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1.0 INTRODUCTION

1.1 Problem Statement

With the ever—increasing need for more energy and more resources from
the sea, marine structures are being built in deeper waters and in increas—
ingly hostile enviromments, These taller structures are becoming more compli-
ant and will have preater response to the more severe wave loadings than con-
ventional platforms.

If these structures are going to operate for the time regunired to make
them economically feasible, ther they must be designed with 30-50 year oper-—
ating lives. Within this period of time, they will be subjected to up to
about 4 x 108 cycles of variable—amplitude loading., The increased compliance,
magnitude of wave forces, and extended design lives all contribute to the
fatigue damage of the structure.

Conventionally, designers mse large factors of safety in the design of
structural elements, with the result that conservative structures are being
built. The need for large factors of safety stems from a belief that there is
considerable uncertainty in structural loadings and a lack of adequate under—
standing of the respomse of structural materials to enviromment. Years of
work by researchers and years of experience with existing marine structures
suggest that the time has come to take stock of the available information and
update design practices. Long—term effects, particularly corrosion fatigue,
play an important part im structural life predictiomns. The lack of sufficient
information on material behavior in a corrosive emviromment beyond 107 cycles
makes design against high—cycle corrosion fatigue uncertain.

The objective of the research program described in this report is to
define and evaluate currently available technology for assessing the long-life

corrosion fatigwne behavior of welded joints in seawater,

1.2 Historical Perspective and Concerns

Offshore structures have been operational in various parts of the world

for over 30 years., Early experience was in the Gulf of Mexico where water

A glossary of terms in the ereas of corrosion, fatigue, and welding is given

in Appendix A.
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depths typically range uwp to 100 meters. However, technology has advanced to
the point where the largest template drilling and production platform Cognac
stands in 310 meters of water 24 km somtheast of the Mississippi River Delts.
Currently there are about 3800 offshore platforms of various types in the
United States with the vast majority built for Gulf of Mexico service. These
platforms typically operate in sea states which are relatively calm for much
of the time and only experience severe loadings from occasional hurricanes.
This is illustrated in Figure 1.1, which shows & stress spectrum typical of
Gulf of Mexico platforms. The plot shows that within a 50-year period, the
platform would experience 4 x 108 waves, but only 2 x 106 cycles would be
above 5 percent of the design stress. Marshall [1.,1]% indicates that in the
Gulf of Mexico fatigue failures in fixed platforms have not been 2 serious
problem.

Tkis type of loading is mot typical, however, of rough weather areas
like the North Sea and the Gulf of Alaska. At the present time, there are
about 100 to 150 structures working in the North Sea in water depths from 150
to 200 meters. These North Sea platforms are exposed to an eaviromment that
is severe mOStE&f the vear. This is reflected in the typical stress spectrum
shown in Figure 1.1. Notice that the North Sea spectrum does not sag at the
higher number of cycles as the Gulf of Mexico spectrum does. This indicates
that a larger number of cycles are being applied at a greater proportion of
the design load for the North Sea and Gulf of Alaska sea states. Under these
more severe loadings, more stringent requirements are placed upon the design,
materials, and fabrication aspects of the structure, Fatigue plays an
increasingly important role because the structure is subjected to a higher
stress level for a greater part of its life.

Marime structures operate in 2 complex emviromment. Seawater properties
such as salinity, temperature, oxygen content, pH level, and chemistry can
vary according to site location and water depth. Table 1.1 describes the
enviromment in different marine zomes (Figure 1.2) and indicates the mnature of
general corrosion attack on steels. Offshore structures are cathodically pro—
tected with systems of sacrificial anodes or impressed current. These systems
deliver a current demsity to the protected metal surface which inhibits the

corrosion process. The amount of required current demsity is 2 function of

*Numbers in brackets denote references listed at the end of each chapter.
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environmental factors such as temperature, oxygen content, and flow rate of
the seawater, Conseguently, even if a structure is globally cathodically
protected there may be local areas which are either under or overprotected,
Table 1.2 describes qualitatively the efiect of various envirommental vari-
ables on gemeral corrosion attack.

The degree of cathodic protection is measured by the electrode potemtial
at the surface of the cathode and referemced to either a silver—silver chlo—
ride (Ag/AgCl) or a copper—copper sulfate (CnICnSO4) electrode. The free
corrosion potential (Ag/AgCl) (mo protection) is approximately —0.65 volt (V)
and normal cathodic protection is about -0.85 V. For more negative potentials
the structure is said to be overprotected.

The fatigue phenomenon is enhanced by the corrosive seawater environ—
ment., One can gain an appreciation of the various envirommental effects by
considering Figure 1.3 [1.4, 1.5], which shows the effects of the important
variables in seawater. These are: c¢yclic frequency, temperature, oxygen
content, level of cathodic protection, and pH. The base line case takes as
unity the propagation rate in air at a temperature of 20°C and a loading fre—
quency of greater than 1 Hz, The remaining data show the increase in crack
grovth for seawater with respect to air under a variety of conditions. The
quantities highlighted in the bozes were varied from a standard seawater test
vnder a free corrosion potemtial. Conditions are representative of the splash
zone in which corrosion is most aggressive. A typical variation with depth
is illustrated in Figure 1.4 from data taken in the Pacific Ocean near Port
Hueneme, California. The oxygen content of 7 ppm in the standard test
represents fully oxygenmated seawater, The salinity of open—ocean seawater
typically ranges from 32 to 38 parts per thousand (ppt) [1.2].

One should recognize, however, that the crack propagation data on which
Figure 1,3 is based was generally taken at crack growth rates no lower than
about 10_8 meters/cycle. This corresponds to a change in stress intensity
factor of approximately 10 MPa /m. A 10_8 meters/cycle of growth rate is too
high for structures which have to endure on the order of 4 x 108 ocean waves.
For such structures, the average growth rates in a 50—mm weld would be about
i 4 10_10 meters/cycle., This means that, in the region of interest, mmch
slower crack growth data are required at a stress intensity ramge of 1 to
3 MP Ym. Work is progressing in this area, as will be reviewed in Chapter
4.0,

1.3
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Figure 1.3 indicates that, under standard loading rates in the ocean,
one could expect crack propagation rates from 1 to 3 times the in—air values.
It is genmerally believed that adequate cathodic protection restores the im—air
crack propagation rates, although there is concern with overprotection being
detrimental due to hydrogen embrittlement. It is also important to mnote that
if the loading frequency in seawater is increased above 1 Hertz, then the
¢rack propagation rates decrease to the in—air values. This is quite an
important observation since it means that the corrosive effects are dependent
upon the loading freqmency. This is bad from an experimental point of view
becanse it requires that fatigue tests munst be made at the correct frequency
if one expects to appropriately account for the effects of the corrosive
environment, For long~term corrosion fatigune testing, the situation is even
worse because one is trying to test intc the range of 108 to 109 cyeles, Of
course, it is clearly impossible to do laboratory tests with this number of
cycles at frequency because the tests would last on the order of 50 years.
This has motivated the development of amalytical tools to enable the long—term
corrosion effects to be accounted for without conducting such high—eycle
tests,

The effect different variables have on fatigue c¢rack initiation is not
well understood. Reference 1.6 indicates that there are at least four types
of mechanisms associated with corrosion fatigue crack initiation, They are:

(1) Pitting, where crack nucleation is related to stress concentrations

at pits formed by corrosive attack.
(2) Preferential dissolution of highly deformed material acting as a
local anode with undeformed material acting as & local cathode.
(3) Film rupture, where protective surface films such as oxides are
cracked by cyclic deformation, allowing corrosion to occur.
(4) Surface emergy reduction caused by adsorption of environmental
species and enhancement of microcrack propagation.
Early investigators of corrosion fatigne favored the stress—concentration~pit
theory, because physical examination of failed specimens indicated a number of
large cracks originating at large hemispherical pits at the metal surface
[1.7]1. Certainly pits caused by an aggressive enviromment do reduce fatigue
l1ife. However, Reference 1.7 reports that low—carbon steels were fatigued in

a 3 percent NaCl solution and examined metallographically after a small
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portion of total fatigue 1life. Even though hemispherical pits were observed
on the specimen surface, no crack could be attributed to their presence.

In 1977 an American Petrolemm Institute study [1.8] discussed crack ini~
tiation in smooth, notched, and welded specimers and summarized = number of
ezrlier investigations. Although it is mot possible to quantify the effects
of various emvirommental variables as in Figuore 1.3, Table 1.3 ranks them
qualitatively according to importance., Reference 1.8 indicates that fre—
quency, cathodic potential, and oxygen level have a primary effect, and tem—
perature and pH level are secondary for the ranges of values normally antici-
pated in actual service,

The fatigue life of a structure in seawater is influenced by parameters
other than those listed in Figure 1.3. For example, the applied load, the
materials, and fabrication techniques all play a significant role in determin—
ing the fatigue life of a structure, Wirsching [1.9] 1lists major souwrces of
uncertainty in the fatigne amelysis process., This list, supplemented by the
present project, includes:

1. Mechanisms of corrosion fatigne and their effects on strmetural life

are not well known,

2, Fatigue data are subject to wide statistical scatter. (Difficulties
&lso arise in normalizing data from different test programs, i.e.,
coupon tests vs S-N tests vs structunral tests.)

3. Fatigue data are dependent on the welded joint geometry, weld pro—
file, and size of the welded components.

4. Defects and discontinnities in welded joints complicate the predic-—
tion of fatigue crack initiation and propagation.

5, PFabrication parameters such as weld shapes (profile), weld surface
preparations (as welded, ground, peened), and residual stresses
(fabrication, welding, and post—weld heat treatmemnt) all play a role
in establishing the fatigune life,

6., The ocean wave process is complicated, with the magnitude and period
of the waves being random in nature and multi-directional.

7. Hydrodynamic loadings such as due to waves and currents are not
accurately known,

8. The detailed stresses that cause fatigue at a particular welded joint

are subject to uncertainty in the structural analysis procedure used
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for a platform. These stresses are a function of the global struc—
tural geometry, type of comnection, weld profile, and local weld
irregunlarities.

This section has discussed the corrosion fatigune problem and the major
factors affecting fatigue life in an ocean enviromment, Hartt [1.10] has
represented both primary and secondary variables in Figure 1.5, and these will
be discussed in greater detail throughout this report. With all of the uncer—
tainties listed above and the concerns that accompany them, ratiomal decisions-
must still be made tec assess the long—term corrosicn fatigme behavior of
welded joints. This program is dedicated to establishing a framework in which
the state—of—the-art can be assessed, developing prediction methods for crack
initiation and propagation life which consider the major enviroament varia—

bles, and identifying those areas requiring additiomal research.

1.3 Philosophy of Program's Approach

In the past five years, there have been major research programs under—
teker to investigate the integrity of welded steel structmres in an offshore
environment. Most of the studies that are published in the open literature
are being conducted in the United States and in Europe. Research into corro—
sion fatigeve forms only one part of the overall effort to attempt to under—
stand the long—term behavior of these strumctures, Such areas include:

1, Static and dynamic response of marine structures to ocean loads

2, Stress analysis of tubular joints

3. Strain measurements in tubular joints

4. Fatigue tests on tubular joints in air and ocean emvironments

5. Fatigue tests of replica welded joints in air and ocean eaviromments

6. Fatigne crack growth behavior of steels in air and corrosive

enviromments

7. Techniques for predicting fatigune life by both conventional fatigune

damage laws and fractuore mechanics techniques

8. Techniques for improving fatigue life of welded joints in air and

cerrosive environments

g9, Techniques for establishing design criteria based upon probability

methods

10. Calibration of analytical techmnique by using field data
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Previous efforts in the United States have beer undertaken for the
American Petroleum Institute, the Welding Research Council, and for the
Department of Defense through the Metals and Ceramics Information Center.
Other programs are sponsored in the private sector primarily by oil companies,
but the results are usually proprietary and not published in the opem litera—
ture, A large research program, the United Kingdom Offshore Steels Research
Project (UKOSRP), was approved in 1973 to review the problems of fatigme and
fracture of complex welded steel structures required for North Sea o0il and gas
fields, The European Coal and Steel Community (ECSC) initiated a parallel
program of research in 1976, The objective of the program was to obtain the
necessary technical background for design and fabrication of large sea struc-—
tures necessary for exploration znd production of offshore oil and gas fields
within western Europe. The ECSC program is now participating with the UEOSRP
in a coordinated effort since the overzll objectives of each of these efforts
are basically the same,

The first—year effort of the present program was directed primarily at
the state—of-the—art literature review, This was done by identifying applica-—
bié references in the open literature. If available, these references were
obtained, and they were further scanned to determine their applicability to
the present program, From this review, it was quickly determined that most of
the current research in fatigue behavior of offshore structures is being con—
duoeted in Europe under the UKOSRP and ECSC programs, That work was summarized
in papers from individnal research programs at the Evnropean Offshore Steel
Research Seminar held in Cambridge, November 1978 [1.11]. Later results from
the UKOSRP effort were presented in a conference, Fatigue in Offshore Struc—
tural Steel [1.12], held in London, February 1981, and the ECSC results were
presented at the International Conference on Steel and Marine Structures
[1.13] held in Paris, France, October 1981,

The objectives of the current research are to (1) tzke the volmuminous
amount of information gathered and to distill it into a statement of the
critical issues concerned with long—term corrosion fatigue of welded steel
structures, (2) prepare and validate methods for predicting the long-—term
fatigne behavior of welded steels in the marine enviromment, and (3) identify
those areas requiring additional research. This report documents the findings

of this program.
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TABLE 1,1,

CLASSTIFICATION OF TYPICAL MARINE

ENVIRONMENTS, FROM [1.2]

Marine Zone

Description of Environment

Characteristic Corrosion
Behavior of Steel

Atmosphere (above

splash)

Splash

Tidal

Shallow water
(near surface and
near shore)

Continental-
shelf depths

Deep ocean

Mud

Minute particles of sea salt are carried by wind.

Corrosivity varies with height above water,
wind velocity and direction, dew cycle, rain-
fall, temperature, solar radiation, dust,
season, and pollution. Even bird droppings
are a factor.

Wet, well-aerated surface, no fouling.

Marine fouling is apt to be present to high-
water mark. Qil coating from poliuted
harbor water may be prasent. Usually,
ample oxygen is available.

Seawater usually is saturated with oxygen.
Pollution, sediment, fouling, velocity, etc.,
all may play an active role.

No plant fouling, very much less animal
(shell) fouling with distance from shore.
Some decrease in oxygen, especially in the
Pacific, and lower temperature.

Oxygen varies, tending to be much lower
than at surface in Pacific but not too
different in Atlantic. Temperature near
0 C. Velocity low; pH lower than at
surface.

Bacteria are often present, e.g.. sulfate re-
ducing type. Bottom sediments vary in
origin, characteristics, and behavior.

Sheltered surfaces may deteriorate more
rapidly than those boldly exposed. Top
surfaces may be washed free of salt by rain.
Coral dust combined with salt seems to be
particularly corrosive to steel equipment.
Corrosion usually decreases rapidly as one
goes inland.

Most aggressive zone for many metals, e.g.,
steel. Protective coatings are more difficult
to maintain than in other zones.

Steel at tidal zone may act cathodically (well)
aerated) and receive some protection from the
corrosion just below tidal zone, in case of a
continuous steel pile. Isolated stecl panels
show relatively high attack in tidal zone. Oil
coating on surface may reduce attack.

Corrosion may be more rapid than in marine
atmosphere. A calcareous scale forms at -
cathodic areas. Protective coatings and/or
cathodic protection may be used for corrosion
control. In most waters a layer of hard shell
and other biofouling restricts the available
oxygen at the surface and thus reduces corro-
sion. (Increased stress on structure from
weight of fouling must be provided for).

Steel corrosion often less. Anode consumption
is greater to polarize same area of steel as at
surface. Less tendency for protective mineral
scale.

Mud is usually corrosive, occasionally inert.
Mud-1o-bottorn water corrosion celis seem
possible. Partly embedded panels tend to be
rapidly attacked in mud. Sulfides are a factor.
Less current than in seawater is consurned to
obtain cathodic polarization for buried part
of structure.
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TABLE 1.2,

CORROSTION FACTORS FOR CARBON STEEL

IMMERSED IN SEAWATER, FROM [1.2]

Factor in
Seawater

Effect on Iron and Stesl

Chloride ion

Electrical
conductivity

Oxygen

Velocity

Temperature

Biofouling

Stress

Pollution

Silt and sus-
pended
sediment

Highly corrosive to ferrous metals. Carbon
steel and common ferrous metals cannot be
passivated. (Sea salt is about 55 percent
chloride.)

High conductivity makes it possible for anodes
and cathodes to operate over long distances,
thus corrosion possibilities are increased and
the total attack may be much greater than
that for the same structure in fresh water.

Steel corrosion is cathodically controlled for
the most part. Oxysen, by depolarizing
the cathode, facilitates the attack; thus a
high oxygen content increases corrosivity.

Corrosion rate is increased, especially in tur-
bulent flow. Moving seawater may
(1) destroy rust barrier and (2) provide
more oxygen. lmpingement attack tends to
promote rapid penetration. Cavitation
damage exposes fresh steel surface to
further corrosion.

Increasing ambient temperature tends 1o ac-
celerate attack., Heated seawater may de-
posit protective scale, or lose its oxygen;
either or both actions tend to reduce
attack.

Hard-shell animal fouling tends to reduce
attack by restricting access of oxygen.
Bacteria can take part in corrosion reaction
in some cases.

Cyclic stress sometimes accelerates failure of
a corroding stesl member. Tensile stresses
near vield also promote {ajlure in special
situations.

Sulfides, which normally are present in pol-
luted seawater preatly accelerate attack on
steel. However, the low oxygen content of
polluted waters could favor reduced
corrosion.

Erosion of the steel surface by suspended
matter in the flowing seawater greatly in-
creases the tendency to corrode.

Film formation A coating of rust, or rust and mineral scale

(calcium and magnesium salts) will interfare
with the diffusion of oxygen to the
cathode surface, thus slowing the attack.
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TABLE 1,3 SUMMARY OF MATOR VARIABLES INFUENCING THE CORROSION
FATIGUE CRACK INITIATION BEHAVIOR OF CARBON STEELS
IN SEAWATER-TYPE ENVIRONMENTS, FROM [1.8]

Variable Effect of Variable

Cyclic frequency Slower frequencies cause reduced fatigue
resistance for unprotected steel

Cathodic potential Adguate cathodic protection restores fatigue
resistance to levels observed in air

Ozxygen level Fatigone resistance in deaerated seawater is
similar to that in air

Temperature Although decreasing temperature results in
increased oxygen levels, the overall effect
of decreasing temperature is that fatigue
resistance is improved to some exteant in
range of 13 to 459C

pH level Over broad range of values (4 to 10), there
is little effect of pH on fatigue resistance.
Low values (<{4) decrease fatigue resistance
and high values (>10) improve fatigue resis—
tance to levels similar to those observed in
air
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2.0 CHARACTERIZATION OF APPLIED LOADS

2.1 General

The discussion of applied loads will be limited to structures exposed to
seawater in a loading regime where high—cycle fatigue can lead to failure.
Fatigne in offshore welded tubunlar joints has been identified as a problem for
over 20 years [2.1], and as discussed in this report, significant progress has
been made in its understanding,

Off shore structures include a variety of components from seabed pipelines
to fixed platforms to floating skips., Since this study is directed at corro-
sion—enhanced fatigue, the offshore structures that experience such problems
will be emphasized. These include fixed and mobile offshore drilling and
production platforms and their associated riser systems. There is also con—
cern with the emerging compliant structures such as the guyed and articulated
towers and tension leg platforms.

The problem with corrosion fatigue on ships is not as great for two
reasons. First, ships have few structural discontinuities which are directly
exposed to seawater such as in a tubular joint commection on a platform.
Second, ships are usually drydocked every several years for inspection and
maintenance of the hull, and any fatigue c¢racks can be repaired.

Repair of damage presents a major problem for offshore platforms, espe—
cially fized structures. These structures, which are generally designed as a
lattice of tubular members, have a large number of comnections with built-~im
stress concentrations at which cracks can initiate either during fabrication
or service, Detection of fatigue cracks underwater in these conmections at
significant depths is difficult at best and often impossible. Repair by weld-
ing in a2 habitat or by wet-welding techmiques is expensive and often not
possible at certain times of the year becamse of seazsonal weather conditions.
Therefore, it is incumbent upon the designer to produce a structure whose
fatigue life exceeds the design service life.

Prediction of the fatigue life requires a guantitative description of the
‘expected stress history for each critical joint in the structure. As dis—
cussed in Chapter 3.0, important loading variables to be obtained from the
stress history imcluded stress (or strain) range (maximom stress minus miniﬁum
stress within a cycle), mean stress or load ratio (ratio or minimum to maximum

stress), cyclic frequency, and sequence of stress cycles. Obtaining this
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information is the objective of load modeling, the subject of this chapter.

The emphasis will be on obtaining cyclic stresses from wave loading.

2.2 Load Classification

It is appropriate to place the loads into three categories: time-
invariant or static, dynamic but infrequent, and dynamic and frequent. The
static loads include the dead loads, or weight of the structure and permanent
equipment, and live loads such as supplies or temporary structures. Slowly
varying or time—invariant envirommental loads, svch as comstant current, sus—
tained wind, and ice and snow accumulation, also are considered as live loads.
The tidal movements cansed by storm, astronomical, wind, or barometric pres—
sure fluctuations vary at so low a frequency that these are also treated as
static live loads. The major effects of buoyancy and the loads induced by
external pressure on buoyant members are constant once the platform is set in
place. Variation in buoyancy dume to tidal changes is also gquasistatic, but
the change in buoyancy with the passage of waves is both dynamic and frequent.

In addition to the static load-induced stresses above, residunal stresses
resulting from fii—up, weld shrinkaspge, or heat treatment during fabrication
also occnr. The total combined stress due to static loads and residuals has
an effect upon fatigue life by increasing the mean stress. Effects of mean
stress on fatigue are often taken into account by use of the Goodman diagram
in conventional S-N analyses or variatioms in load ratio (R) for crack propa—
gation calculations. However, in welded joints, the stress range is consid-
ered to be the important loading parameter, and mean stress is often ignored.
This will be discussed later in Chapters 6.0 and 7.0.

The second category is the dynamic but infrequent load. Generally,
these are taken as a special case requiring additionsl treatment. Included
are earthguake and the attendant tsunami wave loadings, impact ice loadings,
collision from work boats or barges, dropped objects such as drill collars and
casings, and explosion and fire. Transportation and erection loads camn also
be classed as dynamic, but, in the case of fixed platforms, occur only during
the initial installation and, therefore, are infrequent. Jackups and semisub-
mersible offshore platforms experience nuwmerous transportation and erection
cycles, which have resulted in fatigue failures. For these structures, such
loadings should be included in the fatigue life determination. As in the case

of the static loadings, the basic failure modes for these dynamic¢ infrequent
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loads are overload, plastic deformation, buckling, and low~cycle, high—strainm
rate failures caused by earthquake conditions. High—cycle fatigue does not
occur, and, therefore, these loads will not be discussed further.

The third category of loads includes those that are both dynamic and
frequent. These are the loads which cause long—term fatigue cracking and,
therefore, are of primary interest to this discussion. Wave loading is con—
sidered to be the primary oscillating load on the structure. The load is
caused by viscous drag and wave inertia, The passage of the wave through the
structure changes the buoyancy of members, and the slamming of a breaking wave
can introduce significant member loads. Wind gusts cause cyclic loads, and
the constant sustained wind can indoce oscillations from vortex shedding.
Vortex shedding can also be brought on by wave action and uniform current,

The failure mode for this third category of loading is gemerally fatigue crack
growth to brittle failure or ligament separation.

Table 2.1 summarizes these types of loading and their effects on fatigue
life and fast fracture of marime structures, Cyclic stresses induced by wave
motion and mean stresses resulting from fabrication most significantly affect

the long-life regime of the structure.

2.3 Wind and Current Loads

Wind is estimated to count for only 5 to 10 percent of the load on a
fixed platform; however, it can have a significant effect on compliant struc—
tures such as tension leg platforms and guyed towers, moored ships and semi-
submersible platforms, and on mobile platforms. Jackop rigs have a large
exposed surface area for wind loading compared to the wave—induced loads on
the legs.

Wind is significant in that it can induce vortex shedding as well as a
eyclic loading associated with gusts. Current, on the other hand, is impor—
tant only in fatigue life determinmation if it induces vortex shedding. Vortex
shedding can increase drag forces by a factor of 4 to § [2.2]. Vortex-induced
oscillations have cazused fatigue cracking of jackup legs that were elevated
during transit, and metal spoilers are now commonly used on these large diame-—
ter members., The river outflow current has cansed vortex—induced fatigue
failures on pipeline and drilling risers, and tapered buoyancy modules or

streamers ere now used teo inhibit the formation of the vortex sheets.
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Currents gemerated by tidal action very ornly slightly with water depth.
On deep—water structures, 2 uwniform current can substantially increase the
static load. A current velocity is vectorially added to the orbital wave
velocity, and this vector sum is squared in the force equation. The large
apparent increase caused by this approach is suspect, and it is generally held
that actoal forces are less than predicted [2.3]. Alternate approaches that
have been proposed include squaring of the wave and current velocities and
then vector summation or modification of the drag coefficient as a function of

velocity.

2.4 Vave Loads

Ocean waves are a manifestation of energy applied to the water by the
shearing action of wind on the water surface. The surface appears chaotic,
and the elevation of the water surface at 2 fixed location is a stochastic
process.

Ideally, a wave can be approximated as a sinusoidal-varying elevation of
the water surface. This linear, or Airy model, is the simplest formulation
and, for many cases, adequately models the real wave behavior. The higher-
order nonlinear theories, such as Stokes third or fifth order and the
Canoidal, are also used. The range of applicability of the wave theories is
shown in Figure 2.1 [2.4]. In this figure, the wave height (H) and water
depth (d) are normalized by wave period (T) squared. The breaking wave limit,
HB’ which is the extent of applicability for the wave models is shown, as is
the lower practical limit, HB/4. The typical offshore platform is in the
Stokes 5th regime,

The nonlinear theories give a steeper wave which can be significant in
the calculation of the drag and inertia forces or the structure, but, in
Reference 2.5, this effect was shown to be minor for gravity type, inertia-
force—dominated structures. Except for slender drag—dominated members near
the surface, the linear theory produces acceptable and conservative results,
It has also been shown that the error in ignoring the variation in immersiom
length for cylinders penetrating the water surface, when calculating wave
force, caused a greater error than the difference between the linear and non—
linear wave theories. The nonlinear theories are used for steel lattice off-

shore platforms in which drag effects on the tubular members are significant.
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The Morison formulation postmlates that the total force om a vertical

cylinder due to surface waves is made up of inertial and drag components.

F = FI + FD (2.1)

CM"“DZ
M de 1
T @t CdpDulnl

where
F = wave force (per unit leagth) acting perpendicular to the member
axis
= inertia force

= drag force

C M
= 9 H

= 1.0 plus added mass coefficient

Q
]

A ¥ oM
|

drag coefficient

= mass density of seawater

= diameter of the cylinder

= horizontal water particle velocity
lu] = absolute value of u

du/dt

horizontal water particle acceleration

The inertia force is proportional to the acceleration of the water parti-
cles. The proportionality constant is the product of ome plus the added-mass
coefficient and the mass of water displaced by the cylinder. The drag compo-—
nent of the Morison wave force is gemerated by viscosity of the water. The
Morison equation assumes the drag to be proportiomal to the water particles’
relative velocity squared. The constant depends upon the drag coefficient,

C the density of the fluid, and the diameter of the member. It should be

ngted that the drag depends linearly on diameter, whereas the inertia is
related to the sguare of diameter. Accordingly, inertial effects dominate the
wave force for small wave height/diameter ratios.

The Meorison equation was developed for vertical cylinders and horizontal
velocities. Real structures have ‘inclined members, and therefore, vectorial
generalization is needed. Unfortunately, there is no agreement to support the

correctness of such an extension. Comparison among four approaches [2.6]
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showed a2 variation in calculated base shear of 22 percent on a2 typical plat—
form design.

Keulegan and Carpenter [2.7] showed that the average water particle orbit
width to the cylinder diameter determines the relative importance of wave-

is

induced drag and inertial effects, The Keulegan—Carpenter number Nkc

defined as

(2.2)

°I5

e =

where

<
Il

meximom horizomntal velocity

|
\i

wave period

=
"

diameter of member

Figure 2,2 [2.8] shows that when N o { 5, inertial effects dominate.

This occurs for a decreasing waveheight?diameter ratio. As the diameter/wave-
length ratio increases beyond 0.2, diffraction theory should be used [2.9].
Not only do inertial effects dominate in this regime, but diffraction of

the incident wave ﬁy the structure must be accomnted for in fluid loads
computations. The types of structure for which diffraction theory should

be used are large diameter, reinforced concrete platforms such as those

in the North Sea. _

The diffraction solution method assumes & linear wave and solves the two—
dimensional potential field equation for boundary conditions on the water sumr-
face, seabed, and surface of the cylinder., This solution, when compled with
the Bernoulli equation, yields a ﬁressure which, when integrated over the
cylinder surface, determines the force, Extensions of diffraction analysis to
a nonlinear wave [2.10] and solutions using finite elements [2.11] have been
made.

A final phenomenon that can introdnce cyclic loadings is vortex shedding.
Vortices form when the Keulegan—Carpenter number exceeds 15 [2.6]. This
relation shows thet vortex formation increases with velocity and wave period
and decreases with diameter. Thus, vortex shedding is important in slender
members near the water surface (velocity is greater) in loag period waves.

Since the flow oscillates during wave passage, the development of a vortex
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sheet is gemerally inhibited, as flow separation, which forms during one—half
cycle, collapses during the reversal.

The effect of inaccuracies in drag and inertia coefficients and in
the trestment of inclined members can substantially affect fatigue life
predictions. Unfortunately, erring on the comservative side and desigming
for higher loads than exist is not only uneconomical, but also, in some

cases, not feasible, as the structure becomes too large to build and launch.

2,4.1 Prediction of Structural Response to Waves

Stroctural response as discussed in this section pertains to the
global response of the structure (i.e., the nominal stress in members, as
opposed to local or hot—spot stresses). There are generally three methods
of analyzing the global structural response to wave loads: the quasi-static
method, integration of the structure’'s equation of motiom in the time domain,
and linecarized solutions of the structure’s equation of motion in the
frequency domain,

Qunasi-8tatic Method

The deterministic or quasi—static apmalysis method is widely used
both domestically [2,12-2,14] and internationally [2.15-2.17]. For this type
of analysis, a8 selected wave of a given velocity, height, wavelength and wave-
form is stepped past the structure, i.e. a static solution of the strume~
ture’s response to drag and inertial forces is obtained at selected instants
as the wave passes by the structure., The difference between the maximum and
minimum stress calculated at a particular location in the structure from these
solutions is the stress range associated with this wave. These stress ranges
are often multiplied by 2 dynamic amplification factor to account for
resonance and inertial forces of the structure.

Time Domain Integration Method

The most sophisticated but, unfortunately, most expensive analysis
method is numerical integration of the structure's equation of motion in the
time domain. For this type of analysis, a Monte—Carlo simulation of the ran
dom wave elevation time history is required for input and 2 dynamic analysis
performed which may account for such illusive phenomena as the nonlinear drag
forces, monlinear structural response, fluid damping and structural damping.
The stress history at selected locations in the structure is obtained as out-—

put, and stress ranges may be obtained directly by a variety of cycle counting
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schemes or indirectly by spectral analysis as discussed later in this chapter.
It should be noted that this type of analysis may be the only method available
for obtaining a reasonable estimate of the respomse of compliant structures
where relatively large deflection and velocity of the structure complicate the
analysis,

The sbove analysis methods are called determimnistic methods
becanse a discrete value of the stress at a location on the structure is
obtained for each time step or instant of time in the simulation.
Statistical information about the response can be obtained after exhaustive
simulation or & fit to am analytical statistical distribution or transforma-
tion of the stress—time history to its spectral components.

Frequency Domain Method

The frequency domain analysis method facilitates a probabilistic
description of the response with a reduced computational effort. Unfortun-—
nately, this reduced effort is obtained only at the expense of the simplifying
assumption that the structural response is a linear function of wave height.
One of the primary objections to such a linearization is that Morison’s equa-
tion for wave drag force must be expressed as a linear function of the water
particle velocity rather than properly as the square of that velocity. How~
ever, linearization is widely defended and is justified by selecting am arti-
ficial or linearized drag coefficient chosen to minimize the total error in
drag force over a wave cycle [2.18],

Frequency domzin models employ spectral analysis technigues.
Solutions of the resulting harmomnic stress amplitude are obtained for waves of
unit amplitude (half the wave height) at many discrete frequencies in the
domain of frequencies of interest. These solutions are called response ampli-
tude operators or RAO's. A plot of the RAO's vs frequency (as shown in Figure
2.3) is an approximation of the transfer function, H(w), although the analyti-
cal form of the transfer function is not usually obteained. The assumption is
made that the response of the structure is linearly related to the wave ampli—
tude., Thus, it is only necessary to amalyze the structure and obtain one
transfer function to examipe its response to many varied seastates. However,
it is mecessary to obtain different transfer functions for varied azimuths of

the vnidirectional wave train.
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The usefulness of the frequency domain analysis in the proba-—
bilistic approach to forecasting the fatigme stress history of the structure

will be demonstrated below.

2.4.2 Forecasting the Stress Range History

The analysis methods described above emable designers to make
predictions of the stress in members of the structure as a function of wave
position and wave height-for a2 quasi-static analysis or as a function of time
or frequency for dynamic amalysis. For fatigue 1ife predictions, the long~
term distribution of stress ranges is reguired.

Depending on the type of fatigue analysis to be performed, addi-
tional information may also be required. Mean stresses or load ratios may be
important (as discussed in Section 3.3), although for S—N analysis of welded
joints these effects are often ignored [2.19]. C(yc¢lic frequency has an impor—
tant effect in corrosion fatigue as discussed in Section 3.4. Often it is
assumed that cyclic loading takes place at a constant characteristic frequency
such as the zero—crossing period (the average period between points where the
cyclic stress history crosses from below to above the mean stress). It may be
possible that if a lower frequency were chosen as characteristic or if fatigue
computations take the period of each cycle into accoumnt, predicted fatigue
life may be considerably shorter. Sequence or load interaction effects can be
significant, particularly in high-cycle fatigue. These effects are briefly
discussed in Section 7.7. Linear damage models such as Miner’'s Rule exclude
the possibility of taking sequence effects into account.

The following sections review some of the more common methods of
forecasting the fatigue stress history and obtaining the required information
for fatigue life prediction. Emphasis is placed on how these methods may
impact the fatigue analysis and which methods are suitable for different
structural and fatigue analysis techniques. The deterministic approach using
quasi-static analysis and a wave exceedence diagram is first discussed,
followed by the Weibull method for long~term distribution of stress ranges,
the Nolte—Hansford model based on lomg—term distribution of wave heights, and
the spectral approach along with cycle counting methods, Finally, considera-
tion is given to properly conducting simulation tests under corrosion fatigue

conditions.
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Deterministic Method with Wave Exceedence Diggram

A deterministic method is commonly employed for fatigue safety
checks in design of offshore structures. Wave exceedence diagrams, which
describe the number of exceedemnces of a given wave height in the design
service life of the structure, are obtained from oceanographic data for each
wave direction considered. A quasi-static structural analysis is performed to
determine & stress range associated with each discrete wave height, and the
number of occurrences of that stress range is obtaimed from the exceedence
diagram. Mean stress information may also be obtained from the quasi-static
analysis, and cyclic frequency can be assumed to correspond to the wave period
provided these data are available, The gquasi-static analysis may miss signi-
ficant dynamic response at resonant frequencies. Sequence effects can only be
included by artificially sequencing the stress ranges for fatigme analysis.
The value of the deterministic method is its simplicity when used with linear
damage accumulation models.

Long—Term Weibull Distribution Method

A simpler method for describing the long—term stress ranges
assumes that this distribution can be approximated by a Weibull model. The

exceedence curve for such a distribmtion is given as:

sy &
*(5)
P(S>s)=c¢e s, 8, E> 0 (2.3)
where
P (S > s) = the probability of 8 2> s
S = fatigue stress range, a random variable
s = specific value of stress range (ordinate of the exceedance
curve)
= = 1/¢
8 = scale parameter = sm/[ln NT]
£ = Weibull shape parameter
s, = largest expected stress range during the life of the structure
NT = total number of stress ranges durimng the life of the strmcture

Use of this method involves establishing & based on the design
wave (highest wave height expected during lifetime of the structure) and
corresponding design stress range. The shape parameter & is established for

the location and type of platform; typical values imclude [2.20]
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o & £ 0.5 for shallow water template platforms in the Gulf of

Mexico

o]
e
fl

0.5 to 0.8 for template pletforms outside the Gulf of

Mexico with some dynamic¢ amplification

o]
Il

1.0 for semisubmersible and gravity platforms

o & =1.4 for an upper bound for platforms in severe wave climate

with significant dynamic amplification [2.21,2.22].

This method inherently precludes rational estimation of mean
stress, cyclic frequency, and sequence effects because of the limited informa—
tion involved. However, it is precisely this simplicity which makes the
method so attractive for design purposes.

Nolte—-Hansford Method

A third method for describing long-term wave and stress range
distributions and fatigue linear damage in closed form wes developed by Nolte
and Hansford [2.23]. Using this method, the long term distribution of wave
heights is assumed to be either Weibull or log-—normal [2.24]. Unlike linear—

ized analysis, the stress range is described by the empirical form:

where

stress range

wave height

=TI - - I
]

parameters determined from quasi—static or dynamic structural

analysis

The parameter ¢ ranges from 1.0 (for linear analysis) to 2.0, with 1.5 being
a typical value for platforms in the Gulf of Mexico [2.20]. The value of the
Nolte-Hansford method is that it provides a simple description of fatigue
damage without resorting to computer analyses for the structural respomse.

Spectral Approach and Cycle Counting

The spectral approach to forecasting the short—term distribution

of stress ranges is based on either 1) transfer functions developed with
frequency domain analysis and the wave emergy spectrum or 2) transformation
of stress—time histories obtained with time domain analysis into the power

spectral density function of the response called the response spectrum. The
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wave energy spectrum (also termed power spectrum or spectral demsity fumction)
is msed to characterize the distribution of the total energy per unit area of
the sea surface over all wave directions and frequencies., The sea surface
energy'is constantly varying in intensity, but if the assumption is made that
the sea~state is stationmary (i.e., the statistical properties of the wave
elevation time history are comnstant) during 2 small time interval (e.g., two
or three hours), the sea—state can be treated as a stationary random process,
and the instantaneous wave clevation at a fixed location may be treated as =
stationary random variable.

The wave energy spectrum can be obtained directly from oceano—
grzphic data with Fourier transforms of wavestaff records. To obtain direc—
tional spectra, multiple wavestaffs are required and the analysis is very
complex.

A special case of the wave energy spectrum is the point spectrum,
& spectrum which only describes the distribution of energy over fregqmencies;
i.e., the spread of wave emergy in different directions is not takenm into
account. Such a spectrum would be computed from wave amplitude—time histories
measured by a single wavestaff at a fixed location. Point spectra are often
modified with a 'spreading function' to account for directionality of the sea-—
state [2.25].

The physical interpretation of wave emergy spectra is facilitated
by comsidering the point spectrum. The point spectrum, Sg(w), is 2 function
such that any increment of area under its graph is proportional to the total
energy of compoment waves in that band of frequencies. Since the emergy can
be stated in terms of the square of the wave amplitude, it follows that the
wave amplitude is proportional to the square root of the area under the
spectrum.

Consider the sea spectrum in Figure 2.4(a). The wave elevation
time history represented by this spectrum, ((t), may be represented as the sum

of an infinite number of harmonic waves [2.25]:

gt) = M T coslet + elw )II28
v ~0 =n=l n n &

'

1/2

(o )dw] (2.4)
n
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8, (0) = B(w)? 5, (@) (2.5)
where H(w) is the tramsfer function relating stress amplitude to wave
amplitnde. An example of 2 response spectrum is shown in Figure 2.5. This
response spectrum was calculated from the sea energy spectrum in Figure 2.4
and the transfer function in Figure 2.3. The respomse spectrum can also be
obtained from the simulated stress history output from a time domain analysis
by performing a Fourier transform on the stress history. l

The distribution of stress ranges during the period of the
stationary sea condition is called the short—term statistics. An assumption
(supported by empirical data) that the random stress time history is
Gaussian or mormally distributed enables the description of these statistics
by the moments of the stress response spectrum about the origin:

M -(f) o” Sp(w)de . (2.6)

The area under the spectrum, or zero order moment, MOc' is
equivalent to the variance of the stress time history; thus, the rms (root—
mean square or standard deviation) is equivalent to the square root of MOG'
The average zero—crossimg period, T, or average period. of time
between which the time history passes from below to above the mean of the time

history, is related to the zero and second order moments:

M
_ Oc
T = ZnV ﬂ;‘ . (2.7)

[+

The average period between consecutive peaks, generally smaller

than the zero—crossing period, is related to the second and fourth order

M, 2
T =22Y=2=7T\/1 -3 (2.8)
po M4°_ o c

The spectral width parameter, ba' a measure of the irregularity of the sea, is

moments

defined by MOG’ Mzc, and the fourth order moment, M as:

4¢’
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where e(wn) is the random phase angle (uniformly distributed from 0 to 27:) of
each component. A good mathematical model of the sea is obtaimed by consider-
ing at least 15 component waves [2.25], as shown in Figure 24(b). The alge-
braic soum of these component waves will resemble a typical wave elevation

time history such as that shown in Figure 24(c). Because of the random phase
angle, &, the wave energy spectrum actunally represents an ensemble of an
infinite number of possible wave elevation—time histories for the particular
sea—state,

As an alternative to measuring wave spectra, there are several
analytical forms postulated which adegnately describe the shape of wave epergy
spectra particular to certain areas of the world and certain conditions.
Probably the most common is the Pierson-Moskowiz [2.26] formulation for fully
developed secas (i.e., the wind has sufficient fetch and duration to bring the
sea up to steady state) and derivatives of Pierson—Moskowitz formuleations
(e.g., P-M-B and ISSC) which are not limited to fully developed seas, The
JONSWAP model [2.27]1, developed from North Sea data, is also not limited to
fully developed seas. Another spectral formulation commonly used for the
South Pacific Ocean is the Bretschneider model [2.28].

These formulations are based on at least two parameters, generally
the significant wave height and either the average zero—crossing period or
peak spectral fregqmency., The significant wave height is a traditional param—
eter for characterizing sea—state intensity and approximates what an observer
would estimate the average wave height to be. By definition, the significant
wave height is the average of the onme~third highest wave heights. The zero—
crossing period is the average time interval between consecutive crossings of
the wave elevation time history from below to above the mean. The peak spec—
tral frequency is the mode of the wave energy spectrum.

The transfer function obtained from frequency-domain analysis
gives the ratio of the amplitude of the resultant stress in a particular loca-
tion of the structure to the amplitude of a unidirectional wave as a functiom
of frequency. The time varying portion of the stress respomnse can be charac—
terized by a spectrum, SR(m), called the respomse spectrum. Since the spec—
tral demnsity is proportional to the square of the wave amplitude, it can be

shown that
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[

(2.9)

where ba = 0 corresponds to an infinitely narrow spectrum; i.e., the response
is narrow-banded or concentrated at onme frequency.

For mnonzero spectral widths (wide-band processes) there exist
complicated expressions for the distribution of stress peaks [2.29], but it is
not clear how the distribution of stress ranges should be obtained. Offshore
structures in general exhibit a wide—banded response, with bc on the order of
0.5 and larger. It is both conservative and computatiomnally appealing to
consider a marrow-banded approximation of the response, as will be discussed
below. Such approximations bear little resemblence to the actual wide band
response, and in order to get information on the probable sequence and
magnitude of individual stress ranges, it is mecessary to gemerate a Monte—
Carlo simulation of the stress history and perform cycle counting.

There are several schemes for counting stress ranges from a
stress—time history. Wirsching [2.30] has provided a review of cycle count—
ing methods and their impact on fatigue design. The rainflow cycle counting
method [2.31, 2.32] counts complete stress ranges in terms of closed stress—
strain hysteresis loops [2.33]. Thus, this method counts small stress
reversals (like those pointed omt in the irregular or wide band stress history
in Figure 2.5) as well as the larger stress reversals within which they are
contained., It is normally agreed that this method produces the best results
when used to count cycles for estimation of both crack initiation and propa-
gation fatigue lives [2.33].

Rainflow cycle counting is capable of accounting for all the
important loading variables in fatigue: stress range, mean stress, frequency,
and sequence. It would be imteresting to perform fatigue life calculations on
a cycle-by-cycle basis, using a crack growth rate or 5N curve for the partic-—
ular period (frequency) of each closed stress—strain hysteresis loop. It may
be that because of the frequency dependence of corrosion fatigue resistance,
cycles at some frequency lower than the assumed characteristic frequency (zero
crossing rate or the peak spectral frequency) would be responsible for a

larger share of the calculated fatigue damage, even though there might be
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fewer cycles with a smaller magnitude at that frequency than at the assumed
characteristic frequency.

The approach often taken to counting stress ranges from wide—-band
spectral data is to make the assumption that the spectral width, ba’ is equal
to zero, thus defining a narrow-band process with a variance equivalent to the
corresponding wide—band process., The stress—time history of the equivalent
narrow-band process has a very regular appearance (Figure 2.7); i.e., the
stress reversals contain no small interruptions like those in Figure 2.6.

There is no need to simunlate the stress—time history because for
bc = 0 the exceedence curve for stress ranges is given by the Rayleigh
function, which is defined by the zero moment or variance of the stress

response spectrum:

2
=S
8M0
P(S > s) = e (2.10)
where:
S = a random variable describing the occurrence of stress ranges
s = a specific value of the stress range
MO = the variance of the stress process or zero order moment of the

response spectrum

Because offshore structures have spectral widths typically greater
than 0.5, one is inclined to assume that the narrow—band assuomption is mnot
valid. Recall that the average period between peaks (T_) and the zero cross-

P
ing period (T) are related, i.e., Ti = TV¥1l - b . Thus for a spectral width
of 0.5, Ib = 0,87T, jindicating that there are 13 percent more peaks than zero
crossings. Therefore, the equivalent narrow-band history has 13 percent less
cycles than the wide-band history. Since the variance of the nmarrow-band
history is equivalent to that of the wide—band history, the number of occur-
rences of larger stress cycles is overestimated by the equivalent narrow-band
history; comnsequently, fatigue life predictions based on equivalent narrow—
band histories are comservative.

Wirsching [2.30, 2.34] has compared damage calculated with 5-N
curves and Miner's Rule for both the rainflow and narrow-band methods. His

results suggest the narrow—band assumption is conservative im life predictionms
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by 17 to 38 percent. This is for the exponent in the basic fatigme curve

(NS® = E) of 3 to 6, respectively, in comparison with the rainflow method for
wide—band (bc > 0.5) spectra. Wirsching has also calculated rainflow correc-—
tion factors to be applied to damage calculated in closed form with the basic
fatigue cnrve and equivalent narrow-band method. These factors vary with the
exponent in the fatigune curve and the spectral width and are valid for a wide
variety of spectral shapes.

Dexter [2.35] compared crack propagation lives for an ocean struc—
ture in 8 variety of sea—states calculated on a cycle-by-cycle basis with both
the rainflow counting method on the wide—band history and with the equivalent
narrow—band bistory method. His results (limited to the particular structure,
an ocean mining pipestring, and conditions) indicated that without load inter—
action effects (i.e., erack growth retardation), life predictions based oxn the
narrow~band method were conservative by less than 25 percent with respect to
rainflow counting. However, when interaction effects were included in the
crack propagation analyses with the Wheeler model [2.39]1, this conservatism
was reduced to less than 5 percent. The reason for this reduction in conser-
vatism when load interaction effects were included is that the overestimated
numbers of large stress cycles in the equivalent narrow—band process cansed
additional crack growth rate retardation; i.e., the error in the number of
occurrences was compensated by the retardation.

With the spectral approach, the long—term distribution of stress
ranges can be obtained by 2 summation or sequencing of a series of short—term
stress range distributions according to the long~term distribution of the sea-
states. The latter can be obtazined from a wave scatter disgram such as that
shown in Figure 2.8 [2.29]. This diagram gives occurrences of significant
wave heigkt and crossing period combinations over the design life of the

structure.

2.5 Consideration of Corrosion Fatigue Testing

The foregoing discussion of forecasting stress histories of offshore
structures is relevant to the proper planmning and execution of laboratory
corrosion fatigne testing. These laboratory tests fall into two categories:
1) constant amplitude tests on conveniently configured coupons aimed at
establishing a material'’s basic resistance to corrosion fatigue crack growth

over the range of relevant loading and envirommental variables and 2) variable
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amplitude tests on & variety of geometries ranging from small couwpons to full
scale compopents simed at simulating actual components and service conditions,
Both categories of experiments are related in that basic properties tests are
often used to predict the ountcome of simulation tests. These exercises are
essential to assessing such issoes as the applicability of linear versus ‘mnon—
lipear damage accumulation models, as well as to the overall evaluation of the
utility of methods for corrosion fatigue life predictiomns. In order for any
of the above types of laboratory tests to produce relevant data, information
on spectral parameters mneeds to be considered in the esperimental design.
Primary loading variables for constant amplitude tests include stress
intensity factor range (or stress range in S-N tests), load ratio, and cyclic
frequency. Stress intensity factor ranges of interest include those between
the threshold stress intensity factor range (AKtﬁ and the critical stress
intensity factor range (AKc)' AKc can be related to the critical stress

intensity and load ratio by the following relation:
AK =K (1-R) (2.11)
c c

Typical upper bound values of Kc are on the order of 200 MPa vm for materials
used in offshore structures.

AKth is influenced by 2 variety of variables, but typical lower bound
values are on the order of 2 MPa vm. For da/dN versms AK relations typical
for offshore structural steel in corrosion fatigue, these limits of AK
correspond to a range of crack growth rate (da/dN) of 10“11 m/cycle to 10-_3
n/cycle.

Although load ratios for offshore structures are often megative, the com—
pressive portion of the stress range is generally comsidered inconsequential,
apart from the potential bemefits of relaxation of residunal stresses. For
testing purposes, load ratios from near—zero to 0.9 are of practical interest.
The higher values of load ratio (0.7 to 0.9) will be more typical of tendons
of tension leg platforms., Load ratio for testing should be chosen carefully
since this variable has a profound effect on the crack growth rate and partic-—
ularly on the threshold stress intensity factor range.

Cyclic frequency is a testing variable for which there is incentive to
use values higher than those which occur in actual service., Higher test

frequencies are directly related to test time and therefore test cost;
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however, evidence indicates (Chapter 3.0) that this temptation should be
avoided. Valid frequencies for corrosion fatigue tests range from 0.03 to
0.3 Hz, Most investigators have chosen a frequency between 0.1 and 0.2 Hz,
although there is a need for data covering the broader range. The lower end
of the frequency range (0.03 to 0.2 Hz) is associated with low-cycle, high—AK
fatigue, as these frequencies are typical of the larger storm waves and swell
which cause large stress ranges. However, tension leg platforms and other
bouyant compliant structures may experience slow drift oscillations as low as
0.01 Hz. The upper end of the frequency range (0.1 to 0.3) is associated with
high-cycle, low-AK fatigue, a2s these frequencies are typical of mild weather
loading. Furthermore, the relevant test frequency depends on the specific
structure and location. For example, storm waves at 0.1 to 0.15 Hz are asso-
ciated with stiff structures in the North Sea, while resonance vibrations at
0.2 to 0.3 Hz are associated with flexible deep water structures such as ten—
sion leg platforms.

If it is only possible to test a particular material at ome or 2 few
frequencies, choice of the test frequency should be made on the basis of the
mosfﬁdamaging frequency in the loading spectrum. A suggested procedure womld
be to select 5-N or da/dN versus AK data for a similar material for which the
effect of cyclic frequency is known quantitatively. The wide—band stress
history should then be obtained from either Monte—Carlo simulation from
spectral density functions or directly from time—domain analysis. Cycle-by-
cycle fatigue damage calculations should be performed taking the crack growth
rate (or damage 1/N) for each cycle according to the actual frequency of that
c¢ycle, thereby taking the frequency effect into account. Tabulation of the
resulting damage particular to each frequemcy should reveal the most damaging
frequency for that particular material and the loading spectrum. This fre—
quency may not be the peak spectral frequeney. If the crack growth rate is a
strong function of frequency, the most damaging frequency may be less than the
peek spectral frequency.

The above discussion provides guidelines for selection of loading varia—
bles for constant amplitude tests. If the budget permits, it is recommended
that test loading conditions be chosen as close as possible to service loading

copditions and that the expected range of all variables be considered,
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In order to confirm the validity of fatignme life prediction methods, it
is useful to perform variable amplitude fatigue tests. The choice of loading
for such tests is a formidable task. In gemeral, the loading used in the test
should be similar to that expected in service. There is, however, a mneed for
standardized variable amplitude load histories applicable to specific classes
of structures and geographic locations,

Jdeally, to simmnlate the short—term wide~band random process of service
loading, the short—term test load history should have roughly the same
spectral content as the service load history. This means that there are a
number of component frequencies in the test load history. The power (function
of amplitude) of each frequency component in the test load history shoulé be
equivalent to the corresponding frequency compoment in the service load
history. Also the non—statiomary mature of the expected service load history
should be simulated, Obviously, one can only guess at the sequence and
duration of the successive short—term histories, but an educated guess based
on the long~term sea—state distribution (e.g., wave scatter diagram) would
enable the comparison of predicted lives to experimental lives under the
closest to resl conditions.

Unfortunately, there has been little corrosion fatigune testing under
relevant variable amplitude load histories. Most often, the approach taken is
the swperposition of several Rayleigh distributed narrow band processes to
replicate a long~term distribution, with stress ranges selected at random from
this distribution. This was the approach uwsed in the U.K.O0.S.R.P. [2.36].
Advantages of the narrow—band histories lie in the ease of testing, including
simplified hydrauvlic actuator demands, function gemerator programming, and
cycle counting. The primary disadvantage is that 2 large number of small
stress ranges are truncated from the history, the importance of which is
debatable. Furthermore, there is effectively only ome cyelic freguency in
the load history, and the succession of various short—term histories is

"mixed up,"

thereby confounding the evaluation of load interaction effects.
For example, if successive short—term histories are used, large stress ramges
would be succeeded by more large stress ranges if a particularly violent
short—term history were in effect. If random selections from a long—term his—
tory were used, a large stress-range would probably be suncceeded by a small
stress range, and the interaction would be significantly different. Teledyne

Engineering Services, under contract to the Ship Structures Committee [2.37],
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recently attempted to evaluate the effects of filtering anm asvrecﬁrded stress
history (to achieve 2 narrow—banded history) on the resultant lives of fatigue
test specimens in air. Their conclusion jis that the filtered components of
the history were inconsequential; however, their experiment was nonenviron-
mental (which is not corrosion fatigue, and frequency would not be expected
to be important) and comsisted of omnly 25 minutes of one particular stress
history.

Hartt of Florida Atlantic University [2.38] is undertaking wide—band
corrosion fatigue tests which shonld be useful in evaluating certain of the

above issues.

2.6 Summary

o Cyclic stresses from repeated wave loading combined with static and
residual mean stresses are usvally the most significant loads with
respect to corrosion fatigue.

o Vind loading is significant in corrosion fatigue life if vortex
shedding ococurs or if the wind gusts create a cyclic loading
condition, Current can also be important if vortex shedding ocenrs.

o Lipear wave theories generally produce acceptable estimates of wave
forces except for slender, drag—dominated members in the splash zome.

o Imaccuracies in drag and inertia (added mass) coefficients can
substantially affect corrosion fatigne life.

o There are three widely used methods for prediction of structural
response to waves (i.e., quasi-static method, time—domain-integration
method, frequmency domain metbod). The time—domain—integration method
is the more comprehensive and can accommodate 2 variety of nomlinear
and transient phenomena. The frequency domain method is computa-
tionally more efficient and also provides for resonamce and structural
motion in the dynamic analysis, The transfer function obtained with
frequency domain analysis is useful for a spectral approach to stress
history forecasting. The quasi—static method is very simple and easy
to interpret, ergo the popularity and wide use of this method.

0 A deterministic approach may be taker to forecasting of the stress
range history, with a design wave and period and associated stress
range defining the response to the particular sea conditions.

Multiple values of design wave and period are used to construct a
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stress range history composed of blocks of constant stress ranges.
This approach is simple and appealing, but 6n1y a few points of

the wave energy spectrum are used, providing a limited and possibly
unconservative description of the response., The method provides no
rational basis for estimating time varying mean stress, frequency,
or sequence of stress ranges,

The long—term Weibull distribution method for representing stress
range distribution is derived from data or analysis and the shape of
the Weibull distribution is determined empirically depending on the
type and location of the structure, This method is also very simple
and attractive, but consequently even more limited in estimating
important loading variables in corrosion fatigue than the determin—
istic approach.

The Nolte-Hansford method is based on the long—term distribution of
waves and provides an empirical nomlinear relation of stress range to
wave height. This method is also limited in extractimg important
loading variables for corrosion fatigue other than the stress range.
The spectral approach can be unsed directly with frequency domain
analysis and provides a probabilistic basis for stress range history
forecasting. Used together with Monte—Carlo simulations and rainflow
cycle counting, this method produces the best results of the fore-
casting methods reviewed, and all important loading variables can be
ascertained (i.e., stress range, time—varying mean stress, frequency
of individual stress cycles, and sequence).

The spectral approach is often used conservatively by replacing the
wide~-band stress response with an equivalent narrow-band process.
Unfortunately, the narrow—band assumption precludes extracting
relevant information from the stress history on time-varying mean

stress, frequency, and sequence effects.
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TABLE 2.1,

INFLUENCE OF VARIOUS LOADINGS ON FATIGUE

AND FAST FRACTURE IN MARINE STRUCTURES

Type of Loading

Contribution

Wave

Current and Wind

(Static and Quasi—Static)

Current and Wind

(Dynamic)

Deadweight

Fabrication

Launching/Installation

Live Loads

Transportation

Buoyant and Hydrostatic

Foundation Movement/
Earthguake

Floating Ice
Impacts

Fatigue Crack Initijation and Propagation

Mean Stress (R ratico) in Crack Initiation
and Propagation
Fast Fracture

Fatigune Crack Initiation and Propagation

Mean Stress (R ratio) in Crack Initiation
and Propagation
Fast Fracture

Mean Stress (R ratio) in Crack Initiatiom
and Propagation

Fatigue Crack Initiation

Initial Flaw Size in Crack Propagation

Crack Initiation
Fast Fracture

Fatigue Crack Initiation and Propagation
Fast Fracture

Fatigue Crack Initiation and Propagatiomn
Fast Fracture

Mean Stress (R ratio) im Crack Initiatiom
and Propagation

Crack Initiation

Fast Fracture

Crack Initiation
Fast Fracture

Crack Initiation
Fast Fracture
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3.0 EFFEC? OF LOADING VARIABLES ON CORROSION FATIGUE RESISTANCE

3.1 Iantroduection

The resistance of materials to corrosion fatigume is genera}ly charac—
terized using either of two approaches: (1) the classical S-N approach where
cycles to failure of initially uncracked, notched or unnotched, specimens are
determined as a function of nominal stress, or strain—either maximum or
alternating values; or (2) the fracture mechanics approach where the fatigue
crack growth rate, da/dN, expressed as the amount of crack extension per
fatigne cycle, is determined as a function of the range of stress intemsity
factor, AK,

The S-N approach measures the total fatigue life of a planar or cylindri-
cal specimen, As jillustrated schematically in Figure 3.1, the measured total
life is composed of cycles required for crack initiation, as well as for crack
propagaqion. Note that in gemeral the initiation and propagation curves of
Figure 3.1 cross over each other and demonstrate that high—stress cycling in
the so—called "low-cycle fatigue' regime produces specimen lives which are
dominated by crack propagation since cracks are initiated very early in the
testing; the opposite is true in the low-stress, "high-cycle fatigue regime''—
that is, crack initiation is a2 long process and thereby controls the specimen
life. Consequently, lives in the intermediate stress and cycle regime result
from varying combinations of initiation and propagation cycles. It should be
emphasized that in the high—cycle regime the above generality holds only for
smooth specimens of the type most often used in S-N tests which contain no
cracks or crack-like defects. This is generelly not the case for welded
coupons and even less likely the case for large structures containing a multi-
tude of welded joints.

The fracture mechanics approach is based on the premise that the pre-
existing cracks or crack-like defects——for example, large unfavorably oriented
inclusions or any one of 8 variety of weld defects—are generally present in
large, complex structures from the day they are placed inm service., Given
these conditions and nominally elastic loading (usually gparanteed by reason—
able design), AK mniquely characterizes the cyclic stress/strain field at the
crack tip and thereby provides a fundamental representation of the "driving

force" for the rate of crack growth. The primary advantage of expressing
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fatigue crack growth data in these terms is that results are for the most part
independent of specimen geometry; thus, not only can date from a variety of
test specimens be compared on an equal basis, but more importantly, small
specimen results can, through proper analysis, be related to the behavior of
large structures as described in Chapter 6.0.

In this chepter, both S—N and fracture mechanics data are considered;
however, the latter are emphasized since most of the systematic studies of the
primary loading variables have been conducted within the framework of limear
elastic fracture mechanics., These primary variables include (1) stress or
stress intensity range, (2) mean stress or stress ratio, (3) cyclic frequency,
and (4) cyclic waveform. In addition, consideration is given to mathematical
representation of data for design as well as to the confounding influences of
crack size and nonsteady state crack growth,

The goal of this chapter on loading variables, as well as in the follow—
ing chapter on envirommental variables, is to briefly summarize the influence
of the primary variables on corrosion fatigue resistance and identify problem
areas, Thus, the objective is a critical state—of-the~art review rather tham
an exhaustive compilation of data. The latégr have been accomplished in
several previous reviews, particularly in the recent thorough report of Jaske,
et al, [3.1].

The approach taken herein is to first present a general discussion of
each of the significant loading variables identified above using data which
most clearly illustrate the characteristic influence of the particular
variable, Additional factors which can confound the assessment of corrosion
fatigue resistance and thereby complicate the prediction of corrosion fatigue
life are also discussed. With this information as background, mathematical
relations between da/dN and AK are established for use im fatigue life

predictions under various categories of loading and envirommental conditioms.

3.2 Effect of Stress and Stress Intemsity Factor

Chéracterizing the corrosion fatigue resistance of structural and low—
alloy steels using the S-N approach is typified by the data given in Figure
3.2 for a C-Mn steel tested in laboratory air and in & 1% NaCl enviromment
[3.2]. In both enviromments the cyclic lives increase exponentially with

decreasing stress amplitude.* However, in the air enviromment the lower

*Stress amplitude is defined as one—half of the stress range.
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stress amplitudes prodnce cyclic lives which become increasingly semsitive to
stress amplitude and eventually exceed the test duration. This lower limiting
stress amplitude is commonly termed the fatigue limit or endurance limit, The
fatigoe limit is somewhat arbitrarily defined since it depends om test dura-
tion; therefore, it is good practice to reference this measurement to a test
duration—typically durations of 106 to 107 cycles are used. By contrast, tke
data in Figure 3.2 for the saltwater enviromment exhibit significantly shorter
lives than those in a2ir, at a given stress amplitude. Furthermore, no dis-
tinctive endurance limit is detectable even though testing was conducted out
to 109 cycles. It should be noted that the latter tests were conducted under
freely corroding conditions; as discussed in Section 4.3, applying cathodic
polarization to the test specimen tends to shift the saltwater data towards
the air data, Nevertheless, regardless of the environmental conditions, the
cyclic lives are always markedly sensitive to stress amplitude (or range).

While S-N results such as those in Figure 3.2 do provide a measure of
corrosion fatigue resistamce, it is worth noting that these results are not
strictly properties of the material—emvironment system under investigationm.
For example, they will also depend on such factors as overall specimen size
and geometry, surface finish, and details of machined notches, should they be
present.

If one now measures the corrosion fatigne resistance of a material im
terms of its crack growth properties and expresses the results in terms of the
crack tip stress intensity factor, AK, an analogous but somewhat more complex
picture emerges than that given by 5N testing. Based on phenomenological
observations gathered over the last 20 years, the steady-state corrosion
fatigne crack growth rate as a function of AE can be grouped into three basic
types of response as illustrated in Figure 3.3 [3.3].

In each case, fatigue crack growth data for an inert enviromment are
given in Figure 3.3 as a reference., These results correspond to the purely
mechanical process of fatigue crack extension by deformation—controlled mecha—
nisms and are characterized by three distinctly different regions whose growth
rate behavior exhibits different dependencies on AK, For most steels the
Region I slopes of the log AK-log da/dN curve range between values of 10 and
30, whereas the Region II slopes range between 2 and 4. Region IXII corres—
ponds to the omset of unstable crack growth and is controlled by either the

materials inherent fracture toughness, or alternatively, in highly ductile
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materials, by plastic instability. Differemnces in growth rate between the
"inert" enviromment curve and the "aggressive' enviromment curve define the
materials semsitivity to corrosion fatigue.

The three types of response to corrosion fatigue are conveniently defined

in terms of tHeir relation to K [3.4], the threshold stress intensity for

stress corrosion cracking.¥ Ty;SCE represents those steel-enviromment systems
which are relatively immune to stress corrosion cracking—that is, KISCC
approaches KIC——consequently, the enchancement in fatigue crack growth rates
corresponds to a synergism between corrosion and mechanical fatigume. This
interaction is manifested by increased growth rates and a decreased AKth
valwe. At high AK values, the high growth rates corresponding to the onset

of mechanical instability become rate controlling, Under these conditions,
the envirommental component of cracking is negligible; thus crack rates
coincide with those for the imert enviromment. Type B behavior is represen-
tative of material—environment systems which exhibit a significant semsi-

tivity to stress corrosion cracking, that is with K values substantially

ISCC
less than KIC or Kc. Here the emnvirommental effects are quite stromg for
Kmax > KISCC and negligible for Kmax < KISCC' This type of behavior is

predictable from a simple superposition of stress corrosion crack growth and
purely mechanical fatigue crack growth [3.7, 3.8]. Type C behavior combines
the two extremes of Type A and Type B behavior, with the former predominating

when K and the latter predomimating when K > K
ma max

x ¢ Ersce 1scc’

The exact dependence of the corrosion fatigme crack growth rate on AK
for any of the above three types of behavior is also dependent on the addi-
tional loading variables discussed in the remainder of this chapter, as well
as the envirommental variables considered in Chapter 4.0. At times it is
difficult to discern which of the above categories best represemts a given
material—environment system, either because of inadequate data—generally in
the near threshold regime-—or because of confopnding effects soch as non-
steady state crack growth. The latter is discussed in Sectiom 3.5.

Examples from each of the above types of behavior are given in Figures

3.24 through 3.29 which represent data compiled from the literature on

*E1scC is ideally definmed as the value of stress intemnsity below which stress
corrosion crack growth will not occur. In practice this value may be
difficult to determine since measurements can be dependent on test technique
as well as test duration [3.5, 3.6]
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structural and low alloy steels—these results are further discussed in

Section 3.8.

3.3 Effect of Mean Stress or Load Ratio o~

Tensile mean stresses are known to decrease fatigue life, while compres—
sive mean stresses increase fatigue life in smooth specimen tests conducted in
-laboratory air [3.10-3.12]. Most of these results have been obtained under-
strein-controlled conditions. This method of loading enables relaxation of
the mean stress for large amounts of eyclic plasticity, Thus, mean stress
effects tend to be small in the large strain amplitude, low-cycle regime,
vwhile becoming increasingly significant in the small strain, high—-eycle regime
where little or no plasticity precludes relaxation of the mean stress. This
changing significance of mean stress is also observed in large structures con—
taining notches since the contained plastic deformation in the mnotch region is
neerly equivalent to strain control.*

Mean stress effects in smooth specimens exposed to aggressive environ—
ments are expected to parallel the behavior described above for air environ—
ments; however, surprisingly, these effects have not been ezamined.

Load-controlled tests on either smooth specimens or welded compons have
been extensively employed to study the corrosion fatigue resistance ;f struc~
toral and low alloy steels, These experiments traditiomally employ either
completely reversed loading or zero—to—tension loading.** Thus, there are
little systematic data on the influence of load ratio on the fatigue life of
initially unceracked specimens. Data comparisons are further hampered by the
fact that load ratios of —1 and 0 often correspond to different specimen
geometries as well as loading modes; thus, results are not directly compara-—
ble. While S-N tests on welded coupons contain variations in mean stress
arising from the welding process, the magnitudes of these stresses are gener—

ally unknown.

*Actually, the plastic deformation at notches undergoes a combined stress-—
strain control, sometimes called Neuber control [3.13] since it is closely
approximated by application of Neuber's rumle [3.14].

*¥*]n load-controlled tests, it is convemient to characterize the mean stress
in terms of the load ratio, R = Ppin/Ppax = Smin/Smax; thus, completely
reversed loading corresponds to R = -1, while zero to tension loading
corresponds to R = 0,
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Mean stress effects have been more thoroughly examined in crack growth
tests using fracture mechanics techniques. As in load-controlled tests of
uncracked specimens, the mean stress is also characterized in terms of the
load ratio (R = Pmin/Pmax = Sminlsmax = Kmin/Kmax)' Although increasing mean
stress, or load ratio, tends to increase the fatigue crack growth rate over a
broad range of growth rates, the exact magnitude of this effect is specific to

-growth rate regime, material, and enviromnment, Referring to the previously
discussed regions of growth given in Figure 3.3 for imert enviromments, the
ﬁost significant load ratio effects are observed in Regions I aad III.

The increase in growth rates in Region III is linked to the omset of
unstable crack growth as K __ imcreases. Since K _ = AK/(1-R), this
behavior is described by letting Kmax = KIC or Kc under limear elastic
loading. For highly ductile materials, exhibiting high KIC values, Region III
behavior gemerally corresponds to & plastic instability in the uncracked

ligament and is given by P = AP/(1-R) = Pr;» where P, is the fully

plastic 1imit load for themzzacked member [3.15]. The relatively bigh tough—
ness exhibited by materials employed in offshore structures (for example,

KIC values generally exceeding 200 MPa /;), combined with the fact that these
structures operate in the high—c¢ycle regime, causes the Region III behavior
and its associated load ratio dependence to exert little influence on the
fatigue life of these structures, This insemsitivity to Region III growth is
reflected in an insensitivity of the fatigue life to final crack size and is
demonstrated in the sensitivity analysis of Section 7.5.4. The underlying
reason for this behavior is the fact that fatigne lives in the high-cycle
regime are controlled by the growth of small cracks whose rate of extemsion is
several orders of magnitude less than that of Region III.

The above discussion demonstrates the importance of the Region I growth
rates to the fatigue life of offshore structures. As mentiomed previously,
these near—threshold growth rates are also relatively sensitive to variations
in mean stress or load ratio. This sensitivity is also reflected in the load
ratio dependence of AKth’ as shown in Figure 3.4, for a variety of structural
and low—alloy steels tested in laboratory air emviromments, These data were
compiled from the literatumre, including results from two review papers [3.16,

3.171. The materials and data sources represented in Figure 3.4 are given in

Table 3.1, The rather large variability in results in Figure 3.4 is partially
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due to the fact that AKth’ as well as Region I growth rates, is seansitive to
steel microstructore (see Reference 3.24, for exampie). Undoubtedly, however,
the complexities associated with low growth rate testing, as well as the lack
of a standard test method [3.29], add to the observed variability in results.
In addition, the measured AKth value depends on test duration—thus, valmes
need to be referenced to a minimum da/dN value in analogous fashion to the
_specification of a number of cycles for the fatigue endurance limit. Most of
the AKth values given in Figure 3.4 correspond to da/dN values of 10-10 to

10 1 m/cycle. This variation in the operational definition of AKt further

h
adds to the observed variability.

Several empirical relations have been proposed to describe the influence
of R on AKth:

Barsom, Reference 3.31

= — H 4 .
AKth AKO (1-ak); R>R (3.1a)

= - r -
AKth B ;s R<R (3.1b)

Klesnil snd Lucas, Reference 3.32

= - )Y
AKth = AKO (1 - R) (3.2)

where AK the value of AK at R=0
(V] th

e, B, v = empirical constants.

Barsom originally proposed equations (3.1) with AKO =7 MPavm, o = 0.85 and
Axth = 6 MPavimn as a lower bound for AKth as a function of R for most steels
(line 1, Figure 3.4). Based on Figure 3.5, a more conservative lower bound
is provided by equations (3.1) with AKO =5 MPavm, ¢ = 0.8 and p = 4 MPavm
as shown by lime 2, Using equation (3.2), with AKO = 5 MPavm and v = 0.5,
provides somewhat different lower bounds to these data (lime 3, Figure 3.4).
Considering the variability in AKth measurements, it is not possible to
conclude which of these equations is most representative of the R-dependence
of AKth' Nevertheless, these results clearly illustrate the strong load

ratio dependence of AKth, as well as the near threshold growth rates. As
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illustrated by the sensitivity amalysis in Section 7.5.3, data in this regime
will comntrol the fatigue life of offshore sirnctures.
Now let uws consider the influence of load ratio om corrosion fatigue
crack growth rates for steels exposed to seawater. Figure 3.5 provides
results on the influence of load ratio on an X-70 linepipe steel in laboratory
air and in 3.5% NaCl under both freely corroding and cathodic polarization
_conditions [3.30]. In all cases the tremnds are similar—specifically, growth
rates at 2 given AK valne increase with increasing R and the sensitivity to R
increases at the lower growth rates, In addition, the influence of R on da/dN
tends to be accentunated by the presence of the enviromment—this effect is
most pronounced for the cathodically polarized specimen., The tendency for
aggressive enviromments to accentuate load ratio effects is commonly observed.
Date in Figures 3.6 and 3.7 on BS 4360 Grade 50D steel in laboratory air and
in seawater, respectively, more clearly demonstrate this phenomenon [3.9].

The Region II air data of Figure 3.6 show very little dependence on load
ratio, while seawater data of Figure 3.7 exhibit a significant increzse in
rates as R increases. Note also from Figure 3.7 that for the cyclic frequency
of 0.1 Hz the data for -1 { R 0.1 actually coincide with the air data,
indicating no environmental enhancement, while the high-R growth rates are as
much as six times faster,

What is clearly lacking with regard to fatigue life predictions in
offshore structures is information on the load ratio dependemce of AKth and
Region I growth rates in seawater at representative cyclic freguencies. Omite
understandably, these dats are sparse because of the extremely long test times
and high cost associated with low growth rate, low frequency testing. The
limited amounts of available low growth rate datzs in seawater are included in

the summary plots of Section 3.8.

3.4 Effect of Cyclic Frequency and Waveform

In general the influence of time—dependent loading variables on fatigue
resistance can have two distinctly different sources: (1) an inheremt strain
rate sensitivity of the material—this effect is independent of the specific
environment and also occurs in inert emviromments, and (2) a rate dependence
of the envirommental component of corrosion fatigue. This effect arises from

time—dependencies in the underlying kinetic process, or processes, which are
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rate controlling®—~for example, diffusion of reacting species through the
liguid enviromment, or through sclid oxides, a variety of surface reactioms,
and possibly, hydrogen diffusion, should a hydrogen embrittlement mechanism
be operative,

Let us first consider the effect of frequency on fatigue and corrosion
fatigue resistance, focusing on structural and low alloy steels. In S-N

_testing, it is common practice to conduct tests at cyclic frequencies in the
range of 10 to 50 Hz using a fixed frequency for a given study, even when
environmental influences are being examined, Thus, little information on the
effect of cyclic frequency has been obteined in S-N testing. One study by
Nishioka, et al., has reported a decrease in the corrosion fatigue strength
(at 106 cycles) by about a factor of two, in a variety of carbon and low alloy
steels in saltwater, as the frequency was lowered from several hundred Hz to
about 1 Hz [3.35]. Similarly, Endo and Miyao have observed a frequency depen—
dence of the fatigue life in a medium carbon steel tested in both tap water
and saltwater; these results are shown in Figure 3.8 [3.36]. Neither of the
above studies considered the possible influence of inherent strain rate
cffects on the fatigne life.

The influence of cyclic frequency on the fatigue crack growth rate in
agueouns solutions has been more thoroughly investigated than have frequemncy
effects in S-N testing. In most cases, fatigoe crack growth rates in struc-
tural and low alloy steels have been found to increase as cyclic frequency
decreases; thus, growth rate data are in qualitative agreement with the
limited 5-N results. This effect is illustrated in Figure 3.9 by Vosikovsky's
data on an X—65 line pipe steel exposed to 3.5% NaCl under both freely corrod-
ing conditions, as well as cathodic polarization [3.37]. Interestingly, in
both cases the influence of frequency appears to diminish in the low growth
rate regime.

Figures 3.10 and 3,11 provide a summary of the influence of cyelic fre—
quency on the intermediate (Region II) growth rates in a variety of structural
and alloy steels, Data in Figure 3,10 on several HY-series steels exhibit a

similar frequency dependence at AK values of 30 MPavm and 50 MPa/m. At

*These rate—controlling processes are potential sources of time dependencies,
regardless of whether the material degradation occurs by & hydrogen
embrittlement mechanism [3.33] or by a film rupture/anodic dissolution
mechanism [3.34].
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frequencies above about 0.01 Hz the rates are approximately proportional to

-0.25

3 , while at freguencies below 0.01 Hz the growth rates appear to be

approaching a constant valué. Figure 3.11 compares the HY steel data at

AR = 30 MPav/m with results from a wide range of steels., With the exception
of the maraging steels, results tend to comnverge at 10 Hz, This convergence
occurs since the frequency is too fast to allow an envirommental contribution
"to the growth rates., At intermediate frequencies, the dependence of crack
growth rate on frequency tends to be somewhat stronger in these steels than
in the HY steels. Specifically, between 0.01 and 1 Hz the growth rate is

0.25

approximately proportiomal to f_o'5 (versus £ in the HY steels). By

comparison Hartt’'s data [3.46, 3.47] on smooth structural steel specimens show
that the fatigue life is proportional to f0°3 for frequencies of 0.5 Hz and
above., Assuming that the fatigue lives of these smooth specimens are con—
trolled by crack growth, and recogmizing that da/dNG=Nf-1. gives crack growth
rates which are proportional to f~0.3. This result is in reasonable agreement
with the frequency dependence shown in Figure 3.11, provided f > 0.5 Hz.

Once again, several of the curves exhibit a tendency to level off at about
0.01 Hz, indicating a saturation of the envirommental effect. This being the
case, the maximum envirommental effect for low load ratios in Region II is
aﬁout s factor of ten, However, information on the fregqumency semsitivity of
the important Region I rates is absent.

The only information on the role of material strain rate semsitivity om
cyclic frequency effects is provided by results from a recent study by
Davidson and Lankford on crack growth in a low carbon steel [3.48]. As shown
in Figure 3.12, growth rates in both dry nitrogen—presmmably a relatively
inert enviromment for this material-——and moist air respond to changes in fre-
quency in opposite fashion to previously discussed results. These results
suggest a significant influence of strain rate semsitivity on frequency
effects in carbon steels. The strain rate sensitivity persists even when the
growth rates are enhanced by the moist air enviromment (relative to the dry
nitrogen enviromment). The convergence of results from both enviromments at
about 6 Hz is consistent with the gemneral observation that environmental
effects in steels exposed to aqueous emviromments are absent at these fre—
quencies, These results suggest that high strain rates, at least in carbon
steels, promote fatigue damage. Presumably this process parallels the well-

known loss of ductility which can accompany high straia rates in monotomic
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loading. If this hypothesis is correct, it follows that the inkerent fre~
quency—environmental interaction in carbon steels is actually larger than that
given in Figure 3.1l since these results also contain a frequency-strain rate
interaction which acts in the opposite direction. From the practical view-
point, there is no problem if these two effects are coupled, provided that
their overall influence is empirically established. However, this complexity
makes data extrapolation uncertain. These two sources of frequency effects
need to be isolated when formmlating physical models which may be utilized to
extrapolate empirical results,

Variations in cyclic waveform have alsc been observed to influence
fatigue crack growth rates in steels exposed to 3.5% NaCl. Barsom's data on a
12Ni-5Cr—3Mo steel subjected to five different waveforms are shown in Figure
3.13 [3.49]. Data generated in laboratory air were found to be independent of
waveform and all fell within the indicated scatterband. In 3.5% NaCl at a
frequency of 0.1 Hz, waveforms with rapid rise times gave rates nearly equal
to the air data, while those with slow rise times showed a significant
environmental effect. These results demonstrate the importance of rise time
and suggest that most of the interaction between the material and epviromment
occurs during the increasing portion of the loading cycle.

A more recent study of waveform effects in corrosion fatigue crack growth
in 8 Ni-Cr—Mo steel provides additiomal support for the significance of rise
time in the cycle [3.50]. Twenty—five different triangular and trapizodal
waveforms, having the characteristic components shown in Figure 3.14, gave
growth rates which could be normalized by a waveshape parameter containing
the rise time and total period of the cycle.

From a fundamental viewpoint the influences of cyclic frequency and wave—
form on corrosion fatigue behavior are likely to be controlled by the same
underlying kinetic process, or processes. The identification and modeling of
these rate—controlling processes is currently an active research area., Such
studies have led to the correct prediction of the functional form of the fre-
quency dependence of crack growtb in the zluminom-water vapor system [3.51],
although predictions of the absolute rates have not yet been achieved.

Regarding the practical significance of cyclic frequency and waveform
effects, the former would appear to be of primary importance. The frequercy
cited as being most typical of offshore structures is sbout 0.1 Hz., However,

these structures are also likely to experience loading cycles having both
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higher and lower frequencies than this average or typical frequency. It would
appear necessary to utilize established correlations between cyclic loading
frequency and amplitude (that is, response spectra) in order to assess which
cycles are most damaging and thus which frequencies are most significant. To
our knowledge, this exercise has not been conducted for corrosion fatigue
where damage accumulation is inversely related to cyclic frequency.

Although cyclic waveform effects represent ipteresting phenomena which
should be wuseful in elucidatiné the fundamental nature of the material-
environment interactiom, their practical significance would appear to be
minimal in offshore structures. Since these structures respond primarily to
wave loading, the relevant waveforms will be approximately sinusoidal, trian-
gular, or trochoidal [3.52-3.54]. Based on data in Figures 3.13 and 3.14,
this class of waveforms should give nearly identical results——that is, a maxi-
mum corrosion fatigue crack growth rate, Since most empirical crack growth
studies employ sinusoidal waveforms, these results can be appropriately used
in eyclic life predictions without the need to include additional factors for

waveform into the analysis.

3.5 Effect of Tramsient Crack Growth Rates

The basis of the fracture mechanics approach to structural lifetime pre-
diction is a one—to—one relationship between the rate of crack growth and the
crack tip stress intemsity factor. However, data on & variety of low-alloy
steels exposed to aqueous enviromments show that under certain conditions the
growth rate is nmot uniquely defined by the crack—tip stress intensity factor
[3.55]. For example, data in Figures 3.15 and 3.16 show that growth rates
under stetic [3.56] and cyclic loading [3.57], respectively, are dependent on
the initially applied value of stress intensity. In addition, perturbations
in da/dN versus AK can occnr immediately following test interruption. As
shown in Figure 3.17, fatigue crack growth ratés in a pressure vessel steel
exposed to a pressurized water reactor emviromment are substantially rednced
immediately following a test interruption of tem days [3.58]. Similar effects
can be observed immediately following a change im loading variable such as
¢yclic frequency [3.59]. As illustrated in Fignre 3.18, growth rates are slow
to respond to a reduction in cyclic fregqumency from 10 Hz to 0.1 Hz, although

eventually a substantially higher growth rate is established.
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All of the above effects are believed to be related to tramsient growth
rates——that is, a period of time is reqguired during which the crack growth
rate accelerates to its steady—state value, as jllustrated in Figure 3.19, for
static loading [3.55]. The period of nonsteady—state growth is believed to
be controlled by time dependencies in the underlying kimetic processes
required to supply reacting species to the crack tip. This position is
supported by the fact that the apparent transiemts are dependent on the nature
of the material-environmment system—fhose systeﬁs with relatively rapid
kinetics do not exhibit the phenomenon.

The above transient growth phenomena are of practical significance in
(1) obtaining representative corrosion fatigue and stress corrosion cracking
data for mse in design, and (2) in formulaiing mechanistic models. In both
cases, errors can be incurred by not recognizing the presence of nonsteady—
state effects and thereby making improper inferences—for example, falsely
identifying a8 value for the threshold stress intemsity factor under either
static or cyclic loading. Currently, no methodology exists for incorporating
these factors into design and reliability consideratioms. Since fracture
mechanies life predictions are omly valid when steady—state growth rate data
are used, it is important to recognize and eliminate these tramsient growth
rate phenomena when selecting date for use in design or reliability

assessments,

3,6 Effect of Crack Size—"The Small Crack Problem"

A number of recent studies of the growth of small fatigme cracks have
demonstrated that small cracks behave differemtly tham do large cracks when
results are analyzed in terms of conventional fracture mechanics concepts
[3.60]. Small cracks have been observed to grow faster tham large cracks
in a2 variety of materials [3.61-3.65]. The peculiar behavior of small cracks
arises from two sources: (1) violation of the small scale vielding requirement
of linear elastic fracture mechanics when c¢rack size is on the order of either
the crack-tip plastic zone or the notch plastic zome for cracks emanating from
a notch or similar stress concentration factor, and (2) violation of continuumm
mechanics concepts when crack size is on the order of size of microstructural
features such as grain boundaries [3.66]. Considering both of these factors,
it therefore appears that the true deviation between large and small eracks

is in the computed mechanical "driving force'" and not in the measured growth

3.13

486—333



rate response; thus a new 'driving force" (other than AK) needs to be
formulated which accounts for both plasticity effects and microstructural
effects.

El Haddad, et al,, [3.65] have taken a phenomenological approach and
proposed that the transition crack size between "small" and "large" cracks

is defined by

2
1 [ 2By

o b Ac
e

(3.3)

where AKt is the threshold stress intensity for fatigue crack growth and Ace

is the cogventional, smooth bar, fatigue endurance limit. It has been sug-
gested that £° merely be added to the physical crack size to redefime the
driving force in terms of an effective AK. To date, it has not been possible
to link 20 to a charcteristic size in the microstructure. As shown in
Figure 3.20, this spproach does describe the transition between smooth spec—
imen endurance limit and the fracture mechanics threshold stress intensity
[3.671.

Nearly all of the studies of the growth of small cracks under fatigue
loading have beenr conducted in reiatively inert enviromments. The one
exception is the recent work of Gangloff [3.68], who studied the growth of
small cracks in 4130 steel cyclically loaded (f = 6 cpm, R = 0.10) in an
aqueous solution of 3% NaCl., These data, given in Figunre 3.21, showed growth
rates for small surface cracks (0.1 to 0.8 mm) to exceed those from large
cracks (20-50 mm) by about an order of magnitude. In addition, companion
small crack data conducted in air were found to be in reasonably good agree—
ment with large crack data, Figure 3.21. The latter observatiom is consistent
with the fact that the smallest crack size employed was larger than the 2
value computed from equation (3.3), Thus, the significant small crack effect
in the presence of an aggressive enviromment appears to be unrelated to small
crack effects in inert enviromment fatigue. This suggests that the small
crack effect in corrosion fatigue crack growth is related to the envirommental
component of cracking. Gangloff suggests that the crack tip enviromment for
small cracks is rendered more embrittling dune to the effect of hydrolytic -
acidification, which promotes hydrogen evolution. This view is supported by

the fact that corrosion fatigue crack growth in high—strength steels exposed
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is largely independent of specimen geometry, and thereby provides a powerful
tool for design and analysis of structures,

In the 20 years since equation (3.4) was first established, extemsive
studies of the fatigue crack growth resistance of a wide range of materials
have established that da/dN is also sensitive to load ratio and emviromment—
the latter giving rise to zdditiomal loading and envirommental variables which
are discussed in this chapter as well as Chapter 4.0. During this time it
also became clear that, in gemeral, equation (3.4) was only valid over two to
three orders of magnitude in growth rate. For example, da/dN(AK) in inert
environments, examined over & broad range of rztes, gemerally exhibited the
sigmoidal shape shown in Figure 3.3. Following this realizatiom, da/dN(AK)
relationships have been in a state of continual evolution.

Forman proposed the following modification to equation (3.4) to account
for the upturn in the da/dN(AK) curve in Region III as Kmax approaches the
fracture toughness (Kc) of the material [3.71].

n
CAK
(1-R)K_ - AK

da/dN = (3.5)
Similarly the fatigue crack growth threshold, AKth’ was introduced to create
a lower asymptote to the da/dN(AK) curve, thereby representing rates in
Region I [3.72] by:

)n

da/dN = C(AK - AKt (3.6)

h

Figure 3.22 provides a graphical representation of equation (3.6) and serves
to define the parameters of this equation and illustrate its asymptotic
nature,

Numerous equations of added complexity followed the above simple repre-—
sentations [3.73]. Several of these utilized common mathematical functions
vhich possessed the characteristic sigmoidal shape of the da/dN(AK) curve—
for example, the hyperbolic sine and inverse hyperbolic tangent functionms
[3.73]. Although several of these more complex equations were capable of
equally representing a given set of data, many of them have the disadvantage
—a parameter which is

h
difficult to measure, has mo consensus operatiomal defimition, nor standard

of being extremely semnsitive to the selection of AKt

test technique. Furthermore, nonconservative values are frequently selected
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to aqueous enviromments is believed to occur by 2 hydrogen embrittlement
mechanism, Furthermore, based on Hartt, et al.’'s, [3.69] analysis of fluid
mixing during fatigue loading, a small crack is predicted to be a relatively
jnefficient pump relative to a large crack—thereby promoting local acidifica-
tion in the small crack. It also should be noted that, as in the case of
transient crack growth rates, small crack effects in aggressive enviromments
appear to be related to the overall process of tramsport of species, or lack
thereof, between the bulk and local crack-tip enviromments.

Although small crack effects in inert and aggressive enviromments appear
to be fundamentally different, the practical significance is the same in both
cases~-namely, crack size effects can potentially camse noncomnservative life
predictions when comventional fracture mechanics procedures are employed.
However, the practical significance of small crack effects is specific to the
structural application——in particular, to the size of the preexisting flaw
which must be assumed in the fracture mechanics analysis. Genperally, if the
jnitial flaw size is greater than several mm, small crack effects are likely
to be insignificant and can be ignored. This limit is particularly true
for fatigne in imert enviromments; however, it is less certain for corrosive
environments where crack geometry may also influence the limiting crack size
since the effect is thought to be due to alterations in the transport of

reacting species between the bulk enviromment and local crack tip emviromment.

3.7 Mathematical Representation of Crack Growth Rate Data
The early work of Paris and Erdogan established the crack tip stress

intensity factor, AK, as a proper measure of the "driving force' for the rate

of fatigme crack growth, da/dN [3.70]. Furthermore, an analysis of available

fatigue crack growth rate at that time suggested that the functional relation—
ship between da/dN and AK conld be expressed as the following simple power

law:
da/dN = C(AK)™® (3.4)

where C and n are empirical comstants. Although this simple relationship
provided little understanding of the nature of the fatigue crack growth

process, it established da/dN(AK) as a fatigue crack growth property which
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because of misinterpretation of data, often caused by the tramsient growth
phenomena discussed in Section 3.5. For example, it has been pointed out that
equations which are asymptotic in Region I temd to select asymptotes which are
about 10% below the lowest AK value conteined in a data set, regardless of
the fact that cracks could propagate significantly below this value [3.74].
In computations of fatigupe life in the high-¢ycle regime, this procedure could
result in fatigne life predictions which are mnoncomservatively ih error by
orders of magnitude,

In order to aveid the above problem, a so—called "three—component model"
was developed which does not confain an asymptote in Region I [3.74, 3.75].
This mathematical model is based on adding the materials' resistance to
fatigue crack growth——that is, (da/dN)_l in the three commonly observed
regions of crack growth, Figure 3.3. The characteristic equation describing
da/dN as a function of AK (for other loading and envirommental variables held

constant) is given by

A A
- U M. S (5.7
da/dN n, n, n,
AEK AK [(1-R) Kc]

where Al' n,, A2. n, and Kc are empirical constants which are defined as
illustrated in Figure 3.23. Each term in eguation (3.7) represents a given
region shown in Figure 3.23; growth rates in transition regions are repre—
sented by combinations of adjacent terms. The exponents n, and n, are the
slopes in Regions I and II, respectively; the constants A1 and A2 are
reciprocals of the intercepts (at AK = 1) in Regions I and II, respectively.
The constant Kc characterizes the onset of final instability——this valne may

not equal the plame strain fracture tomghness, K and is best obtained

Ic’
from fatigue crack growth tests on material having the same thickness as the

structure of interest. Note also that setting A, equal to zero amd Kc to

infinity reduces equation (3.7) to the simple Paiis law, equation (3.4). The
form of the three—component model zlso facilitates the representation of load
ratio effects by expressing A1 and A2 as functions of R since these effects
are known to be specific to Regions I and II. Furtbermore, the added complex-
ities arising in the da/dN(AK) curve as the result of eavirommental effects
can be easily represented by addding additional terms to equmation (3.7).

For example, the platean in rates which sometimes occurs under cathodic

3.17

486 -338



polarization in seawater can be represented by adding a comnstant term to
equation (3.7) as illustrated in Section 3.8.

The imﬁortant feature of equation (3.7), with regard to offshore struc—
tures, is the fact that low growth rates below those which are practical to
measure in laboratory tests are given by & power law extrapolation. Thus,
inadequately low growth rate data will result in conservative predictions of
cyclic life raéher than in nonconservative predictions which can result from

asymptotic—type models.

3.8 Selection of Steady-State da/dN(AK) Relations For Various Loading and
Environmental Conditions

One of the mecessary imputs to the fracture mechanics analysis of
offshore structures is the characterization of the fatigue crack growth rate
resistance for the material—enviromment systems of interest. As previously
discussed, it is most appropriate to express this resistance to crack growth
in terms of the rate of crack growth (da/dN) as a function of the stress
intensity factor ramge (AK) since the latter provides a geometry-independent
measure of the "driving force'" for crack propagation. Thus, da/dN(AK) is a
material-enviromment property which can be determined empirically with small-
coupon laboratory testing, but which also describes the rate at which fatigue
cracks grow in full-scale structures. Based on information presented in this
chapter, as well as Chapter 4.0, the general form of the growth rate equation

is as follows:

da/dN = da/dN(AK, R, £, w/f, ¢, Ci' T, M) (3.8)
where:

R = load ratio = Pmin/Pmax = Kmin/Kmax’ and serves to characterize the
mean stress;

f = cyelic frequency, an important variable when time—dependent
processes such as envirommental effects occur;

w/f = cyclic waveform, reesonably comstant for offshore structures, thus
not a critical variable;

¢ = electrode potential for the material-emviromment system, in this

application the electrode potential will be either under "freely
corroding” conditions or at some level of cathodic polarization to

impart protection from gemeralized corrosion;
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C. = chemical composition of the aggressive enviromment;

temperature of the environment; and
M

i

material composition and/or microstructure.

The influence of the above factors on the corrosion fatigue crack growth
rate was discussed in detail in previous sections of this chapter and in
Chapter 4.0, Unfortunately, due to the number of variables involved and, in
some cases, interactions among these variables, equation (3.8) cannot be com
pletely described due to a lack of empirical data, combined with the absence
of a generalized theory to quantitatively relate these factors to crack
growth. Thus, the approach taken here was to defipme simplified crack growth
rate equations for the primary variables for which data were available (AK,
R, £, ¢ ), while holding other variables as nearly constant as possible. In
order to condunct this task, it was mnecessary not only to find the appropriate
datea in the literature but alsoc to translate them into the same units and
display them on equal graphical scales. These tasks were accomplished by
digitizing all deta and entering them into computer files for subsequent
replotting using computer g;;phics.

The data collection focused on structural steels since they are typically
used in current offshore structures. Data were separated into the following
major categories:

1. Air enviromment, low-R

2. Air enviromment, high-R

3. Seawater enviromment, free corrosion potential, low-R

4. Seawater enviromment, free corrosion potentiazl, high-R

5. Seawater emviromment, cathodic polarization, low-R

6. Seawater enviromment, cathodic polarization, high-R
where low-R is defined as R < 0.2, and high R is defined as R > 0.5.

Data from the above categories are shown in Figures 3.24-3.29, respec-—
tively. Table 3.2 provides a detailed list of the sources of data, as well as
specific material, loading, and envirommental varisbles represented in these
figures,

Mathematical representations of these data were developed using the
three—component model given in eqmation (3.7). The solid curves in Figures
3.24 through 3.29 were judged to provide the best representation of the data

using equation (3.7); valees of the constants in this equation, corresponding
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to these solid curves, are provided in Table 3.,3. Category 6, seawater with
cathodic polarization at high R, contzins insufficient dats to establish a
meaningful growth rate equation since data are limited and bkighly variable.
Vherever possible, an attempt was made to critically assess data—for example,
by not considering anomalous results such as those arising from such factors
as nonsteady—state phenomena (Sectiomn 3.5)., A discussion of each of the data
categories, including additiomal factors considered in the selection process,
is given below.

Not surprisingly, the laboratory air data at low load ratios (R ¢ 0.2),
shown in Figure 3.24, represent the most complete date category. Growth rate
data on a mild steel from the study of Stamzel and Tschegg [3.78] are avail-
able to extremely low growth rates—Jless than 10'_13 m/cycle. These data were
generated at ultrasonic frequencies (21 kHz) nsing a pulsed techmigque to avoid
adiabatic heating of the crack tip. In spite of the high cyclic frequency,
these resmlts merge with data generated at comventional frequencies (5-20 Hz)

? to 10_8 m/cycle., This frequency independence of

in the regime of 10
the data is in agreement with results from Figure 3.12 for a moist air
environmment., Although the high frequemcy results were obtained at R = -1,
only the temsile portion of the loading cycle was used to compute AK; thus,
results shouvld be in agreement with other low-R data. Taking the operatiomal

definition of AK . to be the AK valume corresponding to da/dN = 10“10 m/ecycle,

gives AKth = 4 M;EV;-using equation (3.8)—the solid curve in Figure 3.24.
This velue is in good agreement with the lower bound AKth data previously
given in Figuore 3.4, The results of Endo, et al., also on a mild steel, give
2 higher value of 5.5 MPavm for AKth. Althoungh the two values differ by only
about 30%, the two data sets give significantly different Stage I rates
becanse of the strong AK—dependence in this regime., This fact illustrates the
problem encountered when selecting a design curve in the low growth rate
regime. By contrast, the rates in Region II are in reasonable agreement
considering the fact that data are from a variety of sources and for somewhat
different materials,

Results for the air environment at high R, given in Figure 3.25, are less
extensive than those at low R, The actnal load ratios represented in these
data ranged from 0.5 to 0,85—the higher R data being concentrated in the
da/dN range between 21.0-9 and 10-8 m/cycle. These data were heavily weighted

in selecting the solid curve in order to give results most representative of
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R~ 0.8, Since data were not available in Region I, AK results from Figure

th
3.4 were utilized to establish the curve in the low growth rate regime by

assuming the same operational defimition of AKt as given above, A compari-

son of data from Figures 3.24 and 3.25 indicateg a modest influence of load
ratio in Region II where increasing R causes da/dN to increase by a factor of
2.5 to 3. However, as discussed in Section 3.2, the Region I rates are much
more sensitive to load ratio., Comsistent with the lower bound AKth data of
Fignre 3.4, increeasing R decreases the AKth value from sbout 4 MPavm to

2 MPavm. The other major influence of R is seen in the occurrence of Region
III behavior at high AK velues in Figure 3.25. As shown in Table 3.3, the
Region II slopes are equal to 3.15 for both high— and low—R values, while the
Region I slope is greater at low-R than at high R-——this difference is in
qualitative agreement with low growth rate data om a variety of materials.

The seawater data at low—R, given in Figure 3.26, exhibit more apparent
variability than do the air data, However, most of this variation is due to &
layering of the data with respect to cyclic frequency. Specifically, date
sets of Endo, et al., [3.77] on a mild steel at 5 Hz and Vosikovsky on X-65
steel at 1 Hz [3.78] exhibit significantly slower growth rates than most of
the other data which are for 0.01 to 0.1 Hz. The above trend is particularly
true at lower AK valumes where. differences are as great as a factor of forty.
These lower AK data of Endo, et 2l., are interesting in that the rates in 1%
NaCl were found to be less than those in air; this phenomenon was attributed
to a decrease in the effective AK for the saltwater tests due to the wedging
action of corrosion products within the crack. However, it is uncertain as to
why this same phenomenon did not similarly influence the low growth rate
results from the other studies. Possibly, the wedging is semsitive to alloy
composition or to differences in emviromment—for example, chloride and/or
oxygen content.

As in the low-R air tests, the seawater results down to 10_13 m/cycle are
from the study of Stanzel and Tschegg on & mild steel at 21 kHz [3.80]. Where
data are available in the same AK range, the 21 kHz data are about six times
slower than the 0.1 Hz data, bont faster than the 5 Hz dats which were reported
to be affected by oxide wedging., The solid curve in Stage II in Figure 3.26
is given by equation (3.10) in Table 3.3 and was weighted towards the data at

0.1 Hz since this frequency is most applicable to offshore structures, as
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discussed in Section 2.0. The Stage I portion of this curve was dictated by
the only data available namely, those at 21 kHz.

The seawater, high-R data shown in Figure 3.27 are from studies of
Silvester and Scott [3.76] and Bardal, et al., [3.81,3.82] on BS 4360-50D
steel and from Bristoll, et al., [3.83,3.84] on steel 52 (DIN 17100), a C-Mn
structural steel similar to BS 4360-50D., Data at the lower growth rates
appear to be layered with respect to cyclic frequency; specifically, below
10—9 m/cycle the data of Bristoll, et al., which were obtained at 0.2 Hz, are
consistently faster than those of Bardal, et al., obtaimed at 1 Hz. These
two data sets diverge as growth rates decrease until a difference of about a
factor of ten occurs near 10—10 m/cycle. The solid curve fit through the data
in Figure 3.27 follows the 0.2 Hz data in Region I since this lower frequency
is applicable to offshore structures and also corresponds to the frequency
employed in tests of welded coupons and tubular joints which are compared with
fracture mechanics predictions in Section 7.0. In Figure 3.27, data points

with downward arrows at § x 10“-11

m/c¢ycle indicate no detectable crack exten—
sion in 4 x 105 cycles, assuming a crack length measurement precision of 10.02
mm. Often points of detectable and nondetectable crack growth occurred at
equal values of AK, indicating either test—to—test variations or temporarily
arresting cracks in a single test. Such behavior is mot uncommon in low
growth rate crack growth testing and is semsitive to the details of how the
load, and thereby stress intemsity factor, is decreased during the course of
the test [3.29, 3.85]. Thus, in establishing the solid curve in Figure 3.27,
the points corresponding to detectable crack growth were more highly weighted
than those corresponding to nondetectable crack growth. Using this interpre-
tation, the low growth rate data of Fignre 3.27 appear to merge with those in
Figure 3.25 representing the case of air at high R values. Thus, the fitting
constants Aland n, for both air and freely corroding seawater at high-R are
identical in Table 3.3. However, it should be noted that in both cases data
are lacking in this low growth rate regime,

The seawater data at low-R with cathodic polarizatiomn, given in Figure
3.28, contain data on X-65 steel from Vosikovsky [3.78] and on BS 4360 steel
from Silvester and Scott [3.76] and from Bardal, et al, [3.81]. As indicated
in Figure 3.28, results are layered with respect to cyclic frequency, partic-

ularly in the regime where growth rates exhibit a plateau. At low growth

rates the data of Vosikovsky and of Bardal, et al., on X-65 and BS 4360,
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réspectively, agree guite well. However, at higher growth rates and a2 fre—
quency of 0.1 Hz, Vosikovsky's data on X-65 and Silvester and Scott's data on
BS 4360-50D disagree significantly. The high growth rate data of Vosikovsky
on X-65 at 0.1 Hz were used to establish the solid curve in Figure 3.28 and
constants in equation (3.12), Table 3.3. Again, this particular frequency was
chosen because of its relevance to offshore structures.

As mentioned in Section 3.8, the rates in the plateam regime were modeled
by adding an additional constant to equation (3.7). This constamt is simply
the reciprocal of the platean velocity—a value of 1 x 106 m/cycles for the
0.1 Hz data of Fignre 3.28. To model the upturn in the data from the plateau
valoue at higher AK values, an additional term similar to the first two terms
in equation (3.7), but containing different constants, would be necessary.,
However, instead of adding this complexity to the model, the life predictions
of Sectioﬁ 7.0 were simply made to merge with laboratory air predictions at
high stress levels.

Figure 3.29 contains data in the category seawater, cathodic polariation,
high—-R, As discussed in Section 4.3, these conditions can produce crack
growth rates which are faster than those for seawater under freely corroding
conditions. This enhancement in rates is believed to be associated with the
increased production of atomic hydrogen caused by the cathodic polarization.
Assuming this mechanism to be correct, the data of Bristoll and Roeleveld
[3.84] obtained in an enviromment of seawater saturzted with H,S (pH ~ 4.5)
are also inclunded in Figunre 3.29 for comparison with data obtained under
cathodic polarization since the presence of HZS in aqueous solutions is
known to increase the amount of atomic hydrogen in agreous solutions by
hindering the hydrogen recombinatior reaction. Thus, the influence of HéS
should be gqualitatively similar to that of cathodic polarization. As indi-
cated, the st-satnrated results of Bristoll and Roeleveld (A) appear to pro—
vide an upperbound to the cethodic polariation data, However, because of the
high variability exhibited by all date, as well as the uncertainty as to how
to quantitatively relate the st—saturated seawater data to offshore struc-
tures, no mathematical representation of these data was developed.

Figure 3.30 provides a summary of the curves selected for categories 1
through 6. Several interesting comparisons emerge from this summary.
Recalling the discussion of Section 3.1 (Figure 3.3), two distinet types of

behavior can be noted. At low R values, the seawater date under freely
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corroding conditions exhibit Type A corrosion fatigue bebavior. In contrast,
the seawater data under cathodic polarization exhibit Type C behavior, except
for the fact that low growth rates fall below the air curve, apparently due to
the decrease in the effective AK caused by the wedging action of calcareous
deposits.

This exercise of reviewing the literature and selecting parameter values
for the mathematical representation of corrosion fatigue crack growth rates of
materials employed in offshore structures has served to emphasize the fact
that data are inadequate under certain loading and envirommental conditions——
for example, high-R data in air and seawater, both with and without cathodic
polarization. This lack of data makes many of the above conclusions on the
influence of certain variables tentative, as well as hampers the assessment of
the long-term durability of offshore structures. A few laboratories have
begun to acquire the near—threshold, low-frequency data which are currently
lacking; however, the long test duration and high cost of these tests will

require a concerted, industry—wide effort.
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TABLE 3.1 MATERTAL AND DATA SOURCES FOR AKth RESULTS GIVEN IN FIGURE 3.4

Yield
Strength,

Symbol Steel MPa _ Source Reference
A Low carbon 309 Priddle (1976) 3.18
B Low carbon 232 Frost, Pook and Denton (1971) 3.19
C Medium carbon 337-434 Cooke and Beevers (1973) 3.20
D Medium carbon 399-590 Cooke and Beevers (1973) 3.20
E Low alloy —— Frost, Pook and Denton (1971) 3.19
F ASTM A533B 479 Paris, et al, (1972) 3.21
G ASTM A508 479 Paris, et al. (1972) 3.21
H 2-1/2 NiCrMoV 618 Lindley and Richards (1982) 3.16
I Low carbon 168-192 Masounaue and Bailom (1976) 3.22
J High carbon 477-493 Masounaue and Bailon (1975) 3.23
K High carbon 532 Masounaune and Bailon (1975) 3.23
L 2-1/2 NiCrMoV 618 Lindley and Richards (1982) 3.16
M 3-1/2 NiCgMoV 742 Lindley and Richards (1982) 3.16
N 3-1/2 NiCrMoV 607 Lindley and Richards (1982) 3.16
0 ASTM AS533B 445-463 Lindley and Richards (1982) 3.16
P ASTM SA387» 290 Ritchie (1979) 3.24
Q ASTM SA516-70 327 Ritchie, Suresh and Moss (1980) 3.25
R ASTM SA592-3% 500 Suresh, Zamiski and Ritchie (1981) 3.26
S ASTM SAS542-2% 575 Svresh, Zamiski and Ritchie (1981) 3.26
T 2 NiCrMoV 575 Stewart (1980) 3.27
U 3-1/2 NiCrMoV 602 Stewart (1980) 3.27
\' NiMoV 661 Liaw, Hudak and Donald (1982) 3.28
v ASTM SAS542-2 769 Suresh, Zamiski and Ritchie (1981) 3.26
X API X65 460 Vosikovsky (1975) 3.29

*2-1/4 Cr-lMo Pressure Vessel Steels
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TABLE 3.2,

SUMMARY OF CONDITIONS FOR CRACK GROWTH DATA

Filgure In Freguency
CondLtion Symhol Re ference Source Reference Material (=) R Remarka
Alr, Low-R D 374 Sylvesler and Scott {1978} 7 RS& IR0 SOD 1-10 n-0.,1
(Flgure 1.24) O 1.74 Sylvester and Scott (1978) 8 B4 I SOD 1-1n 0-0.1
Py .75 Eado et al (1981) ] HI1d Steel 5 0.1
+ .75 Endo et al (1981) 3 Mi1d Steel 3 0.1
X 1.76 Voalkoveky {1374) 1 X-65 Linepipe 15 0.2
0 1.77 pewling and Walker (1979) 2 Han—-Ten Steel 2-2Q 0.1
' 3.717 Dowling and Walker {1979) 1 ROC-100N 2-H) 0.1
Y 3,76 Stanzel and Tachegg (1981) # ) Hild Steel 21 kilz -1 In Silicon 011
2 .79 Bardal et al (1978} & N5436%:50D 5 Hz n.N2~-0, M
Mr, lHiph-R D 1.7 Sylvester and Scott {1978} RS54 16RO : 590 1-1n n,5-n0.85
(Flgure 1.25) o 3.1 Sylvester and Scobt (1376) 8 BS54 160 1500 1-10 1.5-0.85
Seavater, Free 0 1. 74 Sylvester and Scott (197R) 9 54360 : 50D n.1 n.0-n,1 Hatural Seawater, 5-10°C, -0.65% V {AgfagCl}
:f::f;"‘“’“ Potentlal, O 1.75 Endo et al {1981) i) ul1d Steel 5 0.3 17 HaCl, 25°C, Flow Rate = (L& t/mln.
(Figure 13.26} A 3.75 Endoc et al (1981) 3 MIL1d Steel 5 0,1 12 Nacl, 25°C, Plow Rate = D.4 ¢/mlo.
+ 3.75 Endo et al (19B61) 3 Mild Steel 0.1 n,1 1% HaCl, 25°C, Flow Rate = 0,4 tfmia.
b s 3.75 Endo et al (1981} 3 Mild Steel 0.01 n.1 LT NaCl, 25°C, Flow Rate = 0.4 p/mln.
4] 176 Yoatkovsky (1974) 1 %-65 Llneplpe 1.0 0.2 1.5% HaCl, 25°C, pll = 6,5-7.5, Solutlon
Chanped Every Z4 Mours
? 1.76 VYoalkovsky (1974} 3 X-65 Linepipe n.1 .2 3.5% HaCl, 25°C, oB = 6.5-7.5, Solution
Changed Fyerv 24 llouts
y 3. 76 Voslkovaky {1974) k] ¥-65 Linepipe 0.01 n,2 9.5% MaCl, 25°C, pit = 6.5-7.5, Solutlen
Changed Evervy 4 Wours
rd 3.78 Stanzel and Tachegg {1981) 4 Hild Steel 21 kllz -1 3.5% NaCl, 25°C, pt = 6.5-7.5, Solution
Chanped Fyvery 24 NWours
X 3.79 Bardal et al (1%7B) 7 BE&I6N 50D 0.167-1.0 n.ns Synthetic Semater {ASTH-DI1141-52)
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TABLE 3.2, SUMMARY OF CONDITIONS FOR CRACK GROWTH DATA (Concl'd)
Flgure Ln Freguenry
ComilitIen Symbnt Reference Source Reference Materlal (liz) R Remarkn

Seawater, Free O 1,74 Sllvester and Scott (197R) n B54160:50D n.1 n,5-0.85 Hatural Seawater, 5-10%C, -0.65 ¥ (AgfAgCl)
)
“u;’r';(::mn Potentlat. O 3,80 Bardal et al (1981) 5h B54360: 505 n.167 & 1 0.5 Svuthetlc Seawater (ASTM-DIL4E-52), 12°C,
(Fi.gure 120 pll = B2, Alr Saturated, Flow Rate = 0,4 m/s,

Fa 3.84 Bristoll ev al (1978) 5 Steel 521 n.:2 0.6-0.8 Synthelic Seawater (ASTM DL141-52), 20°C,

DIN L7100 pH = 8,2, Flowing, Refreshed Monthly

ﬁ"-;‘"‘:"-lc'thm’if O 1.74 Sllvester and Scott (1978) 19 B54360: 50D 0.1 a-u.1 Natural Seawater, 5-10°C, -N,BS ¥ (Ag/AgCl)
olarizel lon
Low—R ' O 3.74 Silvester and Scokt {1979) u BS406D: 60D 0.1 n-n.1 Nalural Séawater, S-10°¢, -1.10 ¥ (Ag/AgCl)
(Figure 3.28) Fay 1.76 Vosikovaky (1974) 2 X~65 Linepipe 10 n.2 1.5% NaCl, 25°C, -1.74 V (Ag/ApCl)

-|- 3.76 Vostkovaky (1974) 2 K-h5 Lineplpe 1 .2 3.5% NaGl, 25°C, -1.M% v (Ag/AgCl)

X 3.76 Yoslkovsky (1974) 1 k-65 Linepipe 0.1 0.2 1.57 NaCl, 25°C, -1.04 V (Ag/AgCl)

O 3.76 Vonlkovsky (1974) 2 X-65 Linepipe 0.01 n.z2 7.5% NaCl, 25°C, -1.M4 ¥V (AgfAgCl)

f 3.7% Rarda! et al {1978} | BS54 360:5MD 0,167 & 1 | 0,2-0.06 Synthetle Seawnter (ASTH B1141-52), 12°C,

-0,8 and -1.1 V (Saturated Calomel Electrode}
iE;‘“‘:“’iClthodlc | 1,74 Sltveater and Scott (1978) 10 BSHI60:50D n.1 0.5-0.85 Natural Seawaler, 5-10°C, -0.85 V (Ag/AgCl)
vlarization
High-R ' O .74 Silveater and Scott (1978) 11 BSHI60: 50D 0.l n,5-0.8% Hatural Seawater, 5-10°C, -1.1 Vv (AgfhigCl)
(Figure 1,29} Fa 1. 84 Bristoll et al (1978} 6 Steel 521 0,2 0.6-0.8 Synthetlc Seawnter, Saturated with W5,
DIN 17100 pH o= 4.5




TABLE 3.3. CONSTANTS IN THREE-COMPONENT CRACK GROWTH LAW

K
c
Equation
Condition Number Al A2 " ) (MPavm) R
- 29 11
Air, Low R 3.8 1.9 x 10 2.5 x 10 32.0 3.15 250 < 0.2
. 14 10
Air, High R 3.9 1.0 x 10 9.1 x 10 13.3 3.15 250 > 0.5
Seawater, Free 20 11
Corrosion Potential 3.10 1.9 x 10 3.3 x 10 17.5 3.65 250 <0,2
Low R
bt
w .
= Seawater, Free 14 11
Corrosion Potential, 3.11 1.0 x 10 1.7 x 10 13.3 3.65 250 > 0.5
High R
' Seawater, Cathodic 34 13
Polarization¥*, 3.12 8.0 x 10 2.9 x 10 32.0 5.93 250 < 0.2
Low R
N
L Seawater, Cathodic Constants Not Estimated
=2 Polarization, - Because of Lack of 250 > 0.5
1 High R Experimental Data
o
o
h 1 A1 A2 A2 da
da/an ny + n, - 0 (Eﬁ in meters/cycles, 4K in MPaﬁﬁ) (Equation 3.7)
AR AK [(1-RK_]

20

* The plateau rates occurring under these conditions were modeled by adding an additional comstant to
the above equation equal to 1 x 1006 cycles/m for the 0.1 Hz data.

Uy
=

o



S, Nominal Stress

~ 10% to 10°

N, cycles

FIGURE 3.1. RELATION BETWEEN FATIGUE CYCLES CORRESPONDING
TO CRACK INITIATION (Nj), CRACK PROPAGATION (MNp),
AND TOTAL LIFE TO FAILURE (Nf) OF SMOOTH,
UNCRACKED SPECIMENS TESTED AT VARIOUS
STRESS LEVELS (S)
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S-N DATA ON C-Mn STEEL ILLUSTRATING

TYPICAL INFLUENCE OF SALTWATER ENVIRONMENT
ON CORROSION FATIGUE RESISTANCE
(FROM [3.21)
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FIGURE 3.3. SCHEMATIC OF BASIC TYPES OF FATIGUE CRACK GROWTH BEHAVIOR

([FROM [3.3])



AKgps MPa vim

12 'K— . @ Equations 3.1 —
AKg = 7 MPav
11 Lk D o = (0,85
- P . B = 6 MPavm -
1 (:) Equations 3.1
0 A = 5 MPavh —
. ¢ a = 0.8
ols » ; ) B = 4 MPavh 1
Sa M , ¢ (:) Equation 3.2
sl oo Ao = 5 MPav _
. X oo
1
LA
7F T . Al A —
: %b B cc p ©

= xR

4 i\\\\\\:\s )
S
S
3k -
2+ —
NOTE: See Table 3.1
for Explanation of
1~ Symbols
0 | | I | | I ] | | \

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

R = Km-in/Kmax

FIGURE 3.4. EFFECT OF LOAD RATIO ON AKyp FOR A VARIETY OF
STRUCTURAL AND LOW-ALLOY STEELS EXPOSED TO
LABORATORY AIR ENVIRONMENTS

3.38

J79) 486-333



Crack Growth Rate {ilafdNY, mmfoycle

Stress Intensity Factor Range (AK), ksi v/ in.
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FIGURE 3.5.
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INFLUENCE OF LOAD RATIO ON THE CORROSION FATIGUE CRACK
GROWTH RATES IN API X-70 LINEPIPE STEEL IN 3.5% NaCl

(FROM [3.30])
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Cyclic stress intensity factor, AK, MPa/m

FIGURE 3.6. FATIGUE CRACK GROWTH RATE DATA ON BS 4360 GRADE 50D
IN LABORATORY AIR AT VARIOUS LOAD RATIOS. NOTE THE
RELATIVE INSENSITIVITY OF THESE REGION II
GROWTH RATES TO LOAD RATIO,

(FROM [3.9])
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Cyclic stress intensity factor, AK, MPa/m

INFLUENCE OF LOAD RATIO ON

THE REGION II FATIGUE

CRACK GROWTH RATE DATA ON BS 4360 GRADE 50D

STEEL IN SEAWATER
(FROM [3.9])
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20

Stiess, higfmm?2

O 425 Hz in air

(V¥
~J

Stivss, hsi

BLEEELY - ~. el =20
W 12.08 Hz in 1ap A ~a,

10— A 4.08 Hz Water Ss~. o

- :jzog };I_’ZZ } inSaline T =T=T =30
0 RN Lt 1

103 106 107

Number of Cycles to Failure
FIGURE 23.8. EFFECT OF CYCLIC FREQUENCY ON CORROSION FATIGUE
STRENGTH OF A MEDIUM CARBON STEEL IN A 1% NaCl SOLUTION
(FROM [3.361)
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FIGURE 3.13. CORROSION FATIGUE CRACK GROWTH RATE DATA FOR A 12NI STEEL IN
3% NaCl UNDER VARIOUS CYCLIC LOADING WAVEFORMS
(FROM [3.47])
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