies only when
the width of shell 8 is more than the brace diameter. Corroded
scenarios are chosen based on the change in thickness of one or
more shells to investigate the effect of each corroded zone on the
variation of the concentrated stress in the hotspots. Consequently,
we establish a new formula to determine equivalent thickness in
case the SCF at hotspots on a tubular joint is equal to that on a
non-uniform corroded joint based on the actual survey data.

Fixed Support }D2 4 D2 D72, D2 | Chord
6 » & 9 10 0.146D
2
1,11 | 2,12 | 3,13 | 4,14 | 515 D2 |o3sap
D

D2

Fig. 7. Modelling of a non-uniform corroded tubular joint

To assure the application of API-based formulae, in this paper,
the tubular and shell thicknesses in the numerical program are
selected as follows. Firstly, the minimum thickness of the chord is
greater than that of the brace plus 6 mm to fit with the design and
survey data of platforms in the White Tiger field. It assures the
chord thickness is still more than that in the brace after exploiting
an entire structural design’s lifetime. Secondly, the minimum
thickness in the corroded shell is taken approximately the brace
thickness value.

To limit the number of trial tests in the regression approach,
corroded scenarios are selected according to the following steps.

1. Each shell is assigned a minimum thickness, where the thick-
ness of the remaining shells stays unchanged compared with the
original value. These scenarios are used to estimate the influence
of each corroded shell on the SCF at the hotspots. Then, the most
influential shell can be determined.

2. Keep the thickness of the most influential shell constant. One
of the remaining shells is assigned a minimum thickness while the
others still stay the same. Consequently, we can find the influence
of the following shell.

The above step is repeated to determine the sequences of the
third shell to the last one.

Note that the shell and hotspot are symmetric through the brace
axis, and the asymmetric shells are assigned the same thickness
in scenarios. In actual projects, the most dangerous hotspot has
higher concentrated stress in shells with different thicknesses.

Based on this discipline, scenarios are applied for three types
of joints. Joint type 1: Chord Dxt = 813x25 mm, brace dxt = 530x15
mm, L =5m, [ =2m. Joint type 2: Chord Dxt = 1020x30 mm,
brace dxt = 610x19 mm, L = 6.5 m, [ =2 m. Joint type 3: Chord
Dxt = 1270x30 mm, brace dxt = 812x19 mm, L =8 m, [ =2 m.
Thicknesses of corroded shells are given in Table 4. 54 tests have
been simulated by Abaqus. Results are given in the following
section.
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Table 2. Limitation of corroded length

Database DxT dxt L 1 Tz1=Tz2 1Lz SCF SCF
id. [mm)] [mm)] [m] [m] [mm)] [m] saddle crown
TH-01 813x25  530x15 5 2 16 1.4 20.14 4.60
TH-02 2.2 23.65 4.67
TH-03 5 24.90 4.74
TH-04 1020x30 610x19 6.5 2 20 1.9 22.45 4.21
TH-05 2.7  24.80 4.65
TH-06 6.5 26.21 4.94
TH-07 1270x30 812x19 8 2 20 2 26.13 493
TH-08 34 29.59 5.21
TH-09 8 31.50 5.54
Table 3. Effect of corrosion in zone 2
Database DxT dxt L 1 Tz1=Tz2 1Lz SCF SCF
id. [mm)] [mm] [m] [m] [mm] [m] saddle crown
TH-10 813x25  530x15 5 2 2.2 16 10.85 3.00
TH-11 20 10.61 2.95
TH-12 25 10.29 2.87
TH-13 1020x30 610x19 6.5 2 2.7 20 12.19 3.07
TH-14 25 11.90 2.98
TH-15 30 11.78 2.90
TH-16 1270x30  812x19 8 2 34 20 14.90 3.21
TH-17 25 14.52 3.10
TH-18 30 14.31 3.04

3. Results discussion

3.1. Stress concentration factors (SCFs) at saddle and crown
points

SCFs can be determined based on the following basic equations:

SCFsc = ‘:fc . SCFec = ‘:fc
n n

®)

Where SCFsc and SCFc¢ are the stress concentration factors at
a saddle point and a crown point, respectively; sc and occ are the
concentration stresses at related hotspots, respectively, estimated
based on a numerical model. The numerical stress value at a
hotspot is determined based on ABS [26], mentioned in [2]. o,
denotes the nominal stress on a compressive brace.

Analysis results of the concentration stress are summarized in
Table 5. Fig. 8 shows a typical concentrated stress distribution at a
tubular joint.

The above results indicate the effect of each corroded zone on
the SCF at the saddle and the crown. The corrosion at shell T8
causes the most significant change in SCF at the hotspot in the
same thickness. Next is the change of shells T3 and T13. After that
are the effects of shells T2, T4, T12, and T14. Finally, the influences
of T1, T5, T11, T15 and T6, T7, T9, T10 are approximately equal
and relatively small. For instance, in the cases TC01 to TC09, TC19
to TC27 and TC37 to TC45, it is shown that when the thickness
T8 decreases, the SCF at the saddle on the chord rises from 43%
to 49% in comparison to that of the pre-corrosion. The SCF at the
saddle rises from 61% to 79% when the T8, T3, and T13 thicknesses
decrease. The SCF only increases by about 10% when the remaning

Concentrated
Stress at Saddle

Concentrated
Stress at Crown

F

g. 8. Concentrated stress distribution on a typical
tubular T-joint

shells decreases.

In addition, the influence of shells on SCF at the saddle and
crown is quite similar in the above order. It is convenient to create
a new equation for equivalent tubular thickness to estimate SCF
for both hotspots. Based on the above results, a new formula will
be proposed in the next section.

3.2. A new equation of SCF at hotspots

In this paper, three hypotheses will be made. Firstly, shells at
the same position have a similar influence on SCF at the above
hotspots. Then, different thicknesses at the symmetrical position
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Table 4. Shell thickness of corroded chord of T-joints

TC TC TC TC TC TC TC TC
01 02 03 04 05 06 07 08

TC TC TC TC TC TC TC TC TC TC
09 10 11 12 13 14 15 16 17 18

T1, T11 | 25 25 25 16 16 25 25 25
T2, T12 | 25 25 25 25 25 16 16 25
T3, T13 | 25 16 16 25 25 25 25 25
T4, T14 | 25 25 25 25 25 16 16 25
5, Ti5 | 25 25 25 16 16 25 25 25
T6, T10 | 25 25 25 25 25 25 25 16
T7, T9 | 25 25 25 25 25 25 25 16
T8 16 16 25 16 25 16 25 25

25 25 25 25 19 19 25 25 25 25
25 25 25 25 25 25 19 19 25 25
25 25 19 19 25 25 25 25 25 25
25 25 25 25 25 25 19 19 25 25
25 25 25 25 19 19 25 25 25 25
16 25 25 25 25 25 25 25 19 19
16 25 25 25 25 25 25 25 19 19
6 19 19 25 19 25 19 25 25 19

TC TC TC TC TC TC TC TC
19 20 21 22 23 24 25 26

TC TC TC TC TC TC TC TC TC TC
27 28 29 30 31 32 33 34 35 36

T1, Ti1 | 30 30 30 20 20 30 30 30
T2, T12 | 30 30 30 30 30 20 20 30
T3, T13 | 30 20 20 30 30 30 30 30
T4, T14 | 30 30 30 30 30 20 20 30
5, T15| 30 30 30 20 20 30 30 30
T6, T10 | 30 30 30 30 30 30 30 20
T7, T9 | 30 30 30 30 30 30 30 20
8 20 | 20 30 20 30 20 30 30 20

30 30 30 30 25 25 30 30 30 30
30 30 30 30 30 30 25 25 30 30
30 30 25 25 30 30 30 30 30 30
30 30 30 30 30 30 25 25 30 30
30 30 30 30 25 25 30 30 30 30
20 30 3 30 3 30 3 30 25 25
20 30 30 30 30 30 30 30 25 25
25 25 30 25 30 25 30 30 25

TC TC TC TC TC TC TC TC
37 38 39 40 41 42 43 44

€ TC TC TC TC TC TC TC TC TC
45 46 47 48 49 50 51 52 53 54

T1, Ti1 | 30 30 30 20 20 30 30 30
T2, T12 | 30 30 30 30 30 20 20 30
T3, T13 | 30 20 20 30 30 30 30 30
T4, T14 | 30 30 30 30 30 20 20 30
75, Ti5| 30 30 30 20 20 30 30 30
T6, T10 | 30 30 30 30 30 30 30 20
T7, T9 | 30 30 30 30 30 30 30 20
T8 20 | 20 30 20 30 20 30 30 20

30 30 30 30 25 25 30 30 30 30
30 30 3 30 30 30 25 25 30 30
30 30 25 25 30 30 30 30 30 30
30 30 30 30 30 30 25 25 30 30
30 30 3 30 25 25 30 30 30 30
20 30 30 30 30 30 30 30 25 25
20 30 3 30 3 30 30 30 25 25
25 25 30 25 30 25 30 30 25

Note: For type 1: TCO1 to TC18, type 2: TC19 to TC36, and type 3: TC37 to TC54.

Dimension used is mm for all shells.

are represented by average thickness. Finally, the equivalent for-
mula will be applied unitedly to estimate the equivalent SCF for
both the saddle and the crown. Therefore, the basic equation of an
equivalent chord thickness can be expressed:

Teq lTB ) 3 13 3 2 12 4 14
5 1 11 6 5 15 6 10 s 7 9

on condition that: 2?:1 a; =1.

Based on the result of 54 test cases mentioned in Table 5, an
approximation approach is performed in each case in order to
satisfy:

SCFs (qu) ~ SCFsc

@
SCFC (qu) ~ SCFCC

Where SCFs(Tey) and SCF¢(T,;) denote the stress concentra-
tion factor at the saddle and the crown on a chord of a tubular
T+joint using Eq. (1) and Eq. (2).

The results as: a; = 0.51;a, = 0.17;a3 = a4 = 0.08;a5 =
ag = ay = ag = 0.04. Eq. (6) can be rewritten as (8). The SCF
results derived by API with equivalent chord thickness estimated
by Eq. (8) are summarized in Table 6.

T, 4T, T, + T, T, + T,

Ty = 05175 +017-20712 0820712 4 0541 214
T, +T Ts+ T Ty + T T, + T

+004—1T I 40,042 T8 g u 0 S0 g 0p 7 2

(8)
The coefficient of determination R? can be estimated based on
the regression approach:

where

Se =Y (SCE — SCF (T.y))*
k (10)

(SCF — Mean(SCF))?

Mm Il
EgaN

St =

w
Il

1

According to Table 5 and Table 6, the coefficient of determina-
tion at the saddle R? = 0.98, and the crown R2 = 0.97. Therefore,
the Eq. (8) is well matched to estimate the SCF in API for the equiv-
alent thickness at both the saddle and crown points of a corroded
joint.
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Table 5. Results of SCF at the hotspots on a non-uniform corroded T-joint in the numerical model

Case id TCO01 TC02 TC03 TC04 TCO5 TCO6  TCO7 TCO8 TCO9 TC10 TC11
on[MPa] 12.37 12.37 12.37 12.37 12.37 12.37 12.37 12.37 12.37 12.37 12.37
0sc[MPa] 1746 21428 127.85 189.85 125.7 196.67 130.47 13196 188.74 153.31 169.53
occ[MPa] | 4787 5255 35.87 48 33.58  49.81 3554 3416  50.61 42.85 4552
SCFsc 14.11 17.32 10.34 15.35 10.76 15.9 10.55 10.67 15.26 12.4 13.71
SCFcc 3.87 4.25 29 3.88 2.72 4.03 2.87 2.76 4.09 3.46 3.68

Case id TC12 TC13 TCi4 TC15 TCl6 TC1l7 TC18 TC19 TC20 TC21 TC22
0n[MPa] 12.37 12.37 12.37 12.37 12.37 12.37 12.37 8.51 8.51 8.51 8.51
osc[MPa] | 127.78 1582 12452 16649 12829 129.27 160.1 143.75 15491 103.84 146
occ[MPa] 349 42.8 3344 4395 3467 33.66 4446 3526 37.87  26.21 34.95

SCFsc 10.33 12.79 10.07 13.46 10.37 10.45 12.94 16.78 18.1 12.2 17.16
SCFcc 2.82 3.46 27 3.55 2.8 272 3.6 4.14 4.45 3.08 4.11

Case id TC23 TC24 TC25 TC26 TC27 TC28 TC29 TC30 TC31 TC32 TC33
0n[MPa] 8.51 8.51 8.51 8.51 8.51 8.51 8.51 8.51 8.51 8.51 8.51
osc[MPa] | 100.81 151.09 104.95 108.01 15753 115.87 12147 10245 11726 99.71 119.85
occ[MPa) | 25.36 36.91 25.96 2557 3524 2941 30.53 2599 2917  25.06 30.03
SCFsc 11.85 17.76 12.33 12.69 18.51 13.62 14.28 12.04 13.78 11.72 14.09
SCFcc 2.98 4.34 3.05 3.01 4.14 3.46 3.59 3.05 343 295 3.53

Case id TC34 TC35 TC36 TC37 TC38 TC39 TC40 TC41 TC42 TC43  TC44
on[MPa] 8.51 8.51 8.51 6.33 6.33 6.33 6.33 6.33 6.33 6.33 6.33
osc[MPa] | 101.95 103.38 121.8 12571 14159 8991 131.1 9198 137.71 96.24 96.79
occ[MPa) | 25.92 2524  28.63 27 29.51 19.79 2721 19.63  28.75 19.99 19.54
SCFsc 11.98 2.15 14.32 19.85  22.36 14.2 20.7 1452  21.74 15.2 15.28
SCFcc 3.05 297 3.37 4.26 4.36 3.13 43 3.1 4.54 3.16 3.09

Case id TC45 TC46 TC47 TC48 TC49 TC50 TC51  TC52 TC53  TCh4 -
on[MPa] 6.33 6.33 6.33 6.33 6.33 6.33 6.33 6.33 6.33 6.33 -
osc[MPa] | 136.17 106.05 11.13 91.88 10743 91.01 10998 93.02 9349 110.52 -
occ[MPa] | 28.41 229 23.71 19.55 2274 1893 2341 19.3 18.77  22.89 -
SCFsc 21.5 16.75 17.55 14.51 16.96 14.37 17.37  14.69 14.76 17.45 -
SCFcc 4.49 3.62 3.74 3.09 3.59 2.99 3.7 3.05 2.96 3.62 -

Table 6. SCF result at hotspots on a T-joint based on API and the equivalent thickness

databaseid | TC01 TC02 TC03 TC04 TC05 TC06 TCO07 TC08 TC09
SCFsc 15.03 1764 11.17 16.17 105 1745 11.07 1041 16.17
SCFcc 3.58 3.92 3.02 3.73 292 3.9 3.01 29 3.73
databaseid | TC10 TC11 TC12 TC13 TC14 TC15 TCl6 TC17 TC18
SCFsc 1295 1428 10.68 1346 1023 14.14 10.68 10.23 13.46
SCFcc 3.29 3.48 2.95 3.36 2.88 3.46 2.95 2.88 3.36
databaseid | TC19 TC20 TC21 TC22 TC23 TC24 TC25 TC26 TC27
SCFsc 16.61 19.09 1269 1779 11.89 19.09 11.8 11.89 1875
SCFcc 3.8 4.12 3.26 3.95 3.14 4.12 3.13 3.14 4.08
databaseid | TC28 TC29 TC30 TC31 TC32 TC33 TC34 TC35 TC36
SCFsc 1358 1446 11.89 139 1155 14.34 11.89 1155 139
SCFcc 3.39 3.51 3.14 3.44 3.09 35 3.14 3.09 3.44
databaseid | TC37 TC38 TC39 TC40 TC41 TC42 TC43 TC44 TC45
SCFsc 202 2344 1544 21.64 1436 2323 1436 1446 21.64
SCFcc 3.94 4.29 3.38 4.1 3.24 4.26 3.24 3.26 4.1
databaseid | TC46 TC47 TC48 TC49 TC50 TC51 TC52 TC53 TC54
SCFsc 1653 1759 1446 17.04 14.05 1745 1446 14.05 17.07
SCFcc 3.51 3.64 3.26 3.57 32 3.62 3.26 32 3.57

3.3. Verification of new formula 0.3, Fy = 345MPa are applied for all joints. The restraint condition
3.3.1. Application to the White Tiger field attwo ends is fixed in all cases. The corrosion information gathered

L . o in the White Tiger field with 15 shells and listed in Table 8. Where,
Taking into account the two T-joints in the BK1 platform with listed cases VC-01, VC-02 are applied for Joint 1 and cases VC-03, VC-04

data in Table 7. Material properties with E = 2 x 10°MPa,v =
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Table 7. Joint model data

D T d t L P

Joint ID ‘ (mm) (mm) (mm) (mm) (m) (kN)

Joint1l | 812.8 20.62 530 12.6 5 300
Joint 2 610 16 325 11 4 100

are applied for Joint 2.

Corrosion simulation in ABAQUS and concentrated stress dis-
tribution on the tubular joints in scenarios are shown in Figs. 9
to 16. The comparison results of numerical models and based on
API with equivalent chord thicknesses are exhibited in Table 10.
The table shows that for various joint sizes and corrosion scenar-
ios, the SCFs in the saddle and crown of the chord in API with
using the proposed equivalent thickness are comparable to those
in the numerical simulation for the surveying corrosion data. It
confirms the equivalent thickness is satisfied and can be applied
in complicated corroded joints.

Fig. 9. Thickness distribution of corroded chord at a joint
in surveying data — Case VC-01

e T

Fig. 10. Concentrated stress distribution on the saddle and
crown — Case VC-01

3.3.2. Comparision with experimental results of compressive T-
joints strengthened by doubler plates

There have not been any experiments that are relevant to this field
of study so far. This section will present a validation of a study
suggested by Fung et al. [13] regarding the concentrated stress of
compressive T-joints strengthened by doubler plates in order to
provide confirmation of the reliability of this work. The geometric

Fig. 11. Thickness distribution of corroded chord at a joint
in surveying data — Case VC-02

Fig. 12. Concentrated stress distribution on the saddle and
crown — Case VC-02

Fig. 13. Thickness distribution of corroded chord at a joint
in surveying data — Case VC-03

information of joint is shown in Fig. 17. The experimental model
used steel with Young’s modulus E = 2 x 10°MPa, v = 0.28, Fy =
345MPa. The compression force on the brace is P = 49.86 kN [13].

In 4 demonstrations, the SCF at the saddle will be compared
in this section. A chord thickness of 9.5mm characterizes Case 1,
a non-strengthened joint (Fig. 18). At the brace intersection zone
in Case 2 (Fig. 19), the chord thickness increases by two times (19
mm). Case 3 is an experimental case in Fung et al. [13], the joint is
reinforced by a plate that have the same thickness as the chord in
Fig. 17 (9.5 mm). Case 4 is a 19mm chord-thick non-strengthened
joint. The SCF is calculated in Cases 1 and 4 using API and nu-
merical simulation. In Case 2, the SCF will be determined by the
Abaqus model and API’s formula with equivalent thickness ob-
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Table 8. Scenarios of shell thickness on corroded T-joints
thickness | shell1l  shell 2 shell 3 shell 4 shell 5 shell 6 shell 7  shell 8
C ve-o1 [mm)] 20.2 19.1 18.6 20.1 20.2 14.6 17.6 144
ase Vi thickness | shell9 shell 10 shell11 shell12 shell 13 shell 14 shell 15 -
[mm] 16.9 15.2 20.4 19.2 20.3 20.2 20.4 -
thickness | shell1l  shell 2 shell 3 shell 4 shell 5 shell 6 shell7 shell 8
C VC-02 [mm] 17.2 20.1 20.6 194 20.2 19.8 18.9 199
ase VU2 Mthickness | shell9 shell 10 shell 11 shell12 shell13  shell 14 shell 15 .
[mm)] 19.7 18.7 19.8 19.8 14.5 18.7 17.6 -
thickness | shell1  shell 2 shell 3 shell 4 shell 5 shell 6 shell7  shell 8
C VC-03 [mm] 13.1 12.6 13.7 12.5 114 11.7 15.3 114
ase VU9 Mthickness | shell9 shell 10 shell 11  shell12 shell 13 shell 14  shell 15 -
[mm)] 13.8 14.2 14.6 14.3 144 14.7 14.8 -
thickness | shell1  shell 2 shell 3 shell 4 shell 5 shell 6 shell7  shell 8
Case VC-04 [mm)] 149 144 12.8 12.8 13.6 14.8 114 13.7
ase VU Mthickness | shell9 shell10 shell 11 shell12  shell 13 shell 14  shell 15 -
[mm] 13.5 13.8 114 13 14 14.7 13.5 -
Table 9. Comparative results of SCF
Ie Teq SCF(Teq) at SCF(Teq) at SCF max at SCF max at % error SCF % error SCF
ase [mm] saddlein API crownin API saddle in ABAQUS crown in ABAQUS at saddle at crown
VC-01 16.7 18.89 3.82 18.34 3.89 3% 1.7
VC-02 19.3 13.94 3.21 13.57 3.09 2.7% 3.9%
VC-03 12.5 23.52 4.66 22.42 4.45 4.9% 4.7%
VC-04 13.6 19.70 4.22 19.24 4.26 2.4% 0.95%

raction = -1.0)

i
T
0
i
T
T
T
it
it
1+
L+
i
it

Fig. 14. Concentrated stress distribution on the saddle and
crown — Case VC-03

tained by Eq. (8). Note that the chord section also changes in this
situation because there is strengthening instead of corrosion at the
chord-brace intersection. In Case 3, the SCF was acquired in a lab
as part of their research. For the case of axial compression, the ex-
perimental result of hotspot strain at saddle point is & 710 x 107°,
so the hotspot stress is 2 x 10° x 710 x 107¢ = 144 MPa, then the
SCF = 144/13.85 = 10.4. Where 13.85 MPa is the nominal stress on
the brace [13].

In Case 2, the average thickness of the i (i = 1+ 15) shell can
be calculated using Eq. (11) (Fig. 18). Whereas, Ag5 A9 are the

Fig. 15. Thickness distribution of corroded chord at a joint
in surveying data — Case VC-04

areas of the corresponding shell thickness of 9.5 mm and 19 mm,
respectively, and A; is the area of the i*" shell.

A959.5+ A1919

=——  (mm)
A

Based on Fig. 20 and Eq. (11), T1 = T5 = T11 = T15 = T6 = T10
=9.5mm, T8 = 19mm, T3 = T13 = 12.10mm, T2 = T12 = T4 = T14
=11.20mm, T7 = T9 = 15.50mm. Substituting those into Eq. (8),
we have T,; = 15.30 mm. The SCF results for cases are shown in
Table 10.

According to API and ABAQUS, the SCFs in Cases 1 and Case
4 are comparable. Just over 2% of error is the maximum. It demon-

T; (11
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Table 10. SCF results at Saddle point

SCF Case1 SCF Casel SCF Case 2 SCF Case 2 SCF Case 3 SCF Case4 SCF Case 4
(API) (ABAQUS) (APIwith Teq) (ABAQUS) ase (API) (ABAQUS)
18.16 185 6.96 7.08 10.40 424 422

i
5
2
i
i
b
+d.
i
M
M
'+
T
s

Fig. 16. Concentrated stress distribution on the saddle and
crown — Case VC-04
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Fig. 17. An experimental sketch in Fung et al. [13]

Saddle Point

Fig. 18. Sketch of a non-strengthened joint — Cases 1 and 4

strates that the numerical model is accurate. The SCF value based
on API with the equivalent thickness and the value in ABAQUS in
Case 2 is comparable with a 1.7% error. Comparing Cases 2 and
3, the SCF in Case 2 is slightly lower than that in Case 3 experi-
ment. It makes sense and is easily explained that Case 3 employs
a removable cover and only utilizes welding to connect to the
chord on the shell’s edge, making it more flexible than an intact
shell of increasing thickness. In all of the cases, the SCF values are

Saddle Pomt

Fig. 19. Joint with a thickness strengthened by 2 times at
the intersection zone — Case 2
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Fig. 20. Dimension of shells in joint model of Case 2

reasonable. The aforementioned findings show that the suggested
equation of the equivalent thickness in Eq. (8) for calculating the
SCF is accurate and trustworthy.

4. Conclusions

It is known from the state-of-the-art that the chord thickness is a
crucial factor in determining the concentrated stress at the chord/
brace intersection. The stress will decrease as the thickness in-
creases and vice versa. Therefore, the concentrated stress may
change depending on the various non-uniform corrosion circum-
stances of the chord.

In this research, the effect of different chord corrosion zones on
the variation of the SCF at the saddle and crown of a compressive
T+joint is discussed. As a result, the most significant impact is
caused by the corroded zone on the upper half of the chord and in
arange of alength 2D+d surrounding the chord /brace intersection.
Corrosion on the remaining tubular has an insignificant impact,
varying by about 10%.

Also, the influence zone is divided into 15 shells in the study.
The thickness is regarded as constant and affects the SCF value dif-
ferently according to each shell. There, the shells directly beneath
brace T8, T3, and T13 have the greatest impact. Shells at positions
T2, T4, T12, and T14 are next. The remaining shells provide little
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effect. This fits very nicely with earlier and related research. More-
over, this shell division is simple to use with data from the current
Vietnam pipe corrosion surveying.

Last but not least, the study proposes a formula of the equiva-
lent thickness on a non-uniform corroded chord in determining
the SCF at the saddle and crown of Toints in accordance with APL
This formula is established based on the least squares regression
method of 54 corrosion scenarios and 3 different tubular joints.
The coefficient of determination R? = 0.97 indicates the fit of the
approach. This equation is also validated on 2 different tubular
joints and 4 non-uniform corrosion cases based on survey data
in the White Tiger field. Moreover, a comparison between the
SCFs based on API with the equivalent thickness, the numerical
simulation and a previous experiment based on data of a T-joint
strengthened by doubler plates is well-matched.

The limitation of corrosion in the tubular joint is that the equiv-
alent thickness of the chord is greater than that in the brace. This
requirement guarantees the application of the SCF equation at
hotspots in the API standard.
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