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Abstract An efficient crack propagation (CP) simula-
tion system based on a shell-solid finite element (FE)
modeling is newly established. Three-dimensional (3D)
CP simulation for a curvilinearly propagating surface
crack in a steel circular hollow section (CHS) T-joint is
carried out. Entire model is generated by a shell FEs,
and cracked welded part is generated by a solid FEs.
They are connected with a rigid body element (RBE).
Stress intensity factors (SIFs) are computed for ana-
lyzing CP rate and CP direction of the crack employ-
ing virtual crack closure-integral method (VCCM) with
quadratic tetrahedral FEs. When the crack extends,
only solid model is regenerated. To examine effective-
ness of the modeling, fatigue testing and simplified CP
simulation results are employed. Hot spot stress (HSS)
and weld toe magnification factor (Mk factor) formulas
are used for the simplified CP method. CP phenomena
of the fatigue test are studied through the fatigue as-
sessment methods.
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1 Introduction

Steel tubular joints have been adopted in several off-
shore, civil and architectural structures as a consequence
of excellent structural and mechanical properties such
as high strength-to-weight ratio, non-directional buck-
ling and flexural strength capacity. Some typical CHS
joints are Y-, K- and X-joints. They are commonly em-
ployed in jackets and offshore platforms [1]. The joints
are composed of steel CHS members and are connected
by welding each other. Complicated stress distribution
is induced at the brace and chord intersections due
to the complex fabricated geometry, 3D curved-shaped
weld toe and its residual stress. Such kinds of charac-
teristics lead the convoluted fatigue and fracture phe-
nomena. Additionally, welded structures are very large,
not only local behaviors but also global response should
be studied in the fatigue strength evaluation.

Several fatigue strength assessment methodologies
such as nominal stress approach [2,3|, HSS approach
[4,5] and CP approach [6-14] have been developed and
extensively adopted for ships and offshore structures.
They are summarized in [15,16]. Fatigue design recom-
mendations of these offshore steel structures are estab-
lished in design rules and regulations, e.g., UK Den [17]
and DNV-RP-C203 [18]. Furthermore, a number of re-
search works have been performed. Bowness and Lee
[19,20] proposed SIF solutions of weld toe cracks in off-
shore tubular joints. Qian et al. [21-24] analyzed mode
mixity of a surface crack in X- and K-joints. Wang and
Lambert [25] and Qiang and Wang [26] analyzed the
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SIFs of welded joints by weight function methods. Ah-
madi et al. [27-30] solved stress concentration factors
(SCFs) for several tubular joints and proposed the sim-
plified formulas. Gadallah et al. [31] investigated mixed-
mode SIFs in tubular T-joint taking welding residual
stress into account. Maeda et al. [32] examined a curved
fracture surface generated in a T-shaped tubular joint
employing extended FE method.

3D CP simulation of a T-joint was carried out us-
ing a full solid FE model in the previous study of the
authors [33]. Remeshing is required for the entire FE
model in each sequentially crack extension procedure.
Although half FE model is employed by means of sym-
metrical boundary condition (BC) on the corresponded
plane, the computational cost is still expensive not only
for the remeshing process but also for the solution pro-
cedures. In addition, symmetrical BC cannot provide
the satisfactory results when the cracks are large com-
pared to the whole joint. Yagi et al. [34] evaluated the
fatigue life of T-shaped tubular joints for weld toe cur-
vature radii p=3, 6 and 11 mm. The fatigue life cy-
cles were assessed employing S-N curves, CP simulation
with Mk factor formulas, and CP simulation with full
solid FE models. Results with the formulas were also ex-
amined employing different HSS evaluation techniques.

In the present study, a new fatigue testing result for
p=16 mm joint is presented. A shell-solid CP simula-
tion system is then proposed to investigate the CP be-
haviors of the p=16 mm joint. The system is operated
based on FEM (Finite Element Method) pre-process
software (pre-software) TSV-Pre on Windows system
[35]. The whole joint structure is modeled by triangu-
lar/quadrilateral shell FEs, and welded portion/cracked
region /intersection of chord and brace are modeled by
quadratic tetrahedral solid FEs. They are connected by
a Rigid Body Element 3 (RBE3). VCCM with quadratic
tetrahedral FEs [36] is employed to analyze mixed-mode
SIFs which are appointed to predict the CP rate and CP
direction. The SIFs calculation is carried out in TSV-
Pre batch process [35]. Computation time is reduced
and numerical accuracy is kept by the proposed shell-
solid modeling compared with the full solid modeling.
Handling of FE model is relatively easy. When the crack
extends, only cracked solid model is regenerated and a
new shell-solid model is established.

CP phenomena are investigated employing not only
the advanced CP system but also simplified formulas.
MFE factor formulas and HSS are employed in the sim-
plified formulas CP simulation. Bowness and Lee [19,20]
proposed the CP simulation technique for a cracked
tubular joint. HSS is evaluated by the intact model
based on UK Den [17,37]. Degree of bending (DOB) is
defined to separate stresses at the weld toe into mem-

brane and bending components. An empirical formula
of a surface cracked body, i.e., Raju-Newman equa-
tion [38] is adopted to evaluate mode-I SIF. CP sim-
ulation is carried out based on Paris’ law. High-speed
CP simulation can be obtained by employing Mk fac-
tor formulas and HSS. The relevancy of the simplified
formula based CP simulation is also discussed for the
tubular joint.

This paper is structured as follows. A fatigue test
result of T-shaped tubular joint is presented in Section
2. Shell-solid modeling and CP simulation system are
shown in Section 3. Analysis procedures for simplified
CP simulation based on Mk factor formulas and HSS
are described in Section 4. In Section 5, fatigue test
results are examined employing the two fatigue strength
assessment methods. Concluding remarks arising from
this study are given in Section 6.

2 Fatigue tests for steel T-shaped tubular joints
2.1 Overview of the test specimen

Fatigue tests were performed for steel T-shaped tubu-
lar joints. Four joints were employed. Size, material
and fabrication process were same but curvature radii
of weld toe were different. The toe was ground and
trimmed smoothly. Fatigue tests were carried out in
Kawasaki Technology Co. Ltd., Japan. Fatigue testing
results of the joints with p=3, 6 and 11 mm were dis-
cussed in [32-34]. New results of p=16 mm specimen
are shown.

Size of the joint is drawn in Fig. 1(a). Outer diam-
eter of chord was D=406.4 mm and the wall thickness
was T=12.7 mm and the length was L=1,386 mm, while
outer diameter of brace was d=139.7 mm and the wall
thickness was t=5.0 mm. The brace and chord were
joined by fusion welding. Welding condition is included
in [34]. Overall view of the joint is taken in Fig. 1(b).
Curvature radius of weld toe at north saddle is pre-
sented in Fig. 1(c). The geometry was cast by an im-
pression material. Chemical composition and mechani-
cal properties of the base metal are shown in Tables 1
and 2, respectively.

Geometric parameters [22] of the tubular joint were
a=6.82, $=0.34, v=16 and 7=0.39. Where « is chord
length to the chord outer radius ratio (=2L/D); 8 is
brace outer diameter to the chord outer diameter ratio
(=d/D); ~ is chord outer radius to the chord wall thick-
ness ratio (=D/2T) and 7 is brace wall to the chord wall
thickness ratio (=t/T), respectively.
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Fig. 1 T-shaped tubular joint specimen: a Drawing, b Overall view of the joint, ¢ Curvature radius at north saddle cast by

an impression material

Table 1 Chemical analysis of the base material

%C  %Mn %P %S %Cr %Nb %Cu %Mo %Ni  %Si  %Ti %V %Al %Sn %B  CE(IIW) CE(Pcm)
.086 0.630 .010 .003 .017 .021 .017 .002 .020 140 .011 < .003 .033 < .002 < .0003 .19 12
CE Carbon Equivalent; if %C >0.12 CE(IIW) = C + Mn/6 + (Cr + Mg + V) /5 + (Ni+ Cu)/15
CE Carbon Equivalent; if %C <0.12 CE(Pcm) = C + Si/30 + (Mn + Cu + Cr)/20 4+ Ni/60 + Mo /15 + V/10 + 5B
Table 2 Mechanical properties of the base material
Test  Test Sample Heat Yield Tensile %Elongation  %Elongation Absorbed Shear
Freq Treatment Strength (MPa) Strength (MPa) Lo =5.65y/S0 Energy (J) Area %
H ChL A 387 100

H&B LT A 410 500 34 32

Lo-Gauge Length; Sp-Original Cross-sectional Area; H-Heat; B-Batch; A-Aged

LT-Longitudinal Tensile; ChL-Longitudinal Charpy Impact Test

Table 3 Load history and cumulative fatigue cycles

N YN Pmax kN R
133,000 | 133,000 190 0.01 5 % drop
128,000 | 261,000 190 0.01 | Crack penetration
36,643 | 297,643 190 0.01 Specimen failure

2.2 Experimental results

Two kinds of tests were carried out, i.e., static load-
ing test and cyclic loading test. In the static loading
test, surface strains around north and south saddles
were evaluated by strain gauge measurements. Results
are compared with FE results. The detail discussion is
shown in Section 5.

A sinusoidal pulsating tensile load was employed in
the cyclic loading test. Maximum load Py, was 190 kN
and load ratio was R=0.01. Load history and cumula-
tive fatigue cycles are presented in Table 3. A surface
crack was generated and then extended. A five percent
drop of strain gauge amplitude was remarked around
north saddle at 133,000 cycles. The crack was pene-
trated the chord wall at 261,000 cycles. The through
crack was further propagated and the test was termi-
nated at 297,643 cycles. CP behaviors are shown in Fig.

2(a)-(d) as well as the number of loading cycles. A small
surface crack was found in Fig. 2(a). The surface crack
is extended as presented in Fig. 2(b). The crack pen-
etrates the chord wall in Fig. 2(c). The through crack
develops around the weld as shown in Fig. 2(d).

Fractured specimen is presented in Fig. 3(a). A beach
mark (BM) technique was applied to analyze the CP
behavior. When introducing BMs, 20,000 cycles were
applied at R=0.5. The crack was penetrated the chord
wall, and the crack was curved along the weld toe. Frac-
ture surface and BMs are shown in Fig. 3(b). Close-
up view of the fracture surface is presented in Fig.
3(c). Total eight BMs (BM1-BM8) were observed until
crack penetration. The defect was initiated 3.6 mm off-
set from the center line of the joint. The surface crack
was propagated almost symmetrical and it was a semi-
elliptical shape. The surface crack size is summarized
in Table 4.
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(a) N=133,000 (b) N=193,000

C.L. : Center line of the test specimen

(b)

(c) N=261,000

FAON 384867 0N 20406 1N 02348 0T 0t

Fig. 3 BMs on the fracture surface: a Fractured specimen, b Fracture surface and BMs, ¢ Close-up view of BMs

Table 4 Fatigue cycles and surface crack size for each BM

No.

BM No. cycles 2¢ mm | a mm
1 133,000 7.6 2.6
2 151,000 11.3 3.8
3 181,000 22.3 6.3
4 193,000 30.1 7.5
5 203,000 37.2 8.4
6 221,000 55.0 10.1
7 231,000 68.1 10.9
8 261,000 99.4 12.7

3 A shell-solid modeling of a cracked T-shaped
tubular joint

Computational cost of full solid modeling is rather ex-
pensive in terms of mesh generation and solution pro-
cedures, as well as handling of the model on comput-
ers. Methodologies such as zooming method [39], global-
local FEM [40-47] and shell to solid transition elements
[48-51] were proposed to analyze structural mechanics
problems including global and local behaviors.

An advanced CP simulation system employing shell-
solid modeling is developed. The system is operated
based on FEM pre-software TSV-Pre on Windows sys-
tem [35]. CP simulation system using full solid model-
ing as well as the mixed-mode SIFs evaluation method
was previously discussed [33]. In this section, a CP sim-

ulation system employing the shell-solid modeling is
mainly described.

A flowchart of the CP simulation is presented in
Fig. 4(a). Both the whole joint and the welded joint
part including detailed weld geometry are arranged by
3D-CAD. Neutral surfaces of brace and chord are ex-
tracted. They are imported to the pre-software. FE
model with triangle/quadrilateral shell elements is gen-
erated for the chord and brace models. A surface crack
is located around the weld and local parameters are
set for the mesh generation of solid model. Solid FE
model is prepared with quadratic tetrahedral FEs for
the welded potion by an automatic mesh generation
system. The chord, brace and cracked welded joint part
are merged. A linear elastic analysis was performed af-
ter the material properties are assigned and load and
BCs are enforced. Mixed-mode SIFs are then computed
employing VCCM technique [36]. CP rate and CP di-
rection are determined based on the SIFs. Remeshing of
the solid FE model is required for the new crack growth.
The procedures are incremented.

Accuracy of SIFs employing VCCM method was con-
firmed for embedded crack and surface crack in [36].
Also, accuracy in SIFs of the CP software was confirmed
for cruciform welded joints in [47] by comparing with
the reference solutions using MSC.Marc [52].



A CP simulation for a steel CHS T-joint employing an advanced shell-solid FE modeling 5

(a) 1st step (Manual)
Solid model Shell model
( Import 3D-CAD Data ) ( Import surface Data )

‘ Create surface crack | ‘ Shell FE modeling |

2nd step - final step (Automatic)
Set Material Data H
for Crack Propagation| *

! Surface meshing Export bdf file H
H '
H Align mesh pattern Nastran (Solver output) H
' '
' '
! Solid FE modeling Write VCCM Data H
H Connect the shell and 1 H
' Double nodes solid models using RBE3 Run VCCM H
' H
' i '
' Boundary condition —Crack propagation H
' '
H '
: Material property - J :

( Stop calculation '
' H

(d) () yr
b
ZZzZZzZz 7
e )
ZZ 72|
Z
NN/
DANPAINDANPINK

Solid del
olid mode Force distribution

Shell model

e Reference node
o Slave node
— RBES3 connection

Moment distribution

Fig. 4 Flowchart and a shell-solid modeling for CP simula-
tion system: a Flowchart of the simulation, b A shell model,
c A solid model, d A shell-solid model using RBE3s, e Force
and moment distribution for 2D case.

A schematic diagram of shell-solid modeling is drawn
in Fig. 4(b)-(d). Shell and solid models are respectively
shown in Fig. 4(b) and (c). RBE3 connection is pre-
sented in Fig. 4(d). The shell model is placed at mid-
plane of the solid model. Same plate thickness is as-
sumed to generate the shell-solid model. Nodes of shell
model represent the reference nodes, and nodes of solid
model denote slave nodes for RBE3s, respectively. The
strategy of the RBE3 connection is that the force and
moment are imposed through a reference node to the
slave nodes as shown in the red circle in Fig. 4(d).

A simple 2D example of the force and moment dis-
tribution of RBE3 connection from the reference node
to the slave nodes are shown in Fig. 4(e). They can be
written, as:

Wi m _ Mrefwiri (1)
Srwr DR wrr

where Iy and M, are force and moment of the ref-
erence node. Ff and F™ are force of i-th slave node

Fif:Fref

corresponded force and moment distribution. w; is a
weighting factor. r; is distance between reference node
and i-th slave node. As for the moment distribution
in Fig. 4(e), this example is for 2D case and torsional
moment is applied to the reference node. For 3D case,
each reference and slave node has six degrees of free-
dom (DOFs). Bending moment can transfer between
the shell and solid models taking configuration of the
reference/slave nodes into account. For further detail,
the readers are referred to the reference manual [52].

Effective 3D CP simulation can be carried out with
the shell-solid modeling. Although mixed-mode SIFs of
a stationary surface crack were analyzed in [47] and
nonlinear buckling problem of a cracked plate was solved
in [53] using the shell-solid modeling, CP simulation has
not performed yet.

4 A simplified CP simulation employing Mk
factor formulas

MFE factor [54] is defined as a ratio of mode-I SIF, i.e.,
K value, with and without attachment of a welded joint,
as:

Mk — K(in plate with attachment) ' (2)

K(in same plate but with no attachment)

The Mk factor approach has been implemented to
several 2D and 3D welded joint models [55-58]. Bowness
and Lee developed new Mk factor formulas of T-butt
welded joint for small and large weld toe radii based
on an extensive FE database [59,60]. Additionally, Mk
factor formulas were employed for cracked tubular joint
problems [19,20]. K value evaluation technique is briefly
described.

An illustration of a surface cracked tubular joint
under a remote stress onom (=P/A) is shown in Fig.
5(a). P is an applied load and A is a cross-section area
of the brace. Depth and half width of the surface crack
are a and c, respectively. K value of the surface cracked
tubular joint Ktj can be evaluated as:

Kty = [MEL, M., SCF(1 - DOB)
+ MK, M{ SCF - DOB|opom/7a, (3)

where Mk!, and Mk{ are Mk factor formulas for a T-
butt joint in terms of membrane and bending stresses,
respectively. Superscript ¢ represents position of the
crack front, i.e., “/”="“a” is at deepest point and “i”=*“c”
is at crack mouth. M and M{ are shape factors for a
cracked flat plate which are adopted in Raju-Newman
equations [38]. Equations M and M are included
in the report [61]. SCF (=SCF,y) is a SCF at the

weld toe, i.e., SCF=HSS/onom. HSS means hot spot
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Fig. 5 A technique to evaluate K value employing Mk fac-
tor: a A surface cracked tubular joint, b K value evaluation
technique using an intact tubular joint model and Mk factor,
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Fig. 6 HSS evaluation technique for UK Den: a ROPs, b
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Fig. 7 Analysis procedure for a CP simulation employing
MFE factor formulas

stress. DOB is defined, as:

Op 1 SCFm
DOB= ——=—-[1— ———— 4
0 Om +0n 2 < SCFout) ’ (4)

where SCF, (=om-0p) and SCFyoy (=0 +0op) are SCFs
of inner and outer surfaces of an intact tubular joint
model at the weld toe as shown in Fig. 5(b) and (c).
om and oy, are stress components due to membrane and
bending deformations.

Two kinds of Mk factor formulas [59] are available,
i.e., for small weld toe radius (0.0<p/T'<0.1) and for
large weld toe radius (0.1<p/T) where p/T is a ratio of
weld toe radius to the chord thickness. In the present
case, the ratio is p/T=1.26. Formula for large weld toe
radius is chosen. These formulas can be obtained from
the website [19].

UK Den is employed to evaluate the HSS [17,20,37].
HSS read out points (ROPs) are shown in Fig. 6(a). Lin-
ear and quadratic extrapolation techniques are adopted.
Ay, By and C4 are regarded as ROPs in quadratic ex-
trapolation. Cjy is equidistant from A4 with reference to
By, i.e., C4=2A,4-B4. The weld toe is ground and de-
fined as “radiused weld toe” which is illustrated in Fig.
6(b). It is an intersection of chord surface and weld toe
curvature. HSS is evaluated at the radiused weld toe.
Hoop stress of the chord surface is employed for eval-
uation of ROPs. For example, a linear extrapolation
technique is schematically illustrated in Fig. 6(b).

A simplified CP simulation is carried out based on
MK factor formulas. Flowchart of the simulation is shown
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(a)

Tensile loading

Clamped

Fig. 8 A shell-solid model for an intact T-shaped tubular joint: a A shell model, b A solid model, ¢ A shell-solid model, d

Close-up view of the intersection

in Fig. 7(a). First, input data and initial parameters are
arranged. A semi-elliptical surface crack is assumed as
the initial crack. Mk factor formulas Mk!, and Mk;,
shape factors M and M{ (i=a and c) are computed.
SCF and DOB are evaluated by the input data and
FE results of the intact model, K%; is computed for
mouth and deepest point of the surface crack employ-
ing Eq. (3). Crack shapes for k-th and (k+1)-th prop-
agation steps corresponded to Nj and Ny41 cycles are
drawn in Fig. 7(b). Paris’ law is adopted and amounts
of crack extension Aaj and Acj are evaluated. New
crack shape for (k+1)-th step is generated. The proce-
dures are incremented and the crack is extended until
critical length. Speedy CP simulation can be carried
out employing Mk factor formulas.

5 Results and discussion
5.1 Results for the static loading test

An illustration of the shell-solid modeling is presented
in Fig. 8(a)-(d). Shell and solid models are separately
arranged. The shell model is shown in Fig. 8(a). Four
node quadrilateral shell FEs are employed. The element
size is around 5.0-10.0 mm. Shell elements are removed
at the brace-chord intersection. Total nodes and ele-
ments of shell model are 23,988 and 23,684, respectively.
Solid model including the detailed welding geometry is
described in Fig. 8(b). The intersection of the brace and

chord is modelled with the arc dimension of 343.6x240
mm and 66.8 mm height for the brace. Quadratic tetra-
hedral FEs are employed for entire solid model and its
size is around 4.0 mm. Very fine mesh (around 0.8 mm)
is used around the weld to provide the accurate stress
concentration. Total nodes and elements of solid model
are 678,503 and 429,531, respectively.

The shell-solid model is presented in Fig. 8(c). A
close-up view of the intersection is shown in Fig. 8(d).
The shell model is placed at mid-plane of the solid
model. They are connected with each other using RBE3s.
Tying relations are automatically constructed in the
pre-software by selecting edge of the shell model and
face of the solid model. Both of the chord ends are
clamped as presented in Fig. 8(c). A tensile uniaxial
load 70 kN is applied to the top of the brace. Young’s
modulus and Poisson’s ratio are E=206 GPa and v=0.3,
respectively. Material properties as well as the shell
thickness are assigned after BCs are set. A linear elastic
analysis is carried out. MSC.NASTRAN [62] is chosen.
Element types are CQUAD4 (Quadrilateral plate ele-
ment), CTETRA (Four-sided solid element) and RBE3.
A CTETRA element has ten nodes. A large-scale iter-
ative solver CASI is employed.

When the shell-solid modeling is adopted, oscilla-
tion of displacement and stress values sometimes occurs
around RBEs,; and it affects accuracy of the numerical
results [47]. First, results of the shell-solid model are
compared with those of the full solid model. A cross-
section of north saddle is shown in Fig. 9(a). The weld
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Strain gauge Radiused weld toe

Fig. 9 Surface stress evaluation at saddle: a Cross-section of
the FE model, b Strain gauge position

toe geometry is modeled by a 3D-CAD based on mea-
surement data presented in Fig. 1(c).

Surface stress of the saddle is evaluated along Lines
A and B from the radiused weld toe. Location of strain
gauges are shown in Fig. 9(b). A full solid model with
very fine mesh is analyzed for comparison purpose. Max-
imum principal stress of the chord surface are presented
in Fig. 10. Stress distribution of the shell-solid model is
in good agreement with that of the full solid model. It
is confirmed that accurate computation can be carried
out employing the solid model size.

Numerical results are compared with the experimen-
tal results. Normal stress of the chord surface at north
saddle in their tangential direction are presented. For
reference, measurement data at south saddle is also
included. Surface stress in the experiment are evalu-
ated by multiplying the strain measurement data and
Young’s modulus. The results are also shown in Fig.
10. A slightly different results are found due to the dif-
ficulty of strain gauge setting on the curved surface.
However, reasonable results can be obtained.

As shown in Fig. 10, peak stress can be seen around
3.5 mm offset from the radiused weld toe. The weld
toe is relatively large, i.e., p=16 mm, and then, the
peak point is shifted from the radiused weld toe. It
is known that an initial crack is inclined to generate
around high stress region, then, crack initiation position

may also shift from the radiused weld toe. However, in
the present study, initial crack is inserted at radiused
weld toe to compare with the simplified CP simulation
results. Hot spot is defined at the radiused weld toe in
the simplified method as shown in Fig. 6(b).

Peak stress position
1.80E+02

—Shell-Solid
—Solid

Experiment (North)
-»-Experiment (South)

1.60E+02

1.40E+02

1.20E+02

1.00E+02

8.00E+01

Radiused weld toe position
6.00E+01  (CP simulation for shell-solid model)

Max principal stress (MPa)

4.00E+01

2.00E+01 —[Line B]=—+*[Line A]

0.00E+00

-1.00E+01 0.00E+00 1.00E+01

2.00E+01
Distance from radiused weld toe (mm)

3.00E+01

Fig. 10 Max principal stress distribution on the chord sur-
face

5.2 Setting for the CP simulations
5.2.1 A cracked shell-solid model

CP simulation is carried out. Shell-solid FE model with
an initial crack is shown in Fig. 11(a). Similar to the
static loading test model, 5.0-10.0 mm shell elements
are employed. Number of nodes and elements of the
shell model are 69,979 and 69,547, respectively. A close-
up view of the solid model is presented in Fig. 11(b).
The solid model size is same with the static loading
case. The CP simulation system does not allow to in-
troduce a curved crack into the FE model. A planar
small semi-circular surface crack (¢=0.2 mm, 2¢=0.4
mm) is assumed and it is extended to generate smooth
curved crack surface. Fatigue cycles are compared when
the crack size becomes almost similar with BM No.1 in
Table 4. The whole solid model is divided around 5.0
mm quadratic tetrahedral FEs. The cracked part region
is divided around 0.2 mm FEs. Element size along the
crack front is 0.003 mm. Total number of nodes and
elements of the solid model are 683,689 and 449,995,
respectively.



A CP simulation for a steel CHS T-joint employing an advanced shell-solid FE modeling 9

(@)

(b)

0.4 mm

0.2 mm

Fig. 11 A surface cracked shell-solid model: a Whole view, b Around cracked part

5.2.2 Fracture criteria for CP simulation

For CP simulation, modified Paris’ law is chosen. It is

given as:
da m m
d_N = C(AKeq —-A th)? (5>

where C' and m is material parameters, da/dN is the
CP rate. The coefficients were C=2.66704e-11, m=2.75
(unit: m/cycle) and the threshold SIF AKy,=1.99223
(unit: MPay/m) [63]. AK}y is a threshold SIF, AK.q is
equivalent SIF range considering mixed-mode state. It
is written, as:

AKZ, = (AK( + B|AKwm|)® + 2AK7, (6)

where B is a coefficient. B=1.0 is chosen [64].

A maximum tangential stress criterion [65] is em-
ployed to predict crack growth direction. It is written
as:

—2AKn
= AR,
AKqu + \/(AKqu) + S(AKH)

AKjeq (=AK1+B|AKp]) is amplitude of an equivalent
SIF including mode-IIT effect.

It is noted that welding residual stress is not con-
sidered in the FE model. Material parameters and fixed
BCs are same with the static loading case. A cyclic load
AP=188.1 kN is considered and stress ratio R=0.01.
Analyses are carried out until crack penetrates the chord
wall.

6 = 2tan" "

5.2.3 CP simulation with Mk factor formulas

HSSs are examined to perform a simplified CP simu-
lation. Outer and inner HSSs are evaluated by hoop

stresses of the chord surfaces. Linear and quadratic ex-
trapolation techniques are employed based on UK Den.
A quarter solid model is used. Hoop stresses for the
outer and inner chord surfaces are presented in Fig.
12(a) and (b), respectively. ROPs of A4, By and Cj
(=2A4-By) are also included. Additionally, hoop stress
of outer chord surface is also evaluated to investigate ac-
curacy of the shell-solid model. The verification of hoop
stress is shown in Fig. 12(c). Results with intact shell-
solid model and with full solid model are presented.
Also, edge position of the shell-solid model is drawn.
Hoop stresses are different from the full solid model re-
sults around the connection. However, differences are
vanished as long as the weld toe is approaching. Re-
sults with the shell-solid model and full solid model are
in good agreement. Then, effectiveness of the shell-solid
modeling and solid model size are confirmed.

Based on the stress evaluations, SCF;,, SCF, and
DOB are given in Table 5. Similar values can be ob-
tained for linear and quadratic extrapolation techniques.
It is slightly conservative for quadratic case. Values with
the quadratic extrapolation are employed for the CP
simulation.

Table 5 SCFoyut, SCF;, and DOB

SCFout SCFin DOB
UK DEn Linear 3.68 -2.34 0.817
UK DEn Quadratic 3.76 -2.42 0.821

CP simulation is carried out based on modified Paris’
law in Eq. (5). Initial crack size is same with the one
which is adopted in the FE computation. Mode-I SIF
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Fig. 12 HSSs evaluation for an intact tubular joint model:
a Hoop stress of outer chord surface, b Hoop stress of inner
chord surface, ¢ Comparison of hoop stress of outer chord
surface for shell-solid model with full solid model

amplitude AKY; is selected to evaluate the CP rate. It
is assumed that the hot spot, i.e., crack initiation posi-
tion, is defined at radiused weld toe as presented in Fig.
6(b). Additionally, the surface crack is always propagat-
ing along the radiused weld toe and along perpendicu-
lar to chord surface as shown in Fig. 5(a). Analysis is
carried out until crack penetrates the chord wall.

5.3 Results for the cyclic loading test
5.8.1 Computational efficiency

A tubular joint with a surface crack size a=0.2 mm
and 2¢=0.4 mm is chosen. Shell-solid model is presented
in Fig. 11. A cracked full solid model is also arranged
for comparison purpose. Quadratic tetrahedral FEs are
employed to the whole tubular joint. Computational
time of the shell-solid model is compared with that of
the full solid model for first five CP steps.

Same condition is employed for the FE computation.
Operation system is Windows 10 Professional, and CPU
is Intel® Core™ i9-10900 Processor. Memory size is 64
GB. It is a serial computing. Information of FE models
and the computational time are presented in Table 6. It
includes model arrangement and FE computation time
of the flowchart as shown in Fig. 4(a). Computation
time is reduced in the shell-solid model CP simulation
by the reason of decreasing solid elements. Addition-
ally, only solid model part is regenerated to update the
crack geometry. Therefore, the proposed FE modeling
is effective for large-scale cracked structures.

5.8.2 Comparison of SIFs

Cross-section of the FE model at final state is presented
in Fig. 13(a). Surface crack is curved along crack width
and depth directions. It means a doubly-curved surface.
Here, two coordinate systems are defined to the curved
crack as shown in Fig. 13(b). One is arc length. The
depth is a and width is 2¢. The other is chord length,
i.e., the depth is @’ and width is 2¢’. For CP simulation
with Mk factor formulas, it is noted that the surface
crack always propagates perpendicular to chord surface
at the weld toe, i.e., a=a’. SIFs evaluated by FEM and
ME factor formulas are investigated.

Mode-I SIF at deepest point are shown in Fig. 14(a).
Until half thickness of the chord wall around a'=6.5
mm, the SIFs are gradually increased. After that, al-
most same values are kept until crack penetration. Ad-
ditionally, the SIF results with full solid model and
shell-solid model are compared in Fig. 14(a). Almost
same values are obtained. Similar to the discussion on
Section 5.1, efficient computation can be carried out
with keeping same accuracy by using the shell-solid
model.

ME factor in Eq. (2) cannot be defined because the
denominator approaches zero at deepest point under
bending condition for a/T>0.5 because of the crack clo-
sure. So, Mk factor at deepest point for bending loading
MFEp in Eq. (3) is set unity for conservative evaluation
in [19,59], i.e., if 0.005<a/T'<0.5 then
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Table 6 FE models and computation time for first five steps.

FE model Shell-Solid Full solid
Element type | CQUAD4 | CTETRA RBE3 CTETRA
Nodes 69,979 683,689 312 (Master nodes) | 1,572,042
Elements 69,547 449,995 - 953,131
DOFs 2,453,661 4,607,052
time [sec| 1,730 2,824

Fig. 13 CP results using the shell-solid model: a Cross-
section of the model, b A doubly-curved surface

Mk = fif2, (®)
else if 0.5<a/T'< 1.0 then
ME = 1.0, (9)

where f; and fo are Mk factor equations. In this pa-
per, when Eq. (8) is employed for 0.005<a/T'<1.0, it is
called as original equation. While Egs. (8) and (9) are
employed, it is called as modified equation.

Results with Mk factor formulas at deepest point
are investigated. There are two results, i.e., original and
modified ones in Fig. 14(a). Crack propagates until half
chord wall, same values are taken. SIF employing the
original equation is monotonically increased as long as
the crack depth grows across the half of the chord wall
thickness. When the modified Mk factor formulas are
adopted, there is a jump of SIF values at the middle of
the chord thickness.

Mode-I SIF at mouth are shown in Fig. 14(b). All
of SIFs monotonically increases until the crack pene-

tration. Results with Mk factor formulas give higher
value than the FEM computation. Additionally, crack
extensions with Mk factor formulas are larger than the
FE model. Similar to the SIF results at deepest point,
shell-solid and full solid modelings provide almost same
SIF values for the mouth point.

Although a simplified assumption is introduced for
CP simulation with Mk factor formulas, SIF results
show good tendency compared with results with the
3D FE fracture modeling.

Crack path of FE model on chord surface are shown
in Fig. 15. Small surface crack propagates along the
weld toe. When the crack becomes large, the crack tips
are apart from the weld toe. Similar tendency can be
seen in the experimental results in Figs. 2 and 3. How-
ever, the crack propagates along the weld toe in the CP
simulation with Mk factor formulas. Therefore, slight
contradiction is occurred when the crack becomes large.

5.8.83 Comparison of aspect ratio and fatigue life

Aspect ratio and fatigue life cycles are validated among
the results of shell-solid FE model, Mk factor approach
and fatigue testing results. Some assumptions are in-
troduced to carry out the simulations and to compare
with the simplified formula results and therefore, pre-
cise comparison of the crack trajectories cannot be pro-
vided. However, similar tendency can be obtained.

Alternation of aspect ratio for propagated surface
crack is examined. Results with the FE model and with
ME factor formulas are shown in Fig. 16. Experimental
results are also presented. Coordinates a’ and ¢’ are
taken for the CP simulations, while a and ¢ are taken in
the experiment. Aspect ratio is unity as the initial crack
is assumed as a semi-elliptical surface crack. The ratio is
gradually decreased in all cases. In Mk factor formula,
it is assumed that the crack always propagates along
the radiused weld toe. Since crack extension at mouth
is larger than the FEM, reducing rate of the aspect ratio
is faster than the FEM. The FE result agrees well with
the experimental results.

Fatigue life cycles are assessed. Results are shown
in Fig. 17. Since crack generation cannot be simulated
in fracture mechanics approach, only fatigue life for CP
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is evaluated. Based on BM No.l (¢=2.6 mm, 2¢=7.6
mm) at 133,000 cycles presented in Fig. 3 and Table 4
in the experiment, CP cycles with the FE models and
with Mk factor formulas are evaluated. Crack depth a
in the CP simulations are adjusted to BM No.1 and the
fatigue cycles are counted from 133,000 cycles. Fatigue
life cycles are evaluated until crack penetration.

Hot spot is defined at the radiused weld toe in the
HSSs evaluation as shown for Fig. 6(b). CP result with
ME factor formulas are compared with the FEM re-
sult. It is found that result with Mk factor formulas is
conservative than that of the FEM.

5.3.4 Discussion

CP phenomena of a T-shaped tubular joint with p=16
mm are examined employing two fatigue strength as-
sessment methods, i.e., 3D FE fracture modeling with
shell-solid model and Mk factor formulas approach.
Through the comparison with the fatigue test results,
effectiveness of the fatigue evaluation methods is dis-
cussed.

Shell-solid modeling is effective and efficient tech-
nique to discuss fracture behaviors in a steel T-shaped
tubular joint. Computation time is reduced than anal-
ysis with the solid FE model. Crack path and aspect
ratio of the surface crack correlate well with the fatigue
test results. Fatigue life cycles for CP are also in good
correlation. And, the simulation results are slightly con-
servative.

A CP approach with Mk factor formulas proposed
in [19,59] with UK Den HSS evaluation technique is
effective to discuss the CP phenomena. Very quick sim-
ulation is developed. Although some assumptions are
adopted, the similar tendency can be seen compared
with the FE results and fatigue test results. In addition,
the CP approach with Mk factor formulas gives con-
servative results than the FE results even though same
material parameter C' and m are employed. Linear and
quadratic UK Den HSS evaluation techniques are exam-
ined. They show almost similar values but the quadratic
approximation gives slightly conservative evaluation.

Yagi et al. [33,34] analyzed CP behaviors of T-shaped
tubular joint with weld toe radii p=3, 6, 11 mm and
the results were examined with Mk factor formulas.
Through the fatigue testing and the fatigue assessments
employing CP simulation results with FEM and with
ME factor approach for p=16 mm specimen, it is con-
firmed that same tendency is obtained and the simpli-
fied CP simulation give the most conservative evalua-
tion results among three approaches when same mate-
rial parameters C' and m are employed.
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6 Conclusions

CP phenomena of a steel CHS T-joint for p=16 mm
specimen is investigated employing an advanced CP
simulation system based on a shell-solid FE model and
MFE factor formulas. In Section 2, fatigue test results
for the joint were shown. In Section 3, a shell-solid
modeling for CP simulation is presented. In Section 4,
CP simulation with Mk factor formulas are mentioned.
Based on the two fatigue strength assessment methods,
the experimental results are examined and discussed in
Section 5. Through this paper, it is found that:

— Shell-solid modeling is effective to analyze CP be-
haviors for a cracked T-shaped tubular joint.

— CP simulation with Mk factor formulas is very fast.
The results show good tendency compared with FE
CP result. It also gives conservative results com-
pared with FEM and experimental results in the
present case.

— Fatigue life cycles are examined with two fatigue
strength assessment methods. The two methods are
effective to discuss the CP behaviors. CP simulation
results with Mk factor formulas give conservative
evaluation for the present case.
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