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1.0 INTRODUCTION

1.1 General

This final report covers the experimental work and data
analysis performed by Teledyne Engineering Services (TES) in assessing the
characteristics of fatigue crack propagation under load spectra typical of
those experienced by ships at sea.

Important inputs to the study were made by Gianotti and
Associates (G&A) in developing methodology for defining fatigue load
spectra, combined long-term statistical distribution of ship stresses and
for determining the proper characteristics of recorded ship stress data
for use in the experimental program.

1.2 Background

The procedures used in the design of ships and marine
structures have undergone a continuing evolution throughout history. This
evolutionary process has not ceased and, in fact, may be in an accelerating
phase which has resulted from recently improved knowledge in the fields of
fracture mechanics and of fatigue under random loading.

These two fields of knowledge are particularly relevant to the
design of ships and marine structures since: a) the initial (and most
advanced) development of the science of fracture mechanics deals with
linear elastic plane-strain conditions which generally apply to ship hull
structures, and b) the loading of ships is of a random nature by virtue of
the various influences of cargo loading, sea conditions, ambient temper-
ature, and operating parameters.

The studies of fracture mechanics and of fatigue under random
load merge together in the study of crack propagation. This is partic-
ularly appropriate with regard to ships since the initiation and growth of
cracks is a continuing phenomenon, and since knowledge of growth rates and
allowable growth limits is essential in planning for service limitations
and timely repair. More basically, such knowledge could be factored into
new designs so that any problems of crack formation and propagation could
be minimized.

Over the past several years a large amount of data on crack-
growth rates under constant stress amplitude or uniformly-varying stress
amplitude conditions have been generated. Thus, there is a large bank of
data on crack-growth rates versus stress-intensity range, &K, for many
materials and conditions. Cracks growing under varying amplitudes of
stress intensity introduce variations in the material conditions in the
region of the crack tip. For example, a large tensile excursion will
create a residual compressive stress just beyond the crack tip in many
materials. The presence of this residual compressive stress reduces the
rate of crack propagation for a number of cycles after the high excursion.
The retardation of cri k growth depends upon a number of material factors
and loading 4ctor- 4nich are only partially understood at the present
tim. Severe, 'eu ,ies or empirical expressions have been proposed to
describe such -ahaviors. Among such expressions which are of current
interest are those of Wheeler (1) and Willenborg (2). Extensions or
modifications have been proposed by Norman and Dubensky (3) and Gray and
Gallagher (4, 5).

,.-1-
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The phenomenon of retardation is of particular interest here

since there are indications (ABS 1975 Recommendations for Needed Struc-
tural Research) that retardation effects are quite active in ship crack
growth. Thus, in order that more accurate predictions of growth rates can
be made, it becomes necessary that the retardation phenomenon be quanti-

S-. fied directly as it applies to ship and marine structural materials and
conditions.

This investigation was intended to provide information on how

cracks grow under the typical random loading conditions experienced by
ships, and to provide a model which can be used to predict crack-growth
behavior. It was concerned only with the effect of applied loads on crack
growth. Environment, geometry, and crack initiation were not considered.

Understanding random-load crack-growth behavior is important,
since previous studies on other materials and loading conditions have
shown that classical methods of predicting crack growth may be conser-

. vative, depending upon loading conditions. Eventually, information
developed in this program, when combined with studies on crack initiation,
environmental effects, and fracture toughness of ship structural steel,
can be used to assess the conservatism of existing structural design rules.

1.3 Project Plan

The investigation was conducted by dividing the total project

into a number of tasks. These were:

I. Review and Synthesis of Existing Ship Data

II. Definition of Fatigue Loading Spectra

III. Assessment of Fatigue Crack-Growth Retardation

IV. Correlation of Load Spectra with Ship Crack-Growth Experience

.-I A fifth task, concerning the assessment of safety factors, was
deleted partway through the program.

1.4 Summary of Results

The characteristics of a "typical" hull bending stress signal
,.-- were developed through consideration of the various types of loadings.

It was found that the shipboard sequence of stress cycles
following an overload, as opposed to aircraft flight profiles, for
example, is random, and that no particular pattern emerges as a candidate
for use in material characterization.

-....
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The data from the TES experimental program show that the
average crack-growth rates in two ship structural steels, HY-80 and CS,
under variable- amplitude random loading and constant-amplitude loading,
agree closely when da/dn is plotted as a function of the root mean square
of the stress-intensity range (AKr). Thus, within the limits of this
investigation, random and constant-Ramplitude crack growth can be described
by the following equation:

da/dn = C(AK )m

where C and m are material constants.

The random loading sequences used were taken from actual ship
loading data obtained by TES from prior investigations. While the overall
stress level applied to the specimen was increased in order to cause
cracking, the cycle-by-cycle load sequence remained unchanged. Further,
modelling of crack-growth behavior also used the identical spectra experi-
enced by the test specimens.

The data also show that crack retardation does result from two
short-term loadings experienced by the SEALAND McLEAN. (No attempt was
made to represent other ships or to model the long-term distribution).
That is, crack growth predicted (using a conventional fracture-mechanics
approach by summing the incremental crack extensions occurring in each
cycle) is faster crack growth than that actually observed experimentally.

High-frequency, low-amplitude components of the loading
spectrum (resonant "whipping" first-mode vibrations due to impulsive
loading) had no significant effect on crack-growth rate except insofar as
extreme stress ranges are affected. Filtering the signal to remove the
high-frequency components (and adjusting the gain to maintain the same
total range from lowest trough to highest peak) produced similar crack-
growth rates as the unfiltered signal.

2.0 EXPERIMENTAL PROGRAM

2.1 Philosophy

A review of fatigue literature shows that much research has
been conducted on the crack-growth behavior of materials under random
loading. However, much of this research is not directly applicable to this
effort for the following reasons:

1) Subjecting specimens to random loading conditions identical to
those seen in service was not possible because:

a. loading history was not known, or, if known,

b. mechanical test equipment was not capable of repeating
the service load history.

(As a result, much random loading data comes from "made-up" or
simplified spectra more amenable to analysis and machine

testing. It is not clear whether any information is lost in
the process.)

-3-
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2) Much data are for Types I and 11 loading conditions, and are
-: not applicable to Type III loading. (See Section 2.4 for a

'5 definition of load types.)

3) Materials investigated were different from those of interest
in this program.

Therefore, the philosophy of this program has been to
reproduce as nearly as possible in laboratory specimens the actual loading
conditions, and to apply a model suitable for those conditions to predict
the crack growth occurring in the specimens. The mathematical model would
use the same spectra as those applied to the specimens.

In the original development of this investigation, it was
hoped that it would .e possible to identify actual cracks in ships, and to
analyze their growth rate with respect to loading history. However, the
practical realities are that cracks are repaired as soon as they become
evident, and ship owners are reluctant, for obvious reasons, to publicize
their existence. The laboratory experiments with recorded ship data,
therefore, are the best substitute for the real thing.

The goals of this test program were to:

1) Demonstrate whether or not crack retardation is occurring in
cracks subjected to typical load histories experienced by
ships.

2) Develop the crack-growth data resulting from real loading
conditions.

3) Demonstrate a suitable model for predicting crack growth under
ship loading conditions.

2.2 Selection of a Typical Stress-Time History from Existing
Ship Data

For the purpose of the present discussion the total state of
stress in a given structural element at a given instant may be classified
into the following components:

(a) Local Stress - This includes the locked-in stresses in a
structural element which occur during fabrication and assembly
as well as the stresses induced by the support of the ship's
own structure. The local stress is then the state of stress
that exists in the light ship condition. No attempt is made to
treat these stresses here since hindcasting the local stresses
would be subject to uncertainties of the magnitude of the
stress levels themselves.

-4-
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(b) Initial Mean Stress - The still water bending stress (SWBS)
may be induced by the addition of the deadweight which
includes cargo, fuel and lube oil, potable water, stores, crew
and effects, ballast and light ship bending stress.

(c) Varing Mean Stress - This refers to the stress changes due to
deadweight variation and reballasting during the voyage. Fuel
burn-off, consumption of consumables, and change in bal-
lasting, all affect the total displacement and attitude of the
ship and, consequently, the stresses a structural element may
experience.

(d) Stress Due to Ship's Own Wave - This stress is induced by the
pressure of the ship's own wave system. Methods are available
to estimate the speed dependent bending moment contribution
and, thus, the stress contribution from the ship's own wave
system.

(e) Diurnal Thermal Stresses - These stresses arise from the
thermal expansion of the topside in the day and contraction
during the night. The thermal stresses are also affected by
the amount of sun exposure occurring during daylight hours.

(f) Low Frequency Wave-Induced Stresses - These stresses are
caused by the wave forces on the hull and the ship motions due
to these forces. These cyclic stresses occur at the frequency
of encounter of the ship with the wave system. The level of

A stress experienced is directly related to (although not
directly proportional to) the significant wave height of the
encountered seaway.

(g) High-FrequencX Wave-Induced Stresses - These stresses are
induced by dynamic wave loads which act on the ship's
structure. The most common are bottom slamming, shipping of
water on deck, and flare impact. Dynamic loads produce whip-
ping and springing elastic motions of the hull, typically at
higher frequencies than the frequency of wave encounter. The
impact-induced stresses will produce an initial spike in the
stress records followed by high-frequency vibrations.

2.2.1 Data Base

fSeveral ships have been instrumented with gauges by TES
for various government and private sponsors. These ships include the
HOOSIER STATE, WOLVERINE STATE, MORMACSAN, CALIFORNIA BEAR, BOSTON,
UNIVERSE IRELAND, IDEMITSU MARU, ESSO MALAYSIA, FOTINI L., R. G. FOLLIS,

N and SEA-LAND McLEAN (6). In many cases, measurement of midship bending
stress has been the primary data target; and in some cases, measurements
have been made at other locations of special interest. Of these ships, the
S. S. SEA-LAND McLEAN (SL-7), a high-speed containership, has been the most
completely instrumented with over 100 sensors installed and profusely
documented (7-10). Therefore, this ship has been selected as the primary
data base for the development and application of the method described in
this report.

°£4 -5-
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The stress data used to illustrate the method developed
V here were inferred from the midship longitudinal vertical bending strain

gauges. The midship longitudinal vertical bending strain data is derived
from an electrically averaged signal obtained from port and starboard
strain gauges located on the main deck of the SEA-LAND McLEAN (SL-7). At
this time the midship longitudinal vertical bending stress is the only data
that has been reduced and presented in a form that is suitable for the
present analysis. The methodologies may also be applied to strain data
obtained from gauges at other locations if this information is available.

The stress time histories for the SL-7 have been
recorded by TES in twenty-minute intervals and presented in various compo-
nents. The pertinent data summary sheets are shown in Figures 1 and 2.
This information is the basis on which the method described herein was
developed.

In the context of this report the term load spectra is
used as a general term to indicate the loading schedule that would be used
as input to a fatigue analysis. Several methods were examined for
developing load spectra of various different forms. The data base consists
of stress information which has been inferred from analog strain signals.
More specifically the load spectra developed herein refer to stress time
histories that can be used as input to fatigue crack-growth analysis and
long-term statistical stress distributions for use in long-term fatigue
analysis. Although the load spectra do not represent loads that occur on
the ship per se, they do represent the state of stress that must occur at a
given location on a specimen undergoing fatigue testing.

Bending moments may also be inferred from the full-
scale strain information. The bending moment information would be repre-
sentative of the loading incurred by the ship's hull girder at the same
location where the strain was measured. This type of presentation is
useful in comparisons between different types of ships. It was originally
hoped that, given the inferred bending moment at a specified location along
the length of a ship, the bending moment and hence the state of stress
could be estimated at other locations where strain information was not
recorded. However, it does not appear that the methods involved would
warrant the quality of results associated with estimating the bending
moment or stress at locations other than those where strain information has
been recorded.

There are several problems associated with the use of
the SL-7 data. First, there is no information available on the state of
stress in any of the hull structural elements at the time the strain gauges
were installed and it appears that any attempts to hindcast this state of
stress would be subject to uncertainties of the magnitude of the stress
levels themselves. A second difficulty arises from the fact that strain
gauges and associated instrumentation cannot produce reliable data with
regard to long-term changes in mean stress. Thus, there is no way in which
the mean stress in each structural element at the time of departure from
port may be inferred from the measurements. However, the state of stress
upon departure may be approximated for the voyages where loading
information is available.

-6-
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2.2.2 Generic Method for Fatigue Load Spectrum Development

The method presented in this report is oriented
, primarily toward existing ship stress data. However, the method can also

be applied to ships during the design stage. The method for arriving at
the representative long-term statistical distribution of stresses for
ships in the design stages is based on the use of a series of analytical
techniques which are currently available. Each type of load may be esti-
mated by the analytical techniques and then combined into a long-term
statistical distribution.

The initial and varying still water bending moment may
be considered together for computational predictions. In an analytical
design study several loading conditions would be determined from expected
cargo and routes and the varying mean stress would be calculated as it
varies from the initial mean stress.

The basic techniques for calculating the mean stress
are well known but are voluminous and time-consuming if done by hand. The
simplicity of the equations, however, is one of the reasons for the avail-
ability of programs for use in design. For example, the SHCP (Ship Hull
Characteristics Program) code applicable to the calculation of the still
water bending stress is generally a set of sub-programs which perform the
hydrostatic and longitudinal strength calculations. (11)

The wave pattern that is generated as a ship proceeds
at an appreciable speed may cause a hogging or sagging moment that is
dependent on the ship's hull characteristics. Systematic model tests have
been conducted by Vossers (12) and indicate the trend of bending moments
over a range of block coefficients and speeds.

The thermal stresses are calculated in two distinct
steps: (1) estimate the magnitude of the effect under different conditions
of sun exposure; and (2) estimate the frequency of occurrence of these
different conditions in service.

Jasper's method (13) can be used to calculate thermal-
induced stresses in the weather deck. A reasonable probability function of

thermal stress variation can be constructed based on the percentage of time
that the sun shines for each temperature variation on the route in
question.

Data for such predictions are given in the U. S. Navy
Marine Climatic Atlas of the World, Volume VIII (14). The frequency of
occurrence of cloud cover for the world's oceans is presented for each
month of the year. The cloud cover is then related to air-deck temperature
difference by assuming that the insulation AT is proportional to the
extent of cloud cover. Thermal stresses of a different source may also
occur as in the case of LNG carriers.

8



The most common types of computer programs employed in
low-frequency wave-induced stresses are the frequency-domain simulations.

Response amplitude operators (RAO's) for vertical
bending moment, lateral bending moment and torsional moments must first be
calculated. These RAO's must be computed for a range of wave lengths and
headings.

Ships operating in oblique seas are subjected to unsym-

metrical bending, so that the stresses measured at one deck edge will
usually exceed the mean value. This diagonal bending moment in an oblique
sea can be combined by utilizing a method presented in Reference (11).

The next step is to calculate the bending moment
response to different sea conditions and then derive a probability density
function and a long-term cumulative distribution of bending moments.

The family of sea spectra which are to be used for
prediction of wave-induced loads must be selected. If a particular ocean

route or routes are to be used, then in general the family of spectra will
be based on tabulated data on frequency of occurrence of different combi-
nations observed wave height (significant) and period (average).

Two well-known computer programs available for the
above computations are the SCORES and MIT Seakeeping programs. These are
frequency.domain ship motion and loads programs accessible to the public

domain.

SCORES was developed under SSC Project SR-174, and the
MIT Seakeeping program was developed for the U. S. Maritime Adminis-
tration. Though the basic equations of motion for both programs are
identical. their scope is somewhat different. SCORES can handle all six
degrees of freedom while the MIT program can simulate only five (surge is
excluded). SCORES calculates the vertical and lateral loads as well as
torsional moments while the MIT program has been validated over a wide
range of ship speeds, wave angles, wave lengths and loading conditions as
well as hull form. The agreement between the SCORES calculations and
experimental data is generally very good.

2>, Transient high-frequency wave-induced stresses result
from hydrodynamic impacts on the ship's structure. The impact loading is
generally most severe in the forward portions of a ship's structure where
relative velocities between ship and sea are the highest. Energy absorbed
from the wave impacts is dissipated through the structure in the form of a
dynamic response known as whipping.

The dynamic stresses cannot be considered independently
of the structural response of the hull since the response depends on the
natural frequency of the hull and on damping from the structure and hydro-
dynamic environment.

Another important source of high-frequency hull loading
is springing. Springing results from the excitation of hull natural modes
by the direct action of waves whose frequencies coincide with the hull
natural frequencies. This phenomenon occurs commonly in Great Lakes
carriers and other ships with similar length to depth ratios.

9
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2.2.3 Stress-Time History Selection

This section presents a method for selecting a typical
*., stress-time history from the SL-7 data base to be used in the experimental

portion of this study.

4. 4 The length of the selected stress-time history is
limited to the twenty-minute interval for several practical reasons.
Although it would be desirable to conduct a fatigue test or an analytical
simulation for an entire voyage, the fatigue testing approach chosen by TES
for this program is limited by the length of signal which can be

a. effectively fed to the testing machine and by cost considerations. The
stress-time histories as recorded are broken down into components of mean
stress, wave-induced stress, and burst data. In this methodology, each
component is analyzed separately, and from each component a most probable
value of occurrence of the ship's lifetime is then recreated. After the
representative stress value is calculated for each stress element, it is
then possible to enter the summary sheets and select an existing stress
interval with the characteristics calculated by using the proposed
technique. The development and results of the representative value for
each stress element or component are presented next.

As stated in Section 2.2.1, the strain gauges were
reset to zero upon departure for each voyage. However, loading conditions,

.- displacements and trims permitted estimation of the initial mean stress.
It was originally hoped that several representative loading conditions
could be analyzed, but time and cost considerations precluded a statis-
tical estimate of the initial mean stress. Instead, a single departure
loading condition was obtained for the voyage 32w and the still water

p bending stress was calculated by ABS using a ship hydrostatics program;
Another source of initial mean stress data was the loading condition
existing at the calibration voyage from Reference 15.

Although there are limitations involved in determining
the initial mean stress, it seems reasonable to consider the 32w voyage as
being typical of the SL-7 operation. Both stresses were calculated using
standard beam equations given the resultant bending moment from the
loading conditions. The calculated initial mean stresses, for the 32w and
calibration voyages are 6481 psi and 6251 psi, respectively.

The varying mean stress which results from the burn-off
of consumables and ballast changes appears to be random in nature. Figures
3 through 6 show plots of the varying mean stress for several voyages. The
representative or'typical value for the varying mean stress would be the
average of the available data. The varying mean stress does not appear to
be related to weather encountered by the vessel. Furthermore, there appear
to be no parameters associated with the varying mean stress that would
facilitate the ratio and extrapolation to a period beyond which measured
data have been recorded.

10
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The low-frequency wave-induced stresses, which are
d irectly related to the wave heights encountered by the ship, are presented
in the TES summary sheets (see Figures 5 and 6) in the form of an RMS value
for each twenty-minute interval. In addition each interval has an asso-
ciated observed wave height which is recorded and presented in the summary
sheets. The interpretation of the observed wave height in order to derive
a significant wave height is difficult to do. It is assumed that by
grouping the wave heights and RMS stresses into categories, the wave height
representation will be adequate.

The general plan for development of a typical RMS wave-
induced stress is to average the RMS values for each of several wave height
categories and then calculate a weighted average RMS based on the frequency
of occurrence of the wave heights over the ship's lifetime. The RMS
stresses are averaged for each of six wave height groups from the second
season and one-half of the third season. The average RMS stress values for
the corresponding wave height are shown in Figure 7. Although these
stresses are obtained from the second and third seasons, they can be
combined into a weighted average based on the frequency of occurrence of
the wave heights expected over the ship's lifetime. The frequency of
occurrence for each wave height group is obtained from Reference 16 and
presented in Table I. The weighted average RMS stress, calculated as
indicated above, becomes 3021 psi as indicated in Table II.

The high-frequency wave-induced stresses can also be
related to the observed wave height and weighted average can be developed
based on the occurrence of the wave heights for the ship's lifetime.

Although it was originally hoped that the typical high-
frequency component would be derived from the long-term distribution of
high-frequency stresses, the information is not available at this time.

The high-frequency wave-induced stresses are presented
in the summary sheets as burst data and a single maximum peak-to-trough
stress for each twenty-minute interval.

frteA typical number of bursts were estimated per interval
for the high-frequency wave-induced stresses, utilizing the same tech-
niques as for the low-frequency wave-induced stress information.

Although the burst data is less dependent on the
encountered wave height than the low-frequency wave-induced stresses, the
encountered wave height or sea condition is the only relevant parameter
presented for each interval.

The number of bursts for each interval was developed
from a weighted average. The average number of bursts per wave group is
shown in Figure 8. The frequency of occurrence for the six wave groups is
shown in Table II. The typical number of bursts expected for the ship's
lifetime is 18 bursts/interval.
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TABLE I

Average RMS Stress
Based on Probability of Occurrence

For Each Wave Group

Average Product of
RMS Probability of Occurrence

Wave Probability of Occurrence Stress of Wave Groups and
Group of Wave Group KPSI Average RMS Stress

I .6294 2.037 1.282

II .3133 4.320 1.353

III .039 6.325 .247

IV .0167 7.249 .121

9.V .0012 11.093 .0133

VI .0004 10.694 .0043

Total of Products = 3.021 KPSI

TABLE II

NORTH ATLANTIC ROUTING - WAVE OCCURRENCE PROBABILITY

H1/3 (ft.) WAVE GROUP Z OCCURRENCE

0-8 1 62.92

8-16 II 31.33

16-24 III 3.9

24-32 IV 1.67

32-40 V 0.12

40-50 VI 0.04

1I



Summarizing the results, the representative values for
each stress component become:

(a) Initial mean stress: 6,481 psi
(b) Varying mean stress: 167 psi
(c) Low-Frequency Wave-Induced stress (RMS): 3,021 psi
d) High-Frequency Wave-Induced stress: 18 bursts/interval

Given this information, it is possible to synthesize or
construct a stress signal for crack-growth analysis using the techniques
presented previously. However, a signal may be selected from the stresses
recorded on the SL-7 SEA-LAND McLEAN containership which closely fits
these characteristics. This typical signal may be chosen from summary

sheets similar to those shown in Figures 5 and 6.

2.3 Fracture-Mechanics Approach to Crack Growth

In linear elastic fracture mechanics, the stress field at the
tip of a crack is described in terms of stress intensity with a function of
the following form:

K = F avi (Ksivn)

where a = gross stress (Ksi)
a = crack length (in)
F = geometry correcting factor, dependent upon

crack and part geometry

In the literature there exist stress-intensity solutions for a
wide variety of crack shapes and loading cases.

The stress intensity is used in all known schemes for
calculating crack-growth rates. For constant-amplitude crack growth, it
has been shown that crack growth is a function of AK where AK = (Kmax -

K min ). That is: da/dn = f(AK).

When cinstant-amplitude crack-growth rate (da/dn) is plotted
against AK on log-log paper, an S-shaped curve results, as shown in
Figure 9. Traditionally, this curve is broken into three regions, called
Stage I, II, and III crack growth. Stage I crack growth, sometimes called
threshold crack growth, applies when crack-growth rates are very low.
Small changes in AK substantially alter the crack-growth rates. Stage II
crack growth (sometimes referred to as steady-state crack growth) is
characterized by a nearly linear relation between log da/dn and log AK,
while Stage III crack growth is characterized by a rapidly increasing crack-
growth rate and results from crack instability.

Several models have been presented which attempt to describe

the relation between da/dn and AK. The simplest, and limited strictly to
Stage II crack growth, is the Paris equation:

da
- = C(A K)m

where C and m are material-dependent, and are determined by experiment.
Other relations account for stress ratio effects, or include Stage I or
Stage III crack growth.
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2.4 Random Loading

Traditionally, crack-growth investigations have been conducted
with constant-amplitude, constant-frequency loading spectra. This has
been sufficient when structures designed from such data really experience
such spectra in service, or when such data is used to compare the relative
crack-growth characteristics of a variety of materials. However, many
structures are subjected to essentially random loading conditions in service.
There are three basic types of random loading spectra:

1) Constant-amplitude spectrum with random spike overload or un-
derload (Type I).

2) Constant-amplitude block loading spectrum, wherein the spec-
trum consists of a series of blocks, each block being of con-
stant amplitude (Type II).

3) Truly random variations in load (Type III).

Different models have been developed, usually based on some
constant-amplitude relation modified to predict crack growth for random
loading. Each type of model is designed for a particular type of loading
spectrum. It is generally not possible to apply a model developed for one
specific loading condition to another loading condition without modifi-
cation of the spectrum.

The need for specialized models for random loading conditions
arises from the fact that when the relation for constant amplitude loading
is applied to predict random loading crack growth, the crack-growth rate
predicted is substantially faster than is actually observed. This slower
observed crack growth is the result of crack retardation. This phenomenon
is well documented in the literature, and several theories are available to
explain this behavior (17). The extent of crack retardation can be assessed
by comparing measured crack lengths in specimens subjected to a random load

... signal with the crack length predicted from conventional fracture mechan-
ics, assuming no retardation is occurring.

2.5 The Root-Mean-Square Stress Intensity Model

One model which has been used successfully in the past for
predicting Type III random loading crack-growth behavior is the Root-
Mean-Square Stress-Intensity Model (18), abbreviated here as AK This
model is based on the Paris equation, with AK replaced by AK s

-- da )m srms

where C and m are the material-dependent constants which are determined
-.: -from constant-amplitude tests. In constant-amplitude tests, AK = AK.

Therefore, this model predicts that if da/dn data from random loa (g tests
are plotted against AK ., the same result should be obtained as for da/dn
data plotted against )5 from constant amplitude tests. The method of
determing AKrms is described in 3.5 of this report.
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2.6 Experimental Procedures

2.6.1 Materials

Two materials were used in this test program, HY-80 and
an ABS grade, CS. The mechanical properties of each are presented in
Table III.

2.6.2 Specimens

1.0 T Compact Specimens machined in accordance with
ASTh E-647 requirements were produced from plate stock. All specimens were
from an L-T orientation. A typical specimen is shown in Figure 10.

2.6.3 Constant-Amplitude Tests

Constant-amplitude crack growth measurements were made
for both materials over a range of stress intensity ratios (R values) at
R = 0.05, 0.30 and 0.60. The range of R values was incorporated to assure
that R value did not have a large effect on crack-growth rate, since the
model does not have any provisions to consider the effect of R.

All constant-amplitude tests were run in accordance
with ASTM E-647 requirements. Initially, crack lengths were determined
two ways simultaneously: visual observation of crack length on the surface
of specimen, and measurement of specimen compliance (19). In the latter,
crack-opening displacement on the end of the specimen can be correlated
with crack length. Eventually, sufficient confidence was developed in the
compliance method so that only spot visual checks of crack length were
made. All data reported here resulted from compliance measurements.

vesu -. sig Crack length versus time data were converted to da/dn
versus AK using the seven-point incremental polynomial method described in
AST E-647. The test environment was labortory % ir, with no control of
humidity. Test temperature was nominally 70 F, +5

2.6.4 Random Loading

Specimens subjected to random loading were tested
identically to the constant-amplitude specimens with the exception that a
random load was substituted for the constant-amplitude spectrum.

2.6.5 Random Loading Spectra

The random loading spectra consisted nominally of 25
minutes of actual as-recorded ship loading data, increased in speed 25
times, and recorded on a one-minute loop cassette. Output from a cassette
player was used to drive the closed-loop servohydraulic test machine in
place of the conventional function generator. The amplitude of the random
signal was adjusted so that the specimen always experienced a tensile load.
(The compact tension specimen is not suitable for compression testing;
i.e., an R value less than zero.) Thus, the specimen was subjected to the
actual dynamic load sequence recorded from ship loading. The same data was
repeated continuously until fracture of the specimen occurred. Ideally, a
greater length of recorded loading history would have been used to cut down
the number of repetitions. However, difficulties in handling the in-
creased amount of data would have resulted, and the one-minute tape loop
was selected as a compromise between ideals and experimental realities.

20



TABLE III

Mechanical Properties of Materials

Used in Test Program

HY-80 CS

Tensile strength, psi 110,400 66,450

Yield strength, psi 86,100 45,500

Reduction in area, % 59 66

Elongation, % 21 33
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The loading spectra used were taken from data recorded
by TES from strain gages placed aboard the SS SEALAND McLEAN. Two spectra
were used, identified as:

Spectrum A: Tape.145 Spectrum B: Type 143
Voyage 32W Voyage 32W
Interval 018 Interval 021

01-11-74 1200 GMT 01-08-74 2400 GMT

Load versus time records for portions of these two
spectra, compressed and expanded in time, are shown in Figures 11 and 12.
These spectra have characteristics essentially as determined by GAA in
Section 2.2.3 of this report.

In addition to subjecting the specimens to the actual
" as-recorded spectra, for some tests each spectrum was passed through a

filter to remove the high-frequency vibration component resulting from
?*i wave impacts. Typical records of the filtered spectra are shown in Figures

13 and 14. The high-frequency component, at about 1 Hz, is the first-mode
vibrational beam bending of the hull. The low-frequency component is
directly wave induced, and has a frequency between 0.1 and 0.075 Hz. These
two signals superimpose, and result in time histories like those of Figures
11 and 12. Thus, these spectra should be distinguished from the purely
random "white noise" type of signal. By filtering, the discrete high-
frequency portion of the spectrum is removed.

In order to visualize the effect of filtering on the
" appearance of the spectra, compare Figures 11B and 13B or 12B and 14B,

which are the unfiltered and filtered versions of the same sequences of
spectra A and B. Note that there are fewer cycles in the filtered spectra
and as a result of removal of the high-frequency components, the magnitude
of the filtered versions may be slightly lower.

2.6.6 Crack-Length Measurement

In constant-amplitude tests, the specimen is loaded at
a constant frequency. This allows examination and measurement of crack
lengths visually using a strobe to "stop" the crack. In random loading,
the frequency is varying constantly; thus, the strobe is out of phase with
the maximum loads, and the tip of the crack is difficult to see.
Therefore, crack -length measurement is more difficult in specimens
subjected to random loading.

Compliance measurement of crack length is also
difficult. With constant-amplitude tests the crack-opening displacement
is measured at the point of maximum load during each cycle. The result can
be correlated to crack length. For random loading, if the compliance is
measured at one of the peaks in a single cycle, the crack-opening
displacement measured can be used to calculate a crack length, but that
crack length may not be the actual crack length since the phenomenon of
crack closure may be present. The crack-opening displacement must be
measured during the highest peak in the random cycle. Only at this time
can there be any assurance that the maximum crack opening displacement has
occurred, and the actual crack length is being measured.
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To accomplish this, TES used a POP-8 computer to
monitor crack-opening displacement, by sampling output from the crack-
opening displacement gage at the rate of 250 times per second. Period-
ically, the computer printed out the maximum crack-opening gage reading
which had occurred since the last printout. By knowing the maximum load
seen by the specimen in the one-minute tape loop, the actual crack length
can be calculated.

Details of the experimental setup are shown in Figures 15

through 18.

2.6.7 Experiment Variables - Constant Amplitude

In the constant-amplitude crack -growth experiment,
crack length is measured as a function of the number of cycles. R ratio

S.and material are the two variables. The specimens tested with constant-
amplitude spectra, their applied loads, and R ratios, are shown in
Table IV.

2.6.8 Experiment Variables - Random Loading

In random loading, different variables were considered:

1) There are many ways of counting the number of cycles in
a random spectrum. Recognizing that the same spectrum
recurs every minute, crack length was measured as a
function of time.

2) Two versions of each spectrum were produced: the orig-
inal, and one in which the signal was passed through a
low-pass filter to remove the (realtime) 1 Hz vibration
component. The presence or absence of the vibration
component, then, is a test variable.

3) R ratio was not considered, since R will vary with each
cycle. Rather, for random loading, R was defined as
the ratio of the minimum to maximum signal in the en-
tire one-minute tape loop. This value was always set
at 0.05.

In order for a crack-growth experiment to be considered
valid according to E-647, there are definite limits set on the maximum
stress intensity (K ) to which the specimen can be subjected. Increasing
R in the random speWxTum increases K , resulting in the K limitations
being exceeded early in the experimdlB. Thus, little data TMId be gener-
ated in a single specimen. Therefore, R was limited to a single value.
Note that, since the amplitude of each filtered spectrum was decreased
slightly because of filtering, the signal to the test machine had to be
amplified slightly (5%) to maintain the same R and Kmax as for the compa-

. rable unfiltered spectrum.
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Figure 17. CT Specimen in load frame showing
strobe and microscope for visual
examination and COD gage for crack
length meas urement

Figure 18. Close-up of CT specimen in grips with
attached COD gage
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TABLE IV

Specimens Tested and Experimental Variables

Load, P (pounds)
Material Specimen No. Pmin Pmax R Spectrum

HY-80 4 7500 12,500 0.60 Constant Amplitude (CA)

5 7500 12,500 0.60 CA

6 1240 4,140 0.30 CA

- 9 430 8,700 0.05 CA

8 150 2,900 0.05 CA

11 3750 12,500 0.30 CA

CS 6 4350 7,250 0.60 CA

17 1240 4,140 0.30 CA
N-13 1240 4,140 0.30 CA

" 18 430 8,700 0.05 CA

20 150 2,900 0.05 CA

" 8 430 8,700 0.05 CA

HY-80 20 430 8,700 0.05 Random A
i 23 430 8,700 0.05 Random A

22 430 8,700 0.05 Random A Filtered

27 625 12,500 0.05 Random A Filtered

1 625 12,500 0.05 Random B

25 625 12,500 0.05 Random B
of 12 625 12,500 0.05 Random A

CS 15 430 8,700 0.05 Random B

24 625 12,500 0.05 Random B
*21 625 12,500 0.05 Random A Filtered

. 10 430 8,700 0.05 Random B Filtered

11 625 12,500 0.05 Random B Filtered
/4- 23 625 12,500 0.05 Random A
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The variables in the random tests were, therefore:

1) Material (HY-80 or CS)
2) Filtered or Unfiltered Spectrum
3) Spectrum A or B

Table IV lists the specimens and variables.

3.0 ANALYSIS PROCEDURES

3.1 Philosophy

- gationto It was the goal of the analytical portion of this investi-
gation to predict crack growth using a crack-growth model with the actual
spectra experienced by the specimens. From the literature (20, for example)
it is apparent that many predictions of crack growth are based on modifi-
cations to the actual spectrum in order to make the predictions easier to
compute. This is satisfactory as long as the test specimen has experienced
the same modified spectrum. If not, the crack-growth prediction process
may be complicated, particularly if initial results do not satisfactorily
predict crack growth, in which case it becomes necessary to determine what
portion of the simplification is affecting the prediction. To avoid this
potential difficulty, TES used the actual spectrum without modifications
to the loading sequence.

3.2 Digitizing

The analog signal from the random load tape loops used to drive
the test machine was converted to a digital record using an analog-to-
digital converter sampling the analog signal at the rate of 250 times per
second. This digital record was the basis for all crack-growth predictions
for each spectrum.

3.3 Cycle Counting

For modelling purposes it is necessary to know the actual
number of cycles in each spectrum as well as the load levels for each
cycle. There are many schemes for counting cycles (21). TES used the
following: First, it is assumed that all damage occurs on the loading side
of each cycle. The rest of the cycle is not relevant. Next, a cycle is
defined as the interval from one stress reversal to the next stress
reversal, no matter how small. The method of analyzing the random signal
is shown schematically in Figure 19.

The digitized record was sorted according to the above scheme,
resulting in a series of numbers alternating between relative load maxima
and minima.

3.4 Crack-Growth Prediction Using Conventional Fracture Mechanics

Using conventional fracture mechanics based on the Paris

equation, crack growth under random loading is predicted by summing all the
increments of crack growth which occur in each cycle, and assuming no
retardation occurs.
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Typical spectrum
applied to test specimen

P (load)

t(time)

Spectrum after digitizing
and conversion of continu-
ous, function to straight-
line segments joining peaks.
Note that even the smallest
cycle is retained.

1' Spectrum as used by model.
AP Only loading portion of/ each cycle is used. Each

cycle has been numbered.

1/ //
13

Figure 19

Conversion of actual spectrum to form
usable by computer program
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This process is described with the following relations:

N (da
a a dn -)n n=1

and

( da n -C(AKn)m

an = Crack length at cycle n

N = Total number of cycles

ao = Initial crack length

C, m = Material constants determined from
constant-amplitude tests

3.5 Fitting Crack-Growth Rate

In any kind of crack-growth studies, it is common practice to
plot da/dn data as a function of AK on log-log graphs. The AK model
assumes that random crack-growth data can be plotted as a fuAEion of
AK,. Since in a constant-amplitude spectrum AK = AK the random data
plbRed against AK on the same scale as the conRI~t-amplitude data

-" should be the same 'r'the constant-amplitude data.

Random crack-growth data was originally determined in the form
of crack length (a) versus time (t). Knowing there are a fixed number of
cycles in each minute (for each repetition of the tape loop) and knowing
the number of cycles from the cycle-counting procedure, it is a simple
multiplication to convert time to cycles. Since AP remains constant
during any test, the random load (a) versus (n) datarin be converted to
da/dn versus AK using exactly the same procedures as for constant-
amplitude data. 'That is, da/dn is calculated using the seven point incre-
mental polynomial method of ASTM E-647, and APrms is substituted for AP in
the equation for calculating XK, giving AKr.

4.0 EXPERIMENTAL RESULTS

4.1 Constant Amplitude - HY-80

Constant-amplitude da/dn versus AK data are presented in
Figure 20. R values tested were R - 0.05, 0.30 and 0.60. A linear
least-squares fit to these data gave the following values for (C) and (m)
for use in the Paris equation:

C - 1.77 x 10 9

m - 2.54

The threshold stress intensity (,AK ) was approximately 15 to
16 ksi/rn. While determination of AKth was n(t a part of this program,
for the purposes of comparing materialst nd spectra AKth is defined here as
the stress intensity at da/dn - 1 x 10" in/cycle.
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4.2 Constant Amplitude - CS
Constant-amplitude da/dn versus &K data is presented in

Figure 21. R values tested were R = 0.05, 0.30 and 0.60. A linear least-
squares fit to the data gave the following values for (C) and (m) for use
in the Paris Equation:

C = 2.54 x 10-

m =2.53

The threshold stress intensity (A K ) was approximately 10 to
11 ksi 1-n. (As describet in 4.1, AK is dined here as the stress
intensity at da/dn = 1x0 in/cycle). thY-80 was more resistant to crack
propagation than the CS material.

* 4.3 Random-Loading Crack Length Versus Time

Crack growth as a function of time was essentially the same for
the filtered and unfiltered spectra when the spectra had the same R values
and maximum load and the same initial crack length. This was true for both
materials. Figure 22 compares crack growth for two specimens for the same
spectrum, one containing high-frequency components, the other filtered to
remove them. The fact that the filtered spectrum had faster crack-growth
rate may be the result of a 5% amplification of the filtered signal as
described in 2.6.8.

Spectrum B produced faster crack growth than Spectrum A for
the same R value and maximum load. This is shown in Figures 23 and 24, for
example.

HY-80 had better crack propagation properties in random
loading, as shown in Figures 25 and 26.

4.4 Random Loading da/dn Versus &rms

Crack growth versus time (a versus t) data for randomly loaded
specimens was converted to da/dn versus AK in the manner described
previously in Section 3.5. It was found thalthe data for the filtered
spectra fit well with the constant-amplitude data, but that the specimens
with unfiltered spectra had a crack-growth rate approximately one order of
magnitude lower than the constant-amplitude data at the same A K.

In Section 4.3 it was noted that filtered and unfiltered
versions of the same spectrum resulted in approximately the same crack-
growth rate as a function of time. When (a) versus (t) data for specimens
tested with the unfiltered spectrum were converted to da/dn versus A K
assuming they were tested with a filtered spectrum (i.e., omitting Y
small-amplitude cycles from the count), it was found that the data agreed
with both the constant-amplitude data and the randomly loaded data for
specimens subjected to a filtered spectrum.

This observation was true for both spectra A and B, and both
HY-80 and CS materials.
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Presented in Figures 27 and 28 are da/dn versus &K data for

the HY-80 material and the CS material. A linear least-square"it to the
da/dn versus AK for both materials resulted in the following Paris
equation constan1.C

HY-80 CS

C 2.64 x 10-9  1.22 x 10 9

m 2.37 2.72

4.5 Random Loading- AKth

As previously noted, in constant-amplitude testing both the
HY-80 and CS materials exhibited threshold stress intensities below which
crack propagation did not occur. Similar crack-growth thresholds were not
observed for either material when subjected to random loading. The data

i presented in Figures 27 and 28 do not go below da/dn = 10 in/cycle or AK
=10 ksi /Th. )lowever TES has data as low as AK = 7 ksi v/T and
da/dn = 7 x 10-P in/cycles. No threshold was noted down to these levels.

4.6 Analytical Results

Crack growth (a versus t) predicted using the Paris equation
was faster than crack growth actually observed, demonstrating that crack
retardation had occurred. The amount of retardation varied depending upon
the material, initial crack length and maximum load. The amount of retar-
dation varied approximately by a factor of 2 to 4. Examples of predictions
versus actual experimental results are shown in Figures 29, 30, and 31.

Predicted crack growth depended upon whether a filtered or
unfiltered spectrum was used. When the spectra are filteredfaster crack
growth by a factor of about 2 is predicted for both spectra as shown in
Figures 32 and 33.

Conventional fracture mechanics predicted Spectrum B to have

lower crack growth than Spectrum A, when, in fact, it was observed experi-
mentally that Spectrum B produced faster crack growth.

5.0 DISCUSSION OF RESULTS

5.1 Crack Retardation

That crack retardation can occur in structures subjected to
load sequences characteristic of the two short-term loadings experienced
by the SEA-LAND McLEAN has been demonstrated in this program by Figures 29,
30, and 31. These figures graphically demonstrate the inadequacy of con-
ventional fracture mechanics to predict random loading crack growth.
Further confirmation of this is found in the observations that 1) conven-
tional fracture mechanics predicts Spectrum A to cause cracks to grow
faster than Spectrum B for a given P and R value, when, in fact,
experimental results show Spectrum B witfrgrow cracks faster, and 2) con-
ventional fracture mechanics predict different crack-growth rates for
filtered and unfiltered spectra, when, in fact, there is little
difference.
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5.2 Constant-Amplitude Fatigue Crack Propagation

5.2.1 HY-80 Material

A linear least-squares fit to the constant-amplitude
data found the constants C and m to be

C = 0.177 x 10
-8

m =2.54

Other investigators (17) have found that for mar-
tensitic steels (sgch as HY-80) as a class, m was 2.25, and C ranged from
0.27 to 0.66 10- . HY-80 itself was found to be much closer to a value
of 0.27 x 10" for C. When compared with the data plotted in Figure 13.39
of Reference 17, the experimental results fall within the scatter band,
even though the slope and intercept of the least-squares line are slightly
different. Thus, the results of this investigation found the HY-80 crack-
growth properties to be similar to those reported previously.

5.2.2 CS Material

A linear least-squares fit to the constant-amplituae
data for the CS material found the constants C and m to be:

C = 0.254 x 10- 8
m = 2.53

No comparable results were available in the literature
for this material. However, these numbers indicate a faster crack-growth
rate for the CS material than for the HY-80. This is surprising in view of
the fact that HY-80 is a martensitic steel, which, as a class, generally
has higher crack-growth rates than lower-strength steels such as this CS
material. Note that under random loading HY-80 also had a slower crack-
growth rate than the CS material.

5.3 Threshold Crack Growth

The HY-80 had a higher threshold (AKt) for beginning of
crack growth compared to the CS material. This is t& be expected since
martensitic materials as a class have higher thresholds than lower
strength materials. What is surprising is that the threshold in either
case is 10 kslfTi or higher. Many references show that typical thresholds
for steels are in the range of 5-6 ksitTn without much effect due to
alloying or strength level (17). An explanation of why the threshold
determined ir '-his study is so comparatively high has not been found,
although it may be the way in which & Kth was defined in this study.

The data reported here show no apparent threshold for spec-
imens of either material subjected to random loads. It was intended that
the experiment would generate data only in the Stage II crack growth range,
and such data is reported here. However, TES does have some crack growth
data below da/dn - 10-v in/cycle and AK down to 7 ksi ITn. In this data,
no threshold is apparent.
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It is possible that a threshold may exist at some lower value
of K. It is more likely that a random-load threshold does not exist since,
under random loading, no matter how low one goes in AKrm there will
always be a few cycles at some AK much greater than AK , which will
be in the range of Stage II crack 59wth. Therefore, crack"itension will
continue to occur even though AKrms is well below the AKth from constant-

* amplitude tests.

5.4 AKrms Model

The data show that, on the average, da/dn is a function of
A K8TA whether the test is for constant or variable amplitude random
1oa g. The variations in C and m between the constant and variable
amplitude data are well within the experimental error typically found in
crack-growth studies (22, 33). In tests conducted in accordance with
E-647, a variability of 2 at a given level of AK can be expected just due to
experimental and material variations (19).

5.5 Effect of High-Frequency, Low-Amplitude Components of Spectrum

This investigation showed that the high-frequency, low-
amplitude components of the spectra had no significant effect on crack
growth. This was shown by the fact that filtering to remove the high-
frequency component produced similar crack-growth rates as the unfiltered
signal as shown in Figure 22, and the fact that specimens tested with
unfiltered spectra could be treated as if they had been tested with a
filtered spectrum. The slight difference in final crack lengths in Figure
22 is within expected experimental error (22, 23).

Further investigation is necessary to determine if additional
filtering could be undertaken to simplify the random loading spectra with-
out affecting crack-growth behavior.

When unfiltered data were plotted as da/dn versus AKr two
factors caused the plotted data to be an order of magnitude remov a from
the constant amplitude da/dn versus AK line. First, the additional small
cycles which apparently did not contribute to crack growth increased,
thereby decreasing the calculated da/dn. Second, these small cycles
reduced the calculated d( . Thus, when crack length versus time was
plotted for the conditions 'dY.filtered and unfiltered spectra of the same
nominal Pmax and R value, the curves were nearly the same.

Since N__ was not the same for the two conditions, when the
data were plotted as A'7dn versus A K , the filtered and unfiltered data
did not coincide. But, when the unff1i ered data was treated as if it had
been filtered data- the plots of da/dn versus AK were nearly coin-
cident. Therefore, this showed conclusively that re filtering had no

'. effect on crack growth since the information removed by filtering was not
contributing to crack growth.
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