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IVa

Fatigue Design of Welded Joints in Trussed Legs of Offshore Jack-Up
Platform

Calcul a la fatigue des joints soudés de colonnes dans les plates-formes
auto-élévatrices

Bemessung gegen Ermidung von geschweissten Stdssen in Stlitzen von
selbsthebenden Bohr-Plattformen

Y. KUROBANE Y. MITSUI T. ATSUTA S. TOMA
Professor Associate Professor Kawasaki Heavy Industries Ltd.
Kumamoto University Kobe, Japan

Kumamoto, Japan

1. Description of Structure

The structure under study is a Jjack-up drilling platform with 3 legs. The
legs support a hull measuring 60 x 48 x 7.2 m and of about 6800 tons in weight
at intervals of 38.5 m in center to center dimensions (See Fig. 1). The maximum
operating sea depth is 90 m. Each leg consists of 4 chords, tubular braces and
ties, which constitute a space truss of 119 m in height with a cross section of
T x T m.

Four tubular braces and one tubular tie are framed into each of the corner
Joints in the chords, which gives a three dimensional complex joint configuration
(See Fig. 2). The materials for the chords and tubular members have the tensile

strengths of 80 kg/mm2 and 60 kg/mm% respectively.

2. Estimation of Stress Concentration Factors in Joints

The ASKA program was used for the elastic stress analysis on the corner
joint of the 3 dimensional trussed leg. The model joint for the analysis has
only four braces (namely, the tie is omitted) attached at extended positions on
the chord surfaces. Fig. 3 shows the finite element mesh and the principal
stresses obtained as a result of calculations.

Calculations were carried out for the two most severe load cases, the one is
that shown in Fig. 3 and the other has concentrated horizontal forces of 1,885
ton in total acting on the two outstanding teeth of the rack in addition to the
member forces in the first case. The stress concentrations occurred at the
points along the junctions of the braces and the chord, which are indicated by
a mark o in Fig. 3. The peak stresses and the stress concentration factors are
shown in Table 1.

According to the response analysis of the structure the severest stresses
are generated at the ends of the braces. The stress distribution at these hot
spot areas is depicted in Fig. 4, which is a best-fit curve of the stresses ob-
tained by the analyses and is shown in terms of the "local stress / average mem-
ber stress".

A series of fatigue tests on model joints were also performed. The models,
made of low carbon structural steel, have two planar braces and a scale of about
1/4 of the actual joints. The three different types of joints were tested (See
Fig. 5 and Table 2). The hot spots in these joints are the points at the weld
toes in the brace walls as indicated by a mark e in Fig. 5. The fatigue cracks
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were invariably initiated at these points.

Prior to fatigue testing the strains at the hot spot
areas were measured by 5 strain gages with the gage
length of 2 mm. The hot spot strains were estimated by
an extrapolation procedure as illustrated in Fig. k.
Because the estimated hot spot strains were in the in-
elastic range, the elastic stress concentration factors
Kt's vere deduced from them by making use of the

Neuber's formula[l]

K =|/KGK6 (1)

t
where K ” and K e are the stress and strain concentration

factors in the inelastic range. Because K€ is the hot
spot strain divided by the nominal strain ~and can be
written as

K. = Ae / Aen = Ae / (At»:na + Aenb) (2) Fig. 1 Offshore Jack-
Eq. (1) can be rewritten as Up Platform
K, = /e do / E A2 (3) I
t n [r S:j;::;
where A0 and Ae are the hot spot stress and strain 23 P
ranges, Aen is the nominal strain range in the mem- II E
ber and Aena and Aenb are the ranges of the nomi- T \sesea ; ;
nal strains due to the axial force and the bending BITes3 <;:ng
i "
Feeea)

cyclic stress-strain relationships of the materials, X ]
de =80/ E+c(dorec) e (1) 2|
» K, and K_ are the material con- I
P e P ss;&;f‘__J
stants that were used in the Manson-Coffin's
fatigue model.

The calculations of K, 's of the fatigue spec- Fig- = l;'u(lai.;:;::le Joluk
imens are shown in Table 2. The cyclic stress- P
strain curve used here was taken from the
results of the strain-controlled cycling l""'
tests on various structural steels([2] and
are those at the stage before the cyclic —
strain hardening took place. The Kt's i e ‘/,
thus determined scatter widely partly be- fow i s ‘ o
cause the extrapolation procedure was in- i . ()'
cluded in the analysis. The mean values [
of K, 's were used in the fatigue analysis. |

The stress measurements on the full-
scale joints were carried out. The spec- 5
imen is one segment of the leg where the | (i; é?' QRN_J{D,

moment in the member, respectively. The stress quéﬁmumo
and strain ranges at the hot spots must follow the f N\V
‘ Y 1/,

= 3500

where C , C
e

member lengths are scaled down 1/2 from . _
the actual structure. The three chord T X
ends were welded to a test rig and a com- { i _
pressive force was applied to the one re- | N L o
maining end of the chord (See Fig. 2). !_ﬂ : ; o) 8
The strain gage measurements were con- -
ducted on one of the corner Jjoints and
also on one of the tubular K-joints. e b ! \ ;-
The highest stresses in the cormer e D0 T il
Joints were observed in the brace walls
at the points close to the weld toes.

The highest stress concentration factor Tig. 3 T Mnalysis on. Corner Jolint
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was 2.53. Examples of the test results are Table 1 SCF's in Corner Joint

illustrated in Fig. L. According to FEM Analysis
The principal stresses in the tubular A ————
K-joints are depicted in Fig. 6. The stress | member | 00 i 3t cipal streses | SCF**
concentration occurred at the points denoted —— 1 -29.8 _58.7 1.97
by "o". The highest stress concentration 2 -3.7 -65.3 1.83
factor was 2.5k. It should be noted that diagonal | 1 -26.5 -65.3 2.46
. . brace 2 -26.5 -61.6 2.33
the stress concentration factors are defined :
" . . horizontall 1 16.8
here as the "peak stress / nominal axial brace 2 19.8 48.2 2.44
plus bending stresses in the brace". The *in kg/m? ** SCF = highest stress / average
stress concentration factors measured on the stress
K-joint were found to be in reasonable agree- Table 2 SCF's of Fatigue
ment with the past experimental and analyt- Specimens
ical results[3], [4].
The greatest stress concentration fac- type of de Be bo , K, |mean of
. specimen (%) (Kg/mm“) K.'s
tor of 2.8 was observed at the brace ends in (%) t
the corner joint as a result of the FEM :mcewﬂh g}g 81;8 g;g g?g
. . . eav . . . .
analysis (See Fig. 4)-_ This looks to be & | van 0.0813 0.137 28.9  1.69 | 1.9
sufficiently conservative value and, there- brace with [0.0900 0.128 26.9 1.42 3;6
fore, will be used for the fatigue design Tight 0.0920 0.184 38.8 2.00 | ™
. . wall 0.0863 0.153  32.1 1.77
being described later on.
0.140 0.217 37.1 1.40 | , 4
with 0.156  0.395 49.1 1.95 [ °°Z
. Strain Range versus Life Relationships gusset 0.0698 0.270 41.7 3.19
3 =L 2D plates  [0.0779 0.219  37.3 2.58 | 0-77

of Joints
The materials at the hot spots sustain the stress concentration due to mi-
croscopic discontinuities present at the weld toes, on top of the macroscopic
stress concentration as discussed in the preceding section. The geometrical
discontinuity at the weld toes has governing influences on the fatigue strength
of welded Jjoints. Even good as-welded joints are expected to have the notches
with root radius of 0.02 mm, which entail the fatigue strength reduction factor
of about 1.9 in mild steels[5].
It may be assumed that the fatigue strength reduction factor of the hot

spot "Kf" is expressed by

Kp = K, K, (5)
where K _1is the fatigue strength reduction factor due to the notch at the weld
toe. It may be said that K_, represents the stress concentration factor of

the material below the notch root at the hot spot.

The fatigue life of the material at the hot spot can be estimated from
the strain histories of the material when the fatigue properties are known on
the material itself. The strain in the hot spot may be calculated by K. Ae_in
the elastic range. The strain becomes greater than this when the material
yields. Such cases arise in the present joint when the structure is under
storms.

One of the method to esti- r
mate the strain ranges in the hot .
spots is to use the Neuber's for- )
mula (3) in combination with the
cyclic stress-strain relationships
(4), where K. should be replaced by
Kf whenever "the fatigue problem is
concerned. Although the applica-
bility of the Neuber's formula is
debatable, the foregoing method was 'r
found to agree with the test results = MOPEL, TESF
on simple notched specimens[6], [7]. L

Mitsui applied the above meth-
cd to estimating the fatigue lives
of tubular T-joints[8], [9] Fig. 4 Strain Distribution in Corner Joint

n
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N
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STRAIN CONCENTRATION FACTOR
J
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DISTANCE FROM HOT SPOT/WALL THICKNESS
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and found that the predicted fatigue lives fell between the cycles to crack ini-
tiation and to complete failure of the joints.
The strain ranges of the model joints were calculated by the same method.

The results are shown in Fig. T.

itored by strain gages mounted on the critical points.

ating cracks was less than 5 mm.

The predicted fatigue curve in Fig.

In these tests the crack initiation was mon-

The length of initi-

K was assumed to be 2.0 in the calculations.
T is the S-N curve of a low carbon steel

where N is the number of cycles to failure of the polished hour-glass type spec-

imen. The fatigue constants of

the material were evaluated from the static ten-

sion test results of the material and also on
references to the past test results(10], [11].
Although the fatigue lives of the joints to
crack initiation were less than the predicted fa-
tigue lives, the longevities of the joints to
failure were greater than the predicted lives.
The same calculations were carried out on
tubular K-joints, in which Kw was assumed to be

1.9 for the specimens with the extended
braces and 2.0 for the overlapping braces.
K, were derived from the other sources[3],

[4]. The test results of these joints

has already been reported elsewhere[12].

As seen in Fig. 8, the predicted fatigue

lives are even less than the fatigue lives

to crack initiation. It should be noted —

—

895X573

AV

-— :l

9

@ INDICATES POINT OF CRACK INITIATION

Fig. 5 Model Joints

here that the first cracks were observed
when they were about 20 mm long.

Zirn suggested basing on extensive
tests on tubular joints that Kw was about

2 and that the S-N curves of the
materials would predict the cy-
cles to initiation of a crack
of 5 mm in length[3]. The test
results presented here were less
consistent in this regard than
the Zirn's results. This may
be owing to the great diversity
of weld profiles that is in-
herent in the as-welded joints
[5]. The cycles to failure of
the joints, however, were found 000 1

0050~

Fig. 6 Principal Stresses in

Tubular K-Joint

PREDICTED FATIGUE CURVE

X CRACK INIMATION

to be apparently greater than “
the predicted fatigue lives.
The above method is suffi-
ciently conservative and
may be used for a design
tool as far as an appro-
priate value of K_1is

found. v 001

005

4, Design of Structure L
against Cumulative
Fatigue

The dynamic response

analysis of the structure ooo0l 1 L

PREDICTED FATIGUE CURVE

NO. OF CYCLES TO FAILURE

Fig. T Fatigue Test results on Model Joints

O FAILURE

EXTENDED BRACES
® FAILURE
OVERLAPPING BRACES

X CRACK INITIATION

3 4
under random waves Wwas 10 10
conducted using the

Fig. 8 Fatigue Test Results on Tubular K-Joints
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probabilistic method, which would be described in Table 3 Design Load
detail in Reference[13]. The wind and tide forces Conditions
were assumed to act statically on the structure.

i : significant wave height (m) 7.0
Table 3 shows the_env1ropmental design loads due to Significant wave period (sec) 15
storms for a service period of 1 ears. The average wind velocity (m/sec)  25.0

P Yy rag ) . 5
storms were assumed to arise 1.5 times per year. maximum current velocity (knots

Fig. 9 illustrates the wave spectrum, the
transfer function of the structure and the displacement response spectrum Suu(w)
at the center of gravity of the deck under the wave forces. Fig. 10 depicts
the frequencies of the hot spot strain ranges in 15 years, where the calcula-
tions were made with fatigue strength reduction factor of 2.8 x 2 = 5.6 (See
Section 3).

The design fatigue curve assumed here is the S-N curve of the material in
which the factor of safety of 20 is considered on the fatigue life. Such
design curve is illustrated in Fig. 10. It is not advisable to use the lcad
factor and to increase the stresses, because this tends to exaggerate the
effects of low-cycle fatigue.

When the Palmgren-Meiner fatigue model is assumed, the cumulative fatigue
damage ratio is calculated as follows:

z (n/N)wave + (n/N)wind + X (n/N)tide = 0.342 + 0.000 + 0.001 = 0.343

From the above ratio the total factor of safety assumed on the life results in
58, which suggests that the design is fairly safe against fatigue failures.

References X 10

1. H. Neuber, "Theory of Stress Concen-
tration for Shear Strained Prismatic AN
Bodies with Arbitrary Non-Linear
Stress-Strain Law," Trans. ASME., J.
App. Mech., Vol. 28, No. 4 (Dec. 1961)

2. Y. Kurobane, et al., "Hystersis curves
of Structural Steels-Mathematical Re-
presentations,”" Summary Papers,
Annual Conf. of AIJ (Oct. 1975), in
Japanese

3. R. Zirn, "Schwingfestigkeitsverhalten B -\v )
geschweifter Rohrknotenpunkte und /"[' f \ \\
Rohrlaschenverbindungen," Tech.-wiss. =1 L =)
Ber. MPA Stuttgart (1975) H.75-01 2l o~ ]

4. J. G. Kuang, et al., "Stress Concen- o ,
tration in Tubular Joints,” OTC 2205 FREQUENCY {rad/sec)

;. é?a%aingihi’ I Fig. 9 Displacement Spectrum
"Effect of External Geo- ol
metry of Reinforcement on
the Fatigue Strength of a
Welded Joint," J. JWS, Vol.
4o, No. 8 (Aug. 1971),
in Japanese

6. R. M. Wetzel, "Smooth Spec-
imen Simulation of Fatigue
Behavior of Notches," J.
Materials, Vol. 3, No. 31
(Sept. 1968)

7. J. H. Crews, Jr.,"Elasto-
plastic Stress-Strain Be- 0 O P o
havior of Notch Root in NO. OF CYCLES

Sheet Specimens under Fig. 10 Strain History Curves

T T
DISPLACEMENT
’j SPECTRUM

3
o
/'/
I
—

c/rad)

H

WAVE ‘J \[ A
SPECTRUM i

: 3
mse

r TRANSFER
FUNCTICN

Suu(w) (
W

_——-“':_

=X

N

DESIGN FATIGUE CURVE

S,

STRAIN RANGE




328 IVa — WELDED JOINTS IN TRUSSED LEGS OF OFFSHORE JACK-UP PLATFORM

Constant-Amplitude Loading," NASA TDN 5253 (1969)

8. Y. Mitsui, Experimental Study on Local Stresses and Strength of Tubular
Joints," Doctorial Dissertation, Osaka Univ. (Dec. 1973), in Japanese

9. Y. Mitsui, "Estimation of Fatigue Life to Crack Initiation of Tubular T-
Joints," Summary Papers, Annual Conf. of AIJ (Oct. 1974), in Japanese

10. T. Hotta, et al., "Further Investigation on Estimation of Low-cycle Fatigue
Strength of Steels (3rd Report)," J. SNAJ, No. 128 (Dec. 1970), in Japanese
11. S. Klee, "Das zyklische Spannungs-Dehnungs-und Bruchverhalten Verschiedener
Stahle," Veroffentlichungen des Instituts flir Statik und Stahlbau der Tech-

nischen Hochschule Darmstadt, H. 22 (1973)
12. Y. Kurobane, et al., "Some Simple S-N Relationships in Fatigue of Tubular
K-Joints," Trans. AIJ, No. 212 (Oct. 1973)
13. T. Atsuta, et al., "Fatigue Design of an Offshore Structure," OTC (1976)
to be issued

SUMMARY

The fatigue life of welded joints in the offshore jack-up platform was
estimated from the strain range of the material at local portions where
stresses concentrated. The estimation was found to be conservative when
the geometrical discontinuity at the weld toes was adequately taken into
account. The fatigue design was carried out considering the cumulative
damage of the joints under the influences of random wave and wind forces.

RESUME

La fatigue des joints soudés dans les plates-formes auto-élévatrices
est estimée 3 partir des déformations du matériau aux points de concentra-
tion de contraintes. Les résultats sont du cdté de la sécurité, si la forme
géométrique de discontinuité & l'angle de soudure a été correctement pris

en considération. Le calcul & la fatigue a tenu compte du dommage cumulatif
des joints sous 1l'influence aléatoire des forces des vagues et du vent.

ZUSAMMENFASSUNG

Die Lebensdauer ermidungsbeanspruchter geschweisster Stésse in selbst-
hebenden Bohr-Plattformen wurde abgeschdtzt in Funktion der Dehnungs-
schwingweite an Punkten mit Spannungskonzentrationen. Die Abschdtzung liegt
auf der sicheren Seite, wenn die geometrischen Diskontinuitdten im Bereich
der Schweissndhte berlicksichtigt werden. Der Nachweis der Ermidungsfestig-
keit wurde erbracht unter der Annahme stochastischer Wellen- und Windkré&fte
und fortschreitender Zerstdrung.
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