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A Study on the Spectral Fatigue Analysis of
Semi-submersible Rig Structures
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Abstract
Various kinds of fatigue failures of ocean structures were reported and the importance of
fatigue life estimation at the design state is significantly recognized and various kinds
of analysis approaches have been discussed
In this paper characteristics of the simplified method proposed here and the spectral
method are studied and the elements of the approach are discussed. The merits and
demerits of the forementioned analysis schemes are studied and the relating parameters
such as SCF and S-N curves are also investigated.
The simplified fatigue analysis approach and the spectral fatigue analysis technique is
applied for the analysis of bracing members of typical semi-submersible drilling rig
structure for the verification of the usage of two methods and the sensitivity study has
been performed using the simplified method.
The result from the spectral analysis give a more realistic picture of the fatigue life of
the offshore structure considered here. -

1. Introduction

(Ocean waves encountering a mobile offshore unit cause the cyclic stresses in the
structural elements, and some elements may experience a metal fatigue problem. which can
cause them to fail.

This paper outliines the analysis premises and the computational steps required to estimate
the fatigue lives of the semi-submersible type platform structural elements when subjected
to ocean waves.

The simplified fatigue analysis approach based on a design wave is outlined. Design waves
are assumed to be uniformly crested and propagate across a hypothetical ocean surface with
constant shape and speed. The character of the forces generated by these waves depend on
the relative size and shape of the structure. The practical simplified fatigue analysis
procedure is studied. [1][2]
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For most offshore structures, a spectral fatigue analysis approach, wherein the entire

long term distribution of fatigue stresses is determined in each specific case,
considering the characteristics, such as significant wave height, representative wave
period, of each sea state and the time spent in it, may be performed without any
difficulties.

The spectral method applies the theory of stochastic processes for calculation of the
response to environmental loading especially wave loading. For a particular sea state,
the spectrum of a response variable is found by combining the wave spectrum with the
transfer function relating the wave amplitude to the amplitude of the response. By
integrating the response spectrum. the variance of the response and the spectral moments
can be calculated. Once the stress is known, predictions of the stresses experienced at
that location can be made. All statistical stress predictions are related to the moments
of the relevant stress spectrum about the origin. [2]([3]

In the followings, the components of the simplified and spectral fatigue analysis are
reviewed and the feasibility of the method is explored. Also the theory and the methods
are applied to typical semi-submersible rig structure’s fatigue life estimation.

2. Theory and Analysis Premises.

2.1 General

Fatigue design may be carried out by methods based on fatigue tests (S-N curves) and/or
methods based on fracture mechanics. For design purposes, fatigue analysis based on
fatigue tests is normally the most suitable method, evaluating the actual detail against a
set of standard details. For assessment of in-service cracks with respect to maNimum
inspection intervals or time before repair, the crack propagation must be evaluated by
means of fracture mechanics. [2]

The fatigue life consists of three stages. crack initiation, crack propagation and final
fracture. A fatigue analysis based on fatigue tests may be considered to include the
first two stages. A fracture mechanics analysis may be used to calculate the number of
load cycles in the crack propagation stage of the actual structure. The extent to which a
fracture mechanics calculation can provide comparable information on fatigue life with
that derived from S-N curves, will depend on the number - of. load ¢ycles in the initiation
stage. Frequently, however, the initiation stage for welded joints is almost negligible,
because a fatigue crack will develop from existing defects, which may often be situated in
areas with stress concentration. Dependent on definitions of failure criteria the crack
growth period until unstable fracture may also to some extent be different for the two
calculation methods.

2.2. S-N Curves and SCF

2.2.1, Basic S-N Curves

The fatigue strength of a structural component is normally given in terms of stress range
(S) versus number of cycle (N). Fatigue results for different welded joints are divided
into several classes depending on weld geometry, quality and how the load is acting
Curves for mean life minus 1 and 2 standard deviations have been computed for each class.
With constant stress range the basic S-N curves are given by :
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N=axs®xs or Log(N)} = Logla) - dxLog(s) - mxLog(S)

where
N = Number of stress cycles to failure
a m = Material constants
3 = Standard deviation
d = Number of standard deviations the actual curve lies below the
mean value
S = Range of stress (double amplitude)

The parameters in the basic S-N curves are derived from laboratory test in air of small
specimens subjectgd to a uniform stress. There is a considerable scatter in the results,
and the value of standard deviation gives a good estimate of the scatter

In terms of probability of failure, the mean curve’s correspond to the expected fatigue
life.

The mean curves minus 1 standard deviation correspond to the 84. 1% survival limit, while
the mean minus 2 standard deviations correspond to the 97. 7% survival limit.

2.2.2. S-N Curves for Practical Design

The S-N curves for practical engineering fatigue calculation are based on the basic mean
S-N curves minus 2 standard deviations.

S-N data from laboratory tests are usually available for N up to 2.0E6 cycles which may be
associated with a fatigue limit due to constant stress amplitudes in air. To take into
account variable stress amplitudes in air, the S-N curves are linearly extrapolated in a
Log(N) - Log(S) diagram until N = 1.0E7 cycles, and for N>1.0E7 cycles the curves. are
given a change in slope. [1]{2]{3] PFor structural elements exposed to seawater, but with
cathodic protection, the S-N curves are linearly extrapolated to N = 2. 0E8 cycles where
the curves are given a cut~off level (fatigue limit). When the elements are exposed to
seawater without any protection, the linearly extrapolated S-N curves should be reduced by
a factor of 2 on lifetime and a cut-off level equal to zero.

When performing a simplified fatigue analysis, the cut-off level is neglected.

Fig. 1 and Table 1 show the S-N curves used in the case study here
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Fig. 1 S-N design curves for non-tubular members and connections
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Table 1 Details of basic S-N curves - sea water and cathodic protection

Class loga log s loga m Sy D
(MPa)
B 15.3697 0.1821 15.01 4.0 48
C 14.0342 0.2041 13.63 35 33
D 12.6007 0.2095 12.18 3.0 20
E 12.5169 0.2509 12.02 3.0 18
F 12.2370 0.2183 11.80 3.0 15
F2 12.0900 0.2279 11.63 3.0 13
G 11.7525 0.1793 11.39 3.0 11
W 11.5662 0.1846 11.20 3.0 10
1 T 12.6606 0.2484 12.16 3.0 19

D S, is cut-off level at N =2 + 10% cycles.

2.2.3. Stress concentration Factor (SCF)

Stress concentration can be defined as a condition in which a stress distribution has high
localized stresses : usually induced by an abrupt change in the shape of a member ; in the
vicinity of notches, holes, changes in diameter of a shaft, and so on, maximum stress is
several times greater than where there is no geometrical discontinuity. The stress
concentration factor is the ratio of the greatest stress in the region of stress
concentration to the <corresponding nominal stress. The location of the stress
concentrations are called hot spots. In the fatigue analysis of offshore structures, the
SCF is considered to play a most important roie. [9][10][13]

The SCF may be calculated from theory of elasticity by various methods. Analytical
methods tend to become mathematically complicated, and are applicable to simple geometries
only. Finite element methods are more versatile. For 3-dimensional case, the finite
element method is still practical, but is very expensive in many cases. SCF employed in
the case study is based on the reference. [3][9]

2.3. Simplified Fatigue Analysis

2.3.1. General
A simplified fatigue analysis can he based on a design wave method. Extreme wave heights
are expressed in terms of wave heights having a low probability of occurrence. The
probability Pn that a design wave with a return period of N years will be exceeded in a
given duration is given by :

Pn=1- (- 1yN)"

Design waves are assumed to be uniformly crested and propagate across a hypothetical ocean
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surface with constant shape and speed The character of the forces generated by these
waves depend on the relative size and shape of the structure

2.3.2. Calculation Procedure

The practical simplified fatigue analysis procedure is based on the main headings and wave

heights used in the references. [4] [7]
From this analysis extreme stresses{100 year stresses) are taken directly and transferred
to fatigue stresses(20 year stresses) by the following formula :

. _Log(N») - ool
0 = { [ogUVmw] G0 = 05277 O

where

Nz = Number of waves in 20years {(Nu ~ 107)

Nio = Number of waves in 100years ( Niwo ~ 1017)

Fatigue lives are calculated by means of the following equation.

2 5% (¢/22)™ 18.42™"
107 Aa0? T(m/h + 1)
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where

A0e - Max. stress range in the period under consideration 20years

a, o - Material parameters

h - Weibull parameters

F(+) - The gamma function

Log s - The standard deviation of Log N

t Thickness through which the potential crack fatigue will grow

2.4. Spectral Fatigue Analysis
2.4.1. General

The spectral method applies the theory of stochastic processes for calculation of the
response to hydrodynamic loading. For a particular seastate, the spectrum of a response
variable is found by combining the wave spectrum with the transfer function relating the
wave amplitude to the amplitude of the response. By integrating the response spectrum

the variance of the response and the spectral moments can be calculated. These
calculations will normally be performed numerically. Particular care must he taken in
these numerical calculations to ensure that the frequency grid used for the integration of
the response spectrum is appropriate. Furthermore, attention should be given to the
selection of integration points in the vicinity of any irregularities in the response
spectrum, to ensure that an accurate integration is achieved
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2.4.2. Caleculation Procedure,

The analysis steps are briefly discussed in the followings. {11}

1) Selection of environmental conditions, i.e., various kinds of corresponding sea
states. Sea states may be expressed in terms of wave energy spectrum

2) For a wave component of an assumed direction, amplitude and period, the amplitudes
of the stress response at all points of interest within the structure are determined
in order to obtain the ratio of the stress amplitude to the wave amplitude at each
point. This process is repeated for a sufficient number of wave periods to define
the ratio throughout the range of realistic wave frequencies for the particular
direction of wave approach. The results yield the required stress transfer
function. '

3) Stress concentration factors(SCF) incorporated with in order to obtain the stress
transfer function of hot spots.

4) The stress spectrum is obtained by multiplying the wave spectrum by the square of
the transfer function as shown below.

So(w, @) = Ho®* + S(w)

where So(w, d) stress spectrum as a function of the wave frequency and the wave
direction with respect to the structure
Ho(w, d) response amplitude function or transfer function
S(w) wave spectrum

5) Statistical stress distributions during one particular stationary sea state, i.e.,
short-term stress statistics are obtained

6) Statistical stress distributions during an extended period of time in which many
different sea states occur, i.e., long-term stress statistics are obtained.

7) The fatigue life is calculated based on the assumption of linear cumulative damage
(Palmgren-Miner rule). Application of this assumption implies that the long-term
distribution of stress range is replaced by a stress histogram consisting of a
convenient number of constant amplitude stress range blocks, ogi, each with a number
of stress repetitions. The fatigue criteria then reads as equation above. In
calculation of fatigue life, proper S-N .curve as discussed in chapter 2. 2 is
incorporated.

2.5. Standard Simplified and Spectral Fatigue Analysis
Assumptions Proposed

For the typical semi-submersible rig structure’s fatigue analysis the standard analysis
assumptions are proposed as follows. The hasis for this is derived from the several case
studies performed previously. [7] [8][9] [10]

The simplified fatigue analysis with the following assumptions is proposed.

- Long crested sea

- Maximum wave heights which are used in main strength analysis

- Weibull parameter equal to 1.0

- Uni-directional wave headings, i.e. all waves are assumed to
propagate in the same direction in 20 years.

- Allowable S-N curves with the thickness effect included but the “cut off” is
neglected.
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The spectral fatigue analysis with the following assumptions is proposed
- Short crested sea
- Transfer functions built up by use of 14 single wave periods (4.0, 4.5 5.0, 5.5,
6.0, 6.5 7.0, 80, 3.0, 10.0, 12.0, 150, 18.0, 25.0)
- Pierson-Moskowitz spectrum used
- The wave spectra are discretized to 8 main directions with equal probability
These are 0, 45, 90, 135, 180, 225, 270, and 315 degrees.
- The fatigue damages are calculated from 2.5 year of wave from each main directions,
i.e. damages from totally 20 years of waves
Allowable S-N curves include the thickness effect and the “cut off”.

3.Numerical Analysis of Typical Semi-sub. Rig

3.1. Object Structure and Elements to be Analysed [12]

In general all areas which are subjected to the cyclic stresses must be investigated. On
a mobile offshore unit of typical type it is obvious that some areas are more sensible to
fatigue than others, such areas are :

- Attachments, holes and stiffeners on trusses (especially where global stress
concentrations are occurred near the weldments)

- Areas where plate thickness on trusses are changing

Intersections between trusses and columns.

- Intersections between trusses.

For semisubmersibles, the vertical trusses are highly compressed in the static load
condition. This leads that dynamic forces will pulsate in the compressive stress range of
the members. Therefore the fatigue strength check of the vertical trusses are omitted in
this analysis. The investigated sections in the horizontal trusses are seen in the Fig.
2. In this analysis, the wave scatter diagram of North Sea is taken and consequently wave
loadings are based on North Sea environments. [5] ' '
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Fig. 2 The analysis sections of the rig structure
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3.2. Analysis Results

Results by the two methods of these points are is follows :

Section Point Weld SCF Simplified Spectral
Type No. Class used method method
H1 12 F 1.5 30. 4 years 47. 6 years
H2 3 F2 1.2 27. 3 years 52.6 years
H3 7 F 1.1 20. 2 years 26. 3 years
H4 5 F 1.0 25.0 years 28. 6 years
S1 12 F 1.5 15. 3 years 37. 0 years
S2 7 F2 1.2 16.6 years 40. 0 years
S3 7 F 1.1 17.5 years 41. 7 years
S4 6 F 1.0 45.2 years  122.0 years
S5 6 F 1.1 49.0 years 131. 2 years
S6 5 F 1.5 34. 4 years 71. 4 years
D1 10 F 1.5 33. 4 years 62. 5 years
D2 3 F2 1.2 27. 2 years 45.5 years
D3 3 F L1 15.5 years 22. 2 years
D4 6 F 1.0 21. 4 years 35. 7 years
D5 6 F 1.1 14. 4 years 24. 4 years
D6 6 F 1.5 21. 4 years 38.5 years

It is shown from the analysis that the vessel has sufficient strength in the horizontal
trusses to withstand 20 years of operation.

3.3. Sensitivity Study

As is well known, there can be significant variability in the fatigue life according to
the different fatigue parameters. [6] In order to study the effect of SCF, weld class, and
Weibull parameter, a sensitivity analysis of these three fatigue parameters has been
performed using the simplified method. The results show that the SCF plays an important
role in fatigue life significantly and nextly weld classes does. The Weibull parameter
may not significantly influence in fatigue life. Table. 2 shows the results of the
sensitivity study.

Table. Z Sensitivity study - SCF, Weld Class, Weibull parameter
DESCRIPTION : HORIZONTAL DIAGONAL TRUSS AT SECTION ‘D5’
ELEMENT NO. : 222 START NODE : 212 END NODE : 214 LENGTH : 26. 8868
SECTION FRACTION : 0.7595
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STRESS 100-YEAR  20-YEAR  20YR(THK) SCF WELD  WEIBULL  ALLOWABLE FATIGUE
POINT  STRS AMP. STRS AMP. STRS AMP. CLASS PARAMETER STRS AMP. LIFE
(MPA) (MPA) (MPA) (MPA) (YEAR)

6 92. 05 84. 69 95. 11 0.90 F 1.0 83. 39 26.2
6 92. 05 84. 69 95. 11 0.95 F 1.0 83. 39 22.3
6 92. 05 84. 69 95. 11 .00 F 1.0 83. 39 19.1
6 92. 05 84. 69 95. 11 1.05 F 1.0 83. 39 16.5
6 92. 05 84. 69 g5. 11 .10 F 1.0 83. 39 14. 4
6 92. 05 84. 69 95. 11 .15 F 1.0 83. 39 12.6
6 92. 05 84. 69 g5. 11 1.20 F 1.0 83. 39 11.1
6 92. 05 84. 69 95. 11 1.25 F 1.0 3.3 9.8
6 g2. 05 84. 69 95. 11 .30 F 1.0 83. 39 8.7
6 92. 05 84. 69 95. 11 1.40 F 1.0 83. 39 7.0
6 92. 05 84. 69 95. 11 1.50 F 1.0 83. 39 5.7
6 92. 05 84. 69 95. 11 .10 B 1.0 209. 55 512. 1
6 92. 05 84.69 95. 11 1.10 C 1.0 165. 18 148. 5
6 g2. 05 84. 69 95. 11 1.10 D 1.0 111. 83 34. 4
6 92. 05 84. 69 95. 11 1.10 E 1.0 98. 73 '23.8
6 92. 05 84.69 95.11 110 F 1.0 83.39 14. 4
6 92. 05 84. 69 95. 11 1.10 F2 1.0 73. 19 9.7
6 92. 05 84.69 95. 11 1.10 G 1.0 60. 88 5.8
6 92. 05 84. 69 95. 11 .10 W 1.0 52. 62 36
6 92. 05 84. 69 95. 11 .10 T 1.0 120. 73 43.5
6 92. 05 83.91 94. 23 1. 10 F 0.9 99. 67 25. 2
6 92. 05 84. 69 95. 11 .10 F .0 83. 3 14. 4
6 92. 05 85. 33 95. 83 .10 F 1.1 71. 43 8.8

4. Conclusions

Characteristics of the simplified method and spectral analysis for semi-submersible rig
structure’s fatigue life estimation are comprehensively studied and the guideline for the
analysis is presented.
Also, the fatigue strength of the horizontal trusses of typical sewmi-submersible rig is
numerically investigated.
According to the results cobtained in this analysis, the following conclusion may be drawn.
(1) The proposed simplified and spectral fatigue analysis procedures and relevant
assumptions are useful for the semi-submersible type fatigue structural analysis.
(2) The details investigated are calculated hy use of a S-N curve which is conservative
for the detail.
(3) The results from the simplified method is conservative due to the assumptions taken
for this method.
(4) The simplified fatigue analysis can he used satisfactorily in the early design
stage of the details. And the Weibull parameter in stress range distribution is

- 111 -



approximately 1.0 for this type structure in North Sea region

(5) The results from the spectral analysis give a more realistic picture of the fatigue
life especially because of taking into account the wave headings distributed over a
region of 360 degrees.

(6) The vessel has sufficient strength in the horizontal trusses to withstand 20 year
of operation.

References

10.

11.

12.
13.

Offshore installations : Guide on Design and Construction New Fatigue Design Guidance
for steel Welded Joints in Offshore Structures. Recommendations for the Department of
Energy “Guidance Notes” Revision Drafting Panel. " August 1983.
A. Almar-Nass, *Fatigue Handbook-offshore steel structures, TAPIR, 1985
Classification Note No. 30.2, Fatigue Strength Analysis for Mobile Offshore Units. Det
Norske Veritas, August 1984
Hyundai Maritime Research Institute, "Basic Design Development of H520/1-Main Strength
Analysis at Intact Condition”, 1988
N. Hogben, N.M.C. Dacunha and G.F. Olliver, “Global Wave Statistics”, British Maritime
Technology Limited, 1986
A. Thayamballi and Y.H Jan, “The Effect of Model Uncertainty on Design Fatigue Life
Estimates of offshore Structures”, Proceedings of OMAE, pp. 375-383, 1987
Hyundai Heavy Industries Co., Ltd., “Specification of Semi-Submersible Drilling Rig for
Ocean Drilling and Exploration Co.”, 1986
American Bureau of Shipping, “Rules for Building and Classing Mobile Of fshore Drilling
Units”, 1885
Classification Note No. 31.4, Strength Analysis of Main Structures of Column Stabilized
Units. Det Norske Veritmas, December, 1985
B.J. Natvig and I.B. Almeland, “Structural Integrity Verification of the First AKER
H-4. 2", Proceedings of OMAE, pp. 94-101, 1988
J.H Vughts and R K. Kinra, “Probabilistic Fatigue Analysis of Fixed Offshore
Structures”, Proceedings of O0TC, O0TC 2608, 1976
VERITEC, “SESAM 80 User’s Manual”, 1983
Issc, Proceedings of the 12th International Ship & Offshore Structures Congress,
Sept., 1994

-112-



