
NATL INST. OF STAND & TECH

AlllDS TtfibDl

o

Reference

^
p''

NBS TECHNICAL NOTE 1088
t 9

NBS

PUBLICATIONS

U.S. DEPARTMENT OF COMMERCE / National Bureau of Standards

Fitness-for-Service Criteria for

Assessing the Significance of

Fatigue Cracks in

Offshore Structures

Yi-Wen Cheng

100

U5753

No. 1088

1985

L



rwi
m he National Bureau of Standards' was established by an act of Congress on March 3, 1901. The

,|f Bureau's overall goal is to strengthen and advance the nation's science and technology and facilitate

their effective application for public benefit. To this end, the Bureau conducts research and provides: (1) a

basis for the nation's physical measurement system, (2) scientific and technological services for industry and
government, (3) a technical basis for equity in trade, and (4) technical services to promote public safety.

The Bureau's technical work is performed by the National Measurement Laboratory, the National

Engineering Laboratory, the Institute for Computer Sciences and Technology, and the Center for Materials

Science.

The National Measurement Laboratory

Provides the national system of physical and chemical measurement;

coordinates the system with measurement systems of other nations and

furnishes essential services leading to accurate and uniform physical and

chemical measurement throughout the Nation's scientific community, in-

dustry, and commerce; provides advisory and research services to other

Government agencies; conducts physical and chemical research; develops,

produces, and distributes Standard Reference 'Materials; and provides

calibration services. The Laboratory consists of the following centers:

• Basic Standards^
• Radiation Research
• Chemical Physics

• Analytical Chemistry

The National Engineering Laboratory

Provides technology and technical services to the public and private sectors to

address national needs and to solve national problems; conducts research in

engineering and applied science in support of these efforts; builds and main-

tains competence in the necessary disciplines required to carry out this

research and technical service; develops engineering data and measurement
capabilities; provides engineering measurement traceability services; develops

test methods and proposes engineering standards and code changes; develops

and proposes new engineering practices; and develops and improves

mechanisms to transfer results of its research to the ultimate user. The
Laboratory consists of the following centers:

Applied Mathematics
Electronics and Electrical

Engineering^

Manufacturing Engineering

Building Technology
Fire Research

Chemical Engineering^

The Institute for Computer Sciences and Technology

Conducts research and provides scientific and technical services to aid

Federal agencies in the selection, acquisition, application, and use of com-
puter technology to improve effectiveness and economy in Government
operations in accordance with Public Law 89-306 (40 U.S.C. 759), relevant

Executive Orders, and other directives; carries out this mission by managing
the Federal Information Processing Standards Program, developing Federal

ADP standards guidelines, and managing Federal participation in ADP
voluntary standardization activities; provides scientific and technological ad-

visory services and assistance to Federal agencies; and provides the technical

foundation for computer-related policies of the Federal Government. The In-

stitute consists of the following centers:

Programming Science and
Technology

Computer Systems

Engineering

The Center for Materials Science

Conducts research and provides measurements, data, standards, reference

materials, quantitative understanding and other technical information funda-

mental to the processing, structure, properties and performance of materials;

addresses the scientific basis for new advanced materials technologies; plans

research around cross-country scientific themes such as nondestructive

evaluation and phase diagram development; oversees Bureau-wide technical

programs in nuclear reactor radiation research and nondestructive evalua-

tion; and broadly disseminates generic technical information resulting from
its programs. The Center consists of the following Divisions:

Inorganic Materials

Fracture and Deformation^

Polymers
Metallurgy

Reactor Radiation

'Headquarlers and Laboratories at Gaithersburg, MD, unless otherwise noted; mailing address

Gaithersburg, MD 20899.

^Some divisions within the center are located at Boulder, CO 80303.
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FITNESS-FOR-SERVICE CRITERIA FOR ASSESSING THE SIGNIFICANCE

OF FATIGUE CRACKS IN OFFSHORE STRUCTURES

Yi-Wen Cheng

Fracture and Deformation Division
National Bureau of Standards

Boulder, Colorado 80303

Results of a research program to develop f itness-for-service criteria for assessing the

significance of fatigue cracks in offshore structures are presented in five papers. Each paper des-

cribes the goals and approaches to a specific task and details the results of the study. Highlights

of these results are:

1

.

An automated fatigue crack growth rate test system has been developed that can be used for

tests under constant- and variable-amplitude loadings.

2. A digital simulation of random signal from a power spectrum characteristic of the North Sea

environment was developed to apply random-amplitude loading. Experimental results showed that

the average fatigue crack growth rates under spectrum loading and under constant-amplitude

loading were in excellent agreement when fatigue crack growth rate was plotted as a function of

the appropriately defined equivalent-stress-intensity range. This procedure is equivalent to

applying Miner's summation rule in fatigue life calculations.

3. Simplified methods of evaluating the irregularity factor of a power spectrum were derived.

4. The linear-elastic fracture mechanics analysis of fatigue crack growth at stress concentrations

appeared to be adequate in yielded regions that are caused by monotonic loading but which have

a linear stress-strain relation under cyclic loading. Small-crack behavior was observed in an

ABS grade EH35 steel when crack length was less than 1.5 mm in air and less than 3 mm in 3-5

percent NaCl solution. The problem of small-crack behavior was accounted for by adding an

intrinsic crack length to the physical crack length.

5. The tensile overload retardation effects on fatigue crack growth rates were similar in the

elastic regions and at the edges of a yielded hole and also in air and in 3-5 percent NaCl

solution. Tensile overload prior to crack initiation appeared to retard subsequent fatigue

crack growth in areas of stress concentration. The retardation was explained by the presence

of beneficial residual stresses and crack closure.

A subsequent report will incorporate these technical findings into a procedure for calculating

fatigue crack growth in offshore structures under realistic conditions.

Key words: fatigue crack growth; fitness-for-service criteria; fracture mechanics; offshore

structures; random-loading fatigue.





INTRODUCTION

Offshore structures are designed to withstand the cyclic stresses caused by wave loading. How-

ever, the presence of undetected defects in the as-fabricated structure may cause fatigue cracking

during service. If a fatigue crack is detected during the in-service inspection of an offshore

structure, a methodology is needed to assess its significance with respect to the safety of the fa-

cility. This need was clearly identified by the Committee on Offshore Energy of the Marine Board.

The committee's recommendations to the U.S. Department of the Interior for implementing a post-

installation inspection program for fixed steel structures included: "Develop procedures and stand-

ards for acceptance of remedial actions carried out in response to the results of an inspection." In

consideration of this need, a research program is being conducted at the National Bureau of

Standards for the Minerals Management Service with the following overall objective:

To develop a technical basis for recommending remedial actions to be taken in the

event that a fatigue crack is discovered during in-service inspection of an off-

shore structure.

The basis on which remedial actions are to be taken is the fatigue crack growth (FCG) behavior

under service conditions. The desired representation of FCG behavior is a fatigue crack length-

versus-time curve; figure 1 is an example. FCG behavior is best described by the fracture mechanics

approach, in which fatigue crack growth rates, da/dN, are correlated to the applied stress intensity

factor range, AK:

TIME, t

Figure 1. Schematic fatigue crack growth behavior with respect to time.



da— = C (aK)"'

dN

(1)

where C and m are material parameters determined from laboratory specimen tests, and aK is a func-

tion of the applied stress range, aS, the crack length, a, and a geometrical factor, F:

aK = AS /tt a F (2)

Integration of equation (1) gives crack length-versus-time (a-versus-t) results.

From equations (1) and (2), one must know the values of C, m, aS, a, and F to evaluate FCG

behavior. With reference to figure 2 and equations (1) and (2), the basic ingredients for fatigue

damage assessment are service loading history (reflected in aS), component K solution (reflected in

F), material da/dN data (reflected in C and m), and crack length, a, found by inspection of the

structure. Two problems associated with the service loading history are calculation of stress

range, and cycle counting in cases of irregular loading histories, such as sea loadings on offshore

structures. The determination and modeling of each piece of information relevant to evaluation of

FCG in an offshore structure is a major task by itself. Even with all the basic information availa-

ble, crack growth calculation is not as straightforward as an integration of equation (1) because of

load-sequence interaction effects, which must be understood and taken into account.

Owing to the complexity involved in fatigue analysis and limited resources available, the major

portion of this research program has focused on development, improvement, and verification of models

for FCG analysis under random-amplitude loading. The specific output of this program is a procedure

to calculate the stress range and count cycles from which aS and N in equations (1) and (2) are

determined. The research results are given in five technical papers that follow in this report.

Service
Loading
History

Stress Range
Calculation
& Cycle
Counting

Component

K-Soiution

Material

da/dN

Data

Cracl<

Length

Calculation

Fatigue

Damage
Assessment

Figure 2. Fatigue damage assessment diagram.



The additional detailed information needed for accurate FCG analysis of specific offshore

structural components, such as service loading histories, stress redistribution due to crack growth,

component K solutions, and material da/dN data, must be sought in the literature, especially the

results from the European research program on the fatigue behavior of welded tubular joints in off-

shore structures for the North Sea, and from the fabricators and operators- of individual structures.



AN AUTOMATED FATIGUE CRACK GROWTH RATE TEST SYSTEM"^

Yi-Wen Cheng
David T. Read

Fracture and Deformation Division
National Bureau of Standards

Boulder, Colorado

Abstract

An automated fatigue crack growth rate (FCGR) test system has been developed that can be used

for tests of constant-load-amplitude FCGR above 10~° m/cycle (ASTM E647-83) at normal (-10 Hz) or

low (-0.1 Hz) cyclic frequencies and for tests of near-threshold and variable-load-amplitude FCGR.

The test system consists of a minicomputer, a programmable arbitrary waveform generator, a

servohydraulic test frame, and a programmable digital oscilloscope. The crack length is measured

using the compliance technique; the FCGR and the stress intensity factor range are calculated and

plotted automatically during the test.

Key words: automated test system; compliance technique; fatigue crack growth rate; fatigue of

materials; near-threshold fatigue test; variable-load-amplitude fatigue test.

To be published in ASTM STP 877.



Introduction

Fatigue crack growth rate (FCGR) data are used for material characterization and for fracture

mechanics reliability analysis of structures subjected to cyclic loading. A standard test method
_ Q

for measuring such data above 10 m/cycle under constant-amplitude loading has been developed and

published in the 1983 Annual Book of ASTM Standards under the designation ASTM E547-83.

With the increased interest in near-threshold FCGR [1 ,2] and FCGR under environmental

influences at low cyclic frequencies [3], the demand for FCGR measurements has increased. Obtaining

such data can be tedious and time-consuming. An automated FCGR test system, such as that described

in this paper, allows testing to proceed, data to be taken, and loads to be altered in the absence

of an operator. The automated test system minimizes testing time. Data scatter is reduced owing to

higher precision in crack length measurement and better control in data point spacing [4]. Because

the testing is interactive and automatic in nature, the procedure is relatively easy to follow and

requires minimal operator training. Finally, this approach eliminates the subjective interpretation

and influence of the experimenter.

The FCGR Test Method

The sequence of the FCGR test is: first, obtain the raw data, namely, fatigue crack length, a,

versus elapsed fatigue cycles, N; second, reduce this data to a plot of da/dN versus AK, where da/dN

is the FCGR in m/cycle and AK is the crack-tip stress-intensity factor range in MPa/m. Typical

outputs are presented in figure 1

.

The number of elapsed fatigue cycles can be obtained from counters (electronic or mechanical)

or conversion from time elapsed at the actual testing frequency. The methods of crack length

measurement are complicated and have been a subject of extensive study [5,6]. Although several

methods of crack length measurement have been developed, some require specialized equipment not

commonly available in mechanical testing laboratories. The compliance technique, however, requires

only monitoring of the load cell and the clip gage outputs, which is routinely achieved in

mechanical testing. Compliance is defined as the specimen deflection per unit load, which is a

function of crack length for a given material and specimen geometry. The load and deflection

signals (voltages) can be interfaced to a computer. Because of the simple instrumentation and the

need in our laboratory for environmental chambers for cryogenic-temperature and saltwater corro-

sion-fatigue tests, the compliance technique was chosen to measure the crack length.

Equipment for the Automated FCGR Test System

A schematic of the automated FCGR test system is shown in figure 2. Figure 2 also shows the

sequence of operation and interaction between various components. The test system consists of a

closed-loop servo-controlled hydraulic testing machine, a programmable digital oscilloscope, a pro-

grammable arbitrary waveform generator, and a minicomputer.

Numbers in brackets denote references listed at the end of each paper,
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Figure 1. Data outputs from the automated FCGR test.

The machine control unit, which is included in the hydraulic mechanical test machine, includes

a servo-control system, a feedback system, two dc conditioners, and a valve drive. A non-

programmable function generator with an electronic pulse counter is usually built into the machine

control unit of a commercially available mechanical testing machine. Signal amplifiers and a load

cell are also included in the mechanical testing machine.

The programmable digital oscilloscope contains two 15-bit 100-kHz digitizers, and it serves as

an analog-to-digital (A/D) converter. In addition to its high speed A/D conversion rate, this

oscilloscope features the ability to instantaneously freeze and hold data in memory. These features

eliminate the problems encountered with slower A/D converters, such as interruptions during the test

[7] and low test frequencies [8]. For the near-threshold and the variable-load-amplitude FCGR

tests, load levels vary with time and a programmable function generator is needed. For these tests,

a programmable arbitrary waveform generator is used. At present, this programmable waveform

generator is not connected to a cycle-counting device, and the fatigue cycle counts are inferred

from the cyclic frequency and elapsed time, as given by the computer. For the constant-load-

amplitude FCGR test, a built-in function generator is used.

Included in the minicomputer are a cathode-ray-tube (CRT) terminal, a line printer, a dual

The frequency used for cycle calculation is checked with a frequency meter; the typical error in

frequency is 50 ppm.
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floppy disk storage unit, and a digital plotter. The minicomputer uses the 1 6-bit word and has 128K

words of memory. The minicomputer also contains an internal clock that reads to 1/60 s. The

IEEE-488/GPIB is used for the interface between the computer and the programmable digital oscillo-

scope and between the computer and the programmable arbitrary waveform generator.

Applications

In the following discussion, we describe how this test system is used to conduct the FCGR

tests. Requirements on grips, fixtures, specimen design, and specimen preparation are detailed in

ASTM E647-83 and other proposed standards [3,9] and are not discussed in this paper.

Constant-Load-Amplitude FCGR Test

The test system described in the previous section can be programmed to run the constant-load-

amplitude FCGR test. The operational details below implement the procedures set forth by ASTM

E647-83.

As shown in figure 3, the operator feeds the input parameters into the computer through the CRT

terminal. The input parameters include specimen identification, specimen dimensions. Young's

modulus, selected time interval for measuring crack length, minimum load level for compliance

measurement, load levels, and test frequency. The time interval for measuring crack length must be

kept small enough so that every increment of crack growth will not exceed the recommended values

prescribed in ASTM E647-83. The minimum load level for compliance measurement is used to eliminate

possible crack closure effects [10], which have a significant effect on the accuracy of crack length

measurement.

The precracked specimen is fatigue cycled under the prescribed loading conditions and cyclic

frequency. A typical frequency is 10 Hz. When the preselected time interval (typical value is 1

min) for crack length measurement is reached, the computer requests the load-versus-deflection data

from the programmable digital oscilloscope, which freezes the load-deflection data in the memory

instantaneously and correlates the data to a straight line using a linear least-squares fit. A

linear correlation coefficient of 0.999 or better is usually obtained. From the resulting

compliance, the instantaneous crack length is computed by using the appropriate expression for the

compliance calibration of the specimen [11]. The precision of the crack length measurement is

typically within 0.04 mm.

The inferred crack length, which is obtained from the measured compliance, published compliance

calibrations, and published Young's modulus, usually does not agree exactly with the actual crack

length for a given material and specimen geometry. The exact reasons for the discrepancy between

the inferred and the actual crack lengths are not clear and have been discussed in references 12 and

13. Correction factors to the compliance calibrations have been used to obtain more accurate

physical crack length predictions.

Another way of correcting the mismatch between the inferred and the actual crack lengths is to

adopt an "effective modulus" for the material. The effective modulus, E^^^
^ ^g deduced from a known
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crack length in a given specimen geometry and compliance calibration. Typically, Eg^j. is deduced

from one well-defined crack front that is visible on a posttest fracture surface. The crack front

at the end of fatigue precracking or at the final fatigue crack length is generally used. The

effective modulus approach, which is used in our labaratory, thus forces agreement between the

inferred and the actual crack lengths and compensates for any errors regardless of source [13],

The portion of the load-versus-deflection curve used for compliance calculation is from the

specified minimum load level to a value corresponding to 95 percent of the maximum load. The

typical minimum load level used for compliance calculation is the mean load (load signal midpoint).

Note, however, that the specific value of the minimum load level used for a given material, specimen

geometry, and load ratio must be larger than crack closure loads. The reason for excluding the

upper 5 percent of the load for calculation is that the clip gage tends to vibrate, and noise in the

clip-gage signal increases at the maximum load during the high-frequency test.

The increment of crack length (the difference between the current measured crack length and the

last recorded crack length) is checked against specified values, which are within the recommended

values of ASTM E647-83. A value of 0.5 mm is typically specified for a 25 .4-mm-thick standard

compact-type specimen. If the increment of crack growth is equal to or greater than the specified

value, the computer calculates N, AK, and da/dN; the digital plotter plots the data points (a,N) and

(da/dN,AK) on the a-versus-N and da/dN-versus-AK graphs, such as those shown in figure 1; the line

printer prints the value of calculated compliance, the linear least-squares correlation coefficient,

a, N, da/dN, and AK results. All the resulting data are stored on floppy disks for posttest

analyses.

During the test, the point-to-point data reduction technique is used to calculate AK and da/dN

from a and N. Usually the results are consistent with minimum scatter, such as those shown in

figure 1. If the results of AK versus da/dN scatter, the seven-point incremental polynomial method

is used to smooth the results after the test is completed.

The computer programs for posttest analyses include the following capabilities:

1 . Reducing a-versus-N data to AK-versus-da/dN by seven-point incremental polynomial method

2. Converting units

3. Plotting data in desired units

4. Plotting data in desired coordinate ranges

5 Plotting data for several different specimens on one graph (for comparison)

6. Calculating the material constants C and n in the Paris equation [14], da/dN = C(AK)", and

drawing the regression line through the data

All computer programs, including the data acquisition routines, were written in the Fortran IV

language.

Near-Threshold FCGR Test

The computer programs used in the constant-load-amplitude FCGR test, with some modifications,

can be used for near-threshold FCGR tests. The major difference in test procedures is that the load

10



levels in the near-threshold FCGR test decrease according to the initial aK value (in the K-

decreasing test technique). The load levels are calculated from the following equations [9]:

/

aK = aKq expEC (a - a^)] (1)

aP = BW ^^ AK/f,(a/W) for compact-type specimens (2)

aP = B AK/f2(a/W) for center-cracked-tension specimens (3)

Pmax = ^P/(l - R)= Pmin = Pmax « (^)

where P„_,^ = maximum load

'^min
~ minimum load

R = P / P
min max

B = specimen thickness

W = specimen width

a = the current crack length

a = the crack length at the beginning of the test

fT(a/W) = [2 + (a/W)][0.886 + 4.64(a/W) - 13.32(a/W)^ + I4.72(a/W)3 - 5.6(a/W)^]/Cl - (a/W)''-^]

f2(a/W) = [(ira/W^) secdra/W) ]°-5

aK = current crack-tip stress-intensity factor range

aKq = crack-tip stress-intensity factor range at the beginning of the test

C = negative constant

A typical value of C is -0.08 mm" , which gives satisfactory results with no apparent anomalous

crack growth for AISl 300-series stainless steels.

The flow chart describing the automated near-threshold FCGR test is summarized in figure 4.

After each crack length measurement, the crack length is compared with the last stored crack length

to ensure that a specified measurable small amount of crack growth has occurred. If this is not

done, then some unnecessary load level adjustments will take place because of scatter in the crack

length measurement. After the crack length has increased a certain amount (for example, 0.13 mm),

the new aK is calculated from equation (1) and the new crack length is stored. The load levels are

then adjusted using equations (2), (3), and (4).

In high-frequency fatigue testing, which is desirable in the near-threshold FCGR test,

hydraulic lag might be a problem. As a result the specimen is not actually subjected to the load

range commanded by the computer (or waveform generator). The problem is usually corrected by using

proper signal conditioners and gain settings. However, overprogramming is sometimes necessary to

overcome the persistent hydraulic lag. During the overprogramming process, which is done by a

trial-and-error method, the computer monitors the values of P^av ^^^ Pmin through the programmable
[lidA 111 X 11

digital oscilloscope and makes necessary changes to achieve the desired values of P„^^ and P„i„.lUaX UlX ll

If the measured crack-growth increment, which is the difference between the current measured

crack length and the last recorded crack length, is equal to or greater than specified values, which

11
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are within the recommended values [8], the values of N, AK, and da/dN are calculated and the results

are printed, plotted, and stored. A value of 0.5 mm is typically specified for a 25. '^-mm-thick

standard compact-type specimen. The previously mentioned computer programs for posttest analyses

are also applicable for analyzing the data obtained in the near-threshold FCGR test.

Variable-Load-Amplitude FCGR Test

The automated FCGR test system is also used in the variable-load-amplitude FCGR test. The

procedures used in this application are similar to those described in the previous two sections.

The computer reads the prerecorded load-time history from the floppy disks and controls the

hydraulic machine through the programmable waveform generator. At a preselected time interval, the

crack length is measured. A typical interval is 30 min for an average test frequency of 0.1 Hz.

The desired output in the variable-load-amplitude test is time versus crack length. The results are

printed, plotted, and stored for posttest analyses.

The present system has two limitations in the application of variable-load-amplitude FCGR

testing. One is that the waveform generator needs about 0.1 s for changing one commamd to another,

and this limits the average frequency to about 1 Hz. The needed 0.1 s for changing commands results

in a holding situation of about 0.1 s at the peak loads when higher test frequencies are used. In a

corrosive or a high temperature environment, in which the hold time at peak load is important, this

might introduce anomalous fatigue crack growth. The other is limited storage capacity of the floppy

disks, which can only store a certain amount of load-time pairs. The present system uses soft

disks, which can store about 18,000 load-time pairs. If longer load-time histories are desired,

other means of storage, such as hard disks, must be used.

Summary

An automated FCGR test system has been developed that can be used for tests of constant-load-

amplitude FCGR above 10~° m/cycle (ASTM E647-83), near-threshold FCGR, and variable-load-amplitude

FCGR. The test system saves considerable time in data acquisition and data reduction. The test

procedure is relatively easy to follow and enables technicians to produce data with less scatter

(with respect to the non-computer-aided technique), because higher precision in crack length

measurement and better control in data point spacing are obtained, while manual data interpretation

and data fitting are eliminated.
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THE FATIGUE CRACK GROWTH OF A SHIP STEEL

IN SALTWATER UNDER SPECTRUM LOADING""

Yi-Wen Cheng

Fracture and Deformation Division
National Bureau of Standards

Boulder, Colorado

Abstract

Fatigue crack growth under spectrum loading intended to simulate sea loading of offshore

structures in the North Sea was studied using the fracture mechanics approach. A digital simulation

technique was used to generate samples of load-time histories from a power spectrum characteristic

of the North Sea environment. In the constant-load-amplitude tests, the effects of specimen

orientation and stress ratio on fatigue crack growth rates were negligible in the range 2 x 10"^ to

10~^ mm/cycle. Fatigue crack growth rates in a 3-5 percent NaCl solution were two to five times

higher than those observed in air in the stress intensity factor range 25 to 60 MPa/m. The average

fatigue crack growth rates under spectrum loading and under constant-amplitude loading were in

excellent agreement when fatigue crack growth rate was plotted as a function of the appropriately

defined equivalent-stress-intensity range. This procedure is equivalent to applying Miner's

summation rule in fatigue life calculations.

Key words: corrosion fatigue; fatigue crack growth; fracture mechanics; seawater environment;

spectrum loading; structural steel.
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Introduction

In recent years the petroleum Industry has built offshore drilling and production platforms in

deeper waters and more hostile climates. As the offshore platforms encounter more severe weather

and rougher sea-state conditions, fatigue becomes a more important factor in consideration of

structural integrity. In treating the fatigue problem, it is usual to separate the fatigue life

into two separate stages: (1) crack initiation and (2) crack growth. For welded structures, such as

offshore platforms, crack initiation, during which microcracks form, grow, and coalesce to become a

macrocrack, is less important than crack growth because fabrication imperfections are always

present. Most of the fatigue life is spent in the crack growth stage.

Analysis of fatigue crack growth under spectrum loading, which is usually irregular in nature,

is complicated because of load-sequence interaction effects. A cycle-by-cycle approach, taking into

account overload effects, has been used in the aerospace industry [1,2] . Other empirical

approaches, such as root mean square (RMS) [3] or root mean cube (RMC) [4], have also been

successfully used to correlate experimental results of spectrum loading of bridges with those of

constant-amplitude loading. Use of the latter approaches is empirical and implementation of the

former is time-consuming. A more efficient approach has been proposed [5,6], which will be

discussed later. This paper describes the work carried out at the National Bureau of Standards over

the past two years on the investigation of fatigue crack growth in ABS grade EH36 steel under

simulated offshore platform service conditions.

Load Spectrum

Service loads acting on offshore structures are random in nature. The main source of cyclic

loading derives from wave action, which excites a vibration at approximately the wave frequency.

The magnitude of the vibration depends mainly on wave height and direction, size of the component

and its location in a structure. Besides those due to wave action, additional vibrations are

induced from structural responses to the wave action. The magnitude and frequency of the structural

resonance depend on local structural characteristics. Thus, the precise definition of load-time

history is extremely complex and would be expected to vary between locations on the same structure.

Because of complexity in and lack of information on the precise load-time history experienced

by offshore structures, no standard load-time history exists for purposes of analysis and experi-

ment. Numerous load-time histories, including Rayleigh peak distribution [7,8], Gaussian peak

distribution [7-9], Gassner blocked program [10], and others [11], have been used to evaluate

fatigue performance of weldments. The load spectrum selected for the present investigation was

realistic for offshore structures in the North Sea environment [12], as shown in figure 1. The

principal loads in this spectrum, those with a frequency of about 0.1 Hz, are due to wave action.

The higher frequency (about 0.35 Hz) loads are due to structural resonance.

*Numbers in brackets denote references listed at the end of each paper,
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Figure 1 . Characteristic power spectrum for offshore structures in the North
Sea.

Simulation of Load-Time Histories

For purpose of experiment, the power spectral density function, S(a)), is not sufficient;

load-time history, X(t), has to be used. In this investigation, the following expression [IS.T^]

was used to reconstruct X(t) from S(a)):

X(t) = Z [2G(aj[^)Aa),^]°-5 cos(a),^t + $^)
k=1

(1)

where GCu), as shown in figure 1, is the one-sided power spectral density function in terms of

frequency, w [G(a)) = 2S(to) for co > 0] . $|^ is a random phase angle uniformly distributed between

and 2it; and m^ is the midpoint of Aa)|^ . The number of harmonic functions, J, is arbitrary; in this

investigation it was taken to be 50. Frequency is defined over the interval [0, w^j] with partitions

of length such that

J
= E Acji^ (2)

An X(t) with an undesired short period occurs if the minimum common divider for all the Ma^ is

large. This problem is avoided by using random intervals for aw|^ . In this investigation, AtO|^ was

taken from a normal distribution with a mean equal to the average of A(jO|^ and a standard deviation

equal to one-tenth the average of acjw .
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A computer program written in Fortran IV has been developed to simulate X(t) from equation (1).

Newton's method was then used to locate peaks and troughs with respect to time in the simulated

load-time history.

Two load spectra were used in this study. One contains only the wave-loading portion of the

power spectral density function with frequencies up to 0.2 Hz (case I), as shown in figure 1. The

other reproduces the whole curve (case II). Typical simulated load-time histories, X(t), from the

power spectral density function are shown in figure 2.

Values of the irregularity factor (number of mean crossings/number of peaks plus troughs)

calculated from the power spectra are 0.90 and 0.69 for case I and case II, respectively; they are

0.90 and 0.68, as determined from the simulated load-time histories. The excellent agreement

between the values obtained from the power spectra and the simulated load-time histories indicates

that use of equation (1) is satisfactory. Values of the clipping ratio are 3-84 and 3-91 for case I

and case II, respectively. Clipping ratio is defined as the ratio of the maximum load amplitude,

which is the difference between the maximum peak and the mean load, to the root-mean-square value of

load amplitude.

Experimental Procedures

Test Material and Specimens

The test material was a 25 .4-mm-thick plate of ABS grade EH36 steel, a 350-MPa-yield-strength

C-Mn steel. The chemical composition is given in table 1. The steel was in the normalized

condition and had particularly uniform properties due to sulfide shape control.

Fatigue crack growth rate (FCGR) tests under constant-amplitude loading and spectrum loading

were conducted using standard (25 .4-mm-thick) and modified [15] compact specimens. The modified

compact specimen was a lengthened and side-grooved (with a net thickness of 3.18 mm) version of the

standard compact specimen. The deep side grooves determine the plane of crack growth and provide a

strip of material that undergoes large cyclic plasticity during fatigue. Specimens were in LT and

TL orientations.

Test Apparatus and Environment

Fatigue crack growth rate tests were conducted with a fully automated test system, which was

described in a previous paper [16]. Briefly, the fully automated test system consists of a

closed-loop, servo-controlled, hydraulic mechanical test machine, a programmable digital oscillo-

scope serving as an analog-to-digital converter, a programmable arbitrary waveform generator, and a

minicomputer.

Tests were performed in laboratory air and in 3.5 percent NaCl solution with a free corroding

*This should not be confused with the root-mean-square value of load range which was used in

reference 3.
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5 min

Figure 2. Samples of load-time histories: (a) case I, (b) case II

Table 1. Chemical composition of ABS grade EH36 steel,

Mn Si Cu Ni Cr Mo Fe

0.12 1.39 0.015 0.006 0.380 0.05 0.03 0.05 0.007 bal

,

condition (no cathodic protection). Crack lengths were measured by the compliance technique. The

crack-length measurement technique was accurate at least to 0.1 mm. In the saltwater tests, the

clip-gage used for displacement measurements was mounted on a scissors-like extension to avoid

immersion in the saltwater. The environmental chamber was a 19-J!.-capacity plastic container in

which the saltwater was continuously circulated at a rate of 26 £/min through a diatomaceous-earth

filter. The NaCl concentration, temperature, and pH value of the saltwater were monitored

periodically.

Loading Conditions

In the constant-load-amplitude tests, the stress ratio R (i.e., the ratio of minimum to maximum

stress) was kept constant at 0.1 or 0.5. Tests in air were conducted at 10 Hz and tests in 3.5

percent NaCl solution were conducted at 0.1 Hz. A sinusoidal load-time history was used.

In the spectrum-loading tests, the simulated load-time histories were recorded on floppy disks,

which were read by a minicomputer. The minicomputer then sent the signals to the hydraulic

mechanical test machine through a programmable arbitrary waveform generator. The loads were

periodically monitored with an oscilloscope to ensure that the input values to the hydraulic

mechanical test machine and the output values from the load cell agreed. No modifications, such as

truncation, were made to the simulated load-time histories with the exception of the levels of mean

loads. The mean loads were increased so that the minimum loads were slightly-above zero because the
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apparatus was limited to tension-tension loading. The stress ratio, therefore, varied from about

(usually for large load ranges) to about 1 (usually for very small load ranges).

Because of the limited capacity of the floppy disk, the total recorded lengths of load-time

histories were 18.0 h for case I and 9.3 h for case II. The recorded lengths corresponded to return

periods of 15,773 and 11,890 mean-load crossings for case I and case II, respectively. The wave

shape was triangular. It has been shown [17] that there are no differences in FCGR between tests

conducted with sinusoidal and triangular waveforms. Both tests in air and in saltwater were

conducted at ambient temperature.

Experimental Results and Discussion

Constant-Load-Amplitude Tests

Fatigue crack growth rates were calculated using the linear-elastic fracture mechanics

approach; the experimental results are shown in figures 3 through 6. As shown in figure 3, specimen

orientation, TL versus LT , had little influence on FCGR in air and in saltwater. The FCGRs in air

and in saltwater are compared in figures 4 and 5. For stress intensity factor range, aK, between 30

and MO MPa/m, the FCGRs in saltwater were up to five times higher than those in air. A summary of

all results in figure 6 indicated that stress ratio had little influence on FCGR in air. Below

4 X 10~^ mm/cycle the FCGRs in air and in saltwater were about the same.

The minimal influence of stress ratio and specimen orientation observed is consistent with that

of other investigators [18] in the FCGR range 2 x 10~^ to 10~^ mm/cycle. The effects of stress

ratio and specimen orientation are expected to be more pronounced at higher and lower FCGRs [18].

Note that in each of the FCGR curves the high values were obtained with the modified compact

specimen. These data follow the same trend line as the data obtained with the standard compact

specimen. Thus, it appears that the linear-elastic fracture mechanics approach can be applied to

fatigue crack growth in conditions of contained large cyclic plasticity.

Spectrum-Loading Tests

Fatigue crack growth rates under spectrum loading were analyzed using the equivalent-stress-

range approach [5,6], which is described in the following. For simplicity the Paris equation,

da/dN = C(aK)", is used for discussion. Here, da/dN is crack growth increment per load cycle, aK is

stress intensity factor range, and C and n are constants. aK is defined as

AK = h (TTa)0-5 Y (3)

where h = stress range

a = crack length

Y = geometry factor

If da/dN € crack length, a, and there are no load-sequence interaction effects, then
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Aa

Aa

1
= C hi" [(iTa)0-5 Y]"

2 = C h/ [(TTa)0-5 Y]" (5)

Aajj = C h,^" [(Tra)0-5 Y]" (6)

Summing equations (4) through (6) gives

(Aa^ + Aa2 + ... + Aajj) = C (h^" + h2" + ... + hjj")[ (Tra)°-5 y]" (7)

The left-hand side of equation (7) is the increment of crack growth in N successive cycles; the

average FCGR per cycle is then

da/dN = C [(h^" + h2" + ... + h^")/N][ (^a)°-5 y]"

= C [(h^)^/" (TTa)0-5 Y]"

= C [hgq (Tra)°-5 Y]"

(8)

(9:

Here N should be large in order for the equivalent-stress range, h , to be representative of a load

spectrum. The definitions of stress range and cycle used in this investigation are given in

figure 7. The value of n in 3.5 percent NaCl solution test is 5.5, which is derived from the

results of constant-load-amplitude test in the aK range of interest.

The results for FCGR under spectrum loading in 3.5 percent NaCl solution are given in figures 8

and 9 for case 1 and case II, respectively. Excellent agreement between spectrum and sinusoidal

loading is observed. This suggests that load-sequence* interaction effects are effectively

Mean

Figure 7. Definitions of stress range and cycle.
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negligible. The lack of observed load-sequence interaction effects is probably due to low clipping

ratio of 3.84 (case I) and 3-91 (case II). The results also imply that under spectrum loading at a

given da/dN, value of aK is smaller if RMS (n = 2) or RMC (n = 3) is used because h decreases with

decreasing n. This shifts the spectrum-loading results to the left of those of constant-amplitude

loading (figures 8 and 9), resulting in a higher FCGR in spectrum loading than in constant-amplitude

loading at a given value of aK. Conversely, a lower FCGR will result if either RMS or RMC is used

to predict FCGR in a region where n is larger than 3. such as in the present investiga1;ion.

Miner's rule [19] states that a component (or specimen) will fail if

I (fi/F^f) i 1 (10)

where f^ is the number of fatigue cycles applied at stress range aS^^ and Fj_^ is the number of

fatigue cycles to failure at stress range aS^ . This rule implies that there are no load-sequence

interaction effects. Miner's rule, as originally stated, applied to fatigue failure rather than

fatigue crack growth. Terms such as "Miner's rule of fatigue crack growth" are often used to mean

fatigue crack growth with no load-sequence interaction effects. Such statements represent a

generalization of the original Miner's rule. The data of this study, along with others [5], support

such a generalization for a clipping ratio less than k and constant mean stress, which might be

stated as follows: Load-sequence interactions are small, or they tend to cancel, such that overall

effect on fatigue life is small. For such a rule to be applicable to random or quasi-random

load-time histories, a definition of a cycle is needed. In this study, the load amplitude of one

cycle has been defined as the maximum load difference among three successive mean crossings

(figure 7).

The value of h can be obtained in a closed-form expression from the power spectrum if the
fcjq

loading is a narrow-band random process [5,20]. However, no closed-form solutions are available for

wide-band random processes.

Conclusions

The following conclusions were drawn from this investigation:

1

.

The digital simulation technique is adequate to generate samples of load-time histories from a

given power spectrum.

2. In constant-load-amplitude tests, the influence of specimen orientation and stress ratio on

fatigue crack growth rate were negligible in the fatigue crack growth rate range 2 x 10 -^ to

10~^ mm/cycle. Fatigue crack growth rates in a 3.5 percent NaCl solution were two to five

times higher than those observed in air in the stress intensity factor range 25 to 60 MPa/m.

3. The average fatigue crack growth rates under spectrum loading and under constant-amplitude

loading were in excellent agreement when fatigue crack growth rate was plotted as a function of

the appropriately defined equivalent-stress-intensity range. This procedure is equivalent to

applying Miner's summation rule in fatigue life calculations.
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Abstract

This paper presents several simplified methods of evaluating the irregularity factor of a power

spectrum. The irregularity factor can be computed either from Integration of the power spectrum or

from the characteristic bandwidth and the center frequency of the power spectrum. The characteris-

tic bandwidths and the center frequencies of power spectra with irregular shapes are defined in this

paper. Estimated errors associated with the simplified methods in the cases of practical interest

are given.
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Introduction

In many structural applications, such as offshore platforms in the North Sea environment,

fatigue under random loading is a major problem. Load-time histories under random loading are usu-

ally difficult to predict and can only be treated in a statistical manner. If the random loading is

a stationary Gaussian process, as is commonly assumed, then there exists a power spectrum, G(f),

which possesses all the statistical properties of the original load-time history [1] . Therefor(

the power spectrum is conveniently used to represent the random load-time history.

Several important parameters in the random-loading fatigue analysis can be derived from the

power spectrum. These parameters include root-mean-square (RMS) value of the load amplitude, aver-

age rises and falls, and the irregularity factor, a [2,3]- The RMS value equals the square root of

the area under the power spectrum-versus-frequency curve. The average rises and falls, which are

related to the RMS value and the irregularity factor of the power spectrum, have been analytically

and numerically studied [^]. The irregularity factor has been used as a parameter to normalize the

fatigue damage caused by narrow-band and broad-band loadings [5]. The irregularity factor of a

power spectrum is usually computed from the integration of the power spectrum, which can become

tedious and time-consuming if the shape of G(f) is irregular. This paper presents simplified tech-

niques for estimating a from a power spectrum.

Irregularity Factor

The irregularity factor, a, is defined as the ratio of the number of positive-slope zero cross-

ings, Nq, to the number of peaks per unit time in a load-time history, F^:

No
Ct = (1)

The exact value of N and F^ cari be evaluated from G(f) as follows:

-(x)'

(^)-

(2a)

Fq = ( — I
^-^ (2b)

where M , Mo, and Mj^ are the zeroth, second, and fourth moments of G(f) about the origin (zero fre-

quency) and are defined as:

Mq = /„ G(f) df (3a)

Numbers in brackets denote references listed at the end of each paper.

32



M2 = /r f^ G(f) df (3b)

Mij = /, f^ G(f) df (3c)

where f is frequency. Thus,

a =

(Mq Mi,)
0.5

(4)

The Irregularity factor, a, not only describes the irregularity of the random load-time history

but also is a measure of the bandwidth of G(f). As a approaches unity, the distribution of the

loading peaks approximates to the Rayleigh distribution [1], and the shape of G(f) is sharply peaked

at the center frequency or far away from the origin. This is called narrow-band power spectrum. A

single-frequency sine-wave loading can be described as a Dirac-Delta function power spectrum; it has

a = 1 . The value of a decreases with increasing width of the power spectrum.

Evaluation of Irregularity Factor from Power Spectra

Direct Integration of Power Spectral Density Function

The value of a can be evaluated from equation m) by integrating equations (3a), (3b), and

(3c). The integrations can become tedious and time-consuming if the shape of G(f) is irregular.

One simplified way of evaluating a is to break G(f) into n simpler geometries, such as those shown

in figure 1 (n = 5), and then to evaluate the moments according to the following equation :
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Figure 1 . Power spectrum: dashed line represents the original spectrum, and
solid lines are a simplified diagram.
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^J
=

(j+1)(j+2) i=l
I (Gi - G,,,)

f.(j
+ 2)_ (j + 2)

M + 1 M

fi.l - h
0, 2, 4 (5)

where G^^ ' s and f^'s are power spectral densities and frequencies respectively, as shown in figure 1.

(The derivation of equation (5) is given in the appendix.) For example, from equation (5) and the

smplified diagram shown in figure 2 (n = 9), the value of a was calculated to be 0.699. Using in-

tegration technique of equation (4), the value of a was 0.697. The error of using equation (5) was

0.14 percent.

Estimation from Characteristic Width and Center Frequency of the Power Spectrum

The irregularity factor can also be estimated from the characteristic width and the center

frequency of a power spectrum. For the case of rectangular power spectra, a can be obtained from

the following expression [6].

5 (9 + 68^ + b'*)

9 (5 + lOB^ + b'*)

0.5
(6)

where B = W/2f , W is the width, and f^ is the center frequency of the rectangle (power spectrum).

Here, B is the geometric dimensionless bandwidth of the power spectrum. Different power spectra

with same values of B have the same values of a, regardless of their shapes and positions with re-

spect to the origin (zero frequency)

both are determined in a straightforward manner,

The definitions of W and f are obvious in this case, and

For irregular spectra, the determination of W and

GC
lU

o
Q.

0.1 0.2 0.4

FREQUENCY, Hz

0.3

Figure 2. Example of computing the irregularity factor from a simplified
diagram of a power spectrum.
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f can be difficult; it is discussed in the following sections.

From geometric analysis of rectangular power spectra, it -was noted that the values of B were

bounded by and 1. Accordingly, a was within 1 and O.T'JS.

Determination of characteristic width . In the case of symmetric, single-peak power spectra,

the center frequency is at the center of the frequency range. However, the determination of the

characteristic width, W, is not obvious and the following empirical equation has been used to

evaluate it:

/ Vec \
W = w

I I

0.5
(7)

where W is the arithmetic average width of the power spectrum, A is the area of a rectangle

enveloping the power spectrum, and A^^ is the area of the power spectrum. For example, the value of

W is half of its base width for an isosceles triangular power spectrum and the ratio of A^g^/A_g is

Results for several symmetric, single-peak power spectra with various shapes, including iso-

sceles triangles, rectangles, isosceles trapezoids and pagodas, are plotted in figure 3 in the form

of a versus B. All values of a in figure 3 and other figures in this paper were calculated from

equation (4), if not otherwise specified. The value of a obtained from equation (6) coincides with

those of the rectangles in figure 3- It can be seen that a-versus-B curves for four different

shapes of power spectra were in reasonable agreement, demonstrating that estimates of W from equa-

tion (7) combined with equation (6), provide good estimates of a. The errors in a at B = 1 were

less than ±5 percent.

o
lU
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GEOMETRIC DIMENSIONLESS WIDTH, B

Figure 3- Irregularity factor-versus-geometric dimensionless width for four
different symmetric, single-peak power spectra.
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Determination of center frequency . The value of a of an arbitrary triangular power spectrum

with a fixed base (i.e., with a constant characteristic width) varies with the location of the peak

within the width, because the center frequency varies. Several candidates for the operational de-

finition of center frequency, f^, including the frequency at the peak of the power spectrum, the

frequency at the center of gravity of the power spectrum, the frequency at the middle of the fre-

quency range, and the frequency at the middle of the half-height width, were studied. The frequency

at the middle of the half-height width of the power spectrum gave the least scatter in the a-versus-

B curves of several asymmetrical single-peak power spectra. The a-versus-B curves of right triangu-

lar power spectra with the right angle to the left or to the right are compared with those of rec-

tangular power spectra in figure 4. The figure shows that at a given value of B, the values of all

the triangles studied are slightly smaller than those of rectangles. The largest error at B = 1 was

about 10 percent. This means that use of the frequency at the middle of half-height width of a

triangular power spectrum slightly overestimates the value of a.

Behavior of double-peak power spectra . The irregularity factor of a double-peak power spectrum

was estimated from the following equations:

1 + A F'

[(1 + A)(1 + A F^)]°-5
(8)

A2

^ = A"^1
(9)

F =
c2

'c1

(10)

where A^ , Ag, fd . and fj^2 af'© the areas and center frequencies of each peak, respectively, with A-i

and f . being closer to the zero frequency (see table 1). As shown in table 1, the error of using
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Figure M. Irregularity factor-versus-geometric dimensionless width for four

different asymmetric, single-peak power spectra.
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equation (8) is within ±5 percent for a wide range of two-peak power spectra. Table 1 contains

results ranging A from 0.1 to 10, F from 2.333 to 7, G2/G^ (see table 1 for definition of G^ ) from

0.1 to 10, and a from 0.56 to 0.96.

/

Figure 5 presents results from equation (8) in graphic form. It shows that the larger the

value of F and the smaller the value of A are, the smaller the irregularity factor is. From

equations (3) and (4), one would expect that the higher frequency peak dominates the determination

of a because of the second and the fourth power of frequency in M2 and H^. In the case of ^2 ^ ^i

»

the lower frequency peak can be neglected in the determination of a. The smaller the value of F is,

the closer the two peaks are, and vice versa. Figure 5 shows that, at a given value of A, a de-

creases with increasing F.

The two peaks in a double-peak power spectrum of practical interest usually connect to each

other at their bases. In this case, the double-peak power spectrum was divided into two parts.

Their center frequencies and areas were estimated; then the value of a was estimated from

equation (8). For example, the power spectrum characteristic of the North Sea environment, as shown

in figure 6, was divided at 0.3 Hz, 0.25 Hz, or 0.2 Hz and represented by two triangles, aABC and

aDEF, aABC and aD'EF, or aABC" and aD"EF. All triangles had the same areas as the original curves

that they represented. The values of F and A obtained were 2.70 and 0.15T*. 2.71 and 0.2278, or

2.7^ and 0.3165, respectively. The estimated value of a using equation (8) was 0.6520, O.66I6, or

0.6785. The errors were -6.5, -5.08, and -2.65 percent, respectively.

Summary

Several simplified methods for evaluating the irregularity factor of a power spectrum have been

derived. The irregularity factor was computed either from integration of the power spectrum or from

the characteristic bandwidth and the center frequency of the power spectrum.

For idealized shapes of power spectra, such as rectangles and isosceles triangles, the charac-

teristic bandwidth and the center frequency were readily obtained. For irregular shapes, the power

spectra were represented by simplified geometries from which the characteristic bandwidths and the

center frequencies were estimated.

For all the cases studied in this paper, the largest errors introduced by using the simplified

methods was about 10 percent, but the majority were within 5 percent. Therefore, use of the simpli-

fied methods is recommended where approximation is allowable and as a check on more exact methods.
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Table 1 . Estimated errors in irregularity factor of double-peak power spectra

determined by simplified method.
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Table 1. (cont.)
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Appendix

Straight lines can be used to approximate the original curves of any kind of power spectra.

For example, figure 1 shows a single-peak power spectrum (dashed line), approximated by four

straight lines (solid line). The important consideration in choosing the straight lines is that the

area under the straight line should be the same (or close to) that of the original curve it re-

presents. Taking G^ and Gc equal to 0, the four straight lines in figure 1 are expressed by the

following linear equations:

f - f^

G(f) = (Gp - 0) for the first segment'2

f2- fi

f - f2
G(f) = (Go - Gp) + Gp for the second segment

f3- f2

f - U
G(f) = (G|^ - Go) + G^ for the third segment

f^ - f3

f - f5

G(f) = (0 - Gi^) for the fourth segment
f5 - r^

After integration of equations (3a), (3b), and (3c) and some manipulation, one finds,
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[

2 2 2 2 2 2

(0 - G2) + (G2 - G^) + (Gg - G^)-

2 L ^2 ^1 ^3 ^2 ^4 ^3

2 2

+ (Gi^ - 0) (AD
f5 - f4 J

14 4 4 4 4 4
fp - f^ fo - f2 f^ - fo

M2 =
I

(0 - G2) + (G2 - G3) + (G3 - G^)

12 I ^2 " ^1 ^3 " ^2 ^4 ~ ^3

+ (Gj^ - 0) I
(A2)

^5

1 r ^2 "" ^1 ^3 " ^2 ^4 ^3
M^ = (0 - G2) + (G2 - Go) + (Go - G^)

30 L f2 - f^ fj - f2 fi4 - f3

fc: - fl, J
+ (Gn - 0)

I
(A3)

Equations (A1), (A2), and (A3) can be written in a general form:

1 n f{if ^- fP'^^
M. = I (Gi - G^^^) -^ , j = 0, 2, 4 (A4)

(j + l)(j+2) i = 1 f^^i - f^

which can be used for single-peak as well as double-peak power spectra.
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FATIGUE CRACK GROWTH IN AREAS OF STRESS CONCENTRATION
PLASTICITY AND SMALL-CRACK EFFECTS
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Abstract

Hole-in-plate specimens, made of ABS EH36 steel, were tested in air and in 3.5 percent NaCl

solution to measure fatigue crack growth rates in areas of stress concentration at the edges of

circular holes. The linear-elastic fracture mechanics analysis of fatigue crack growth appears to

be adequate in yielded regions that are caused by monotonic loading but which have a linear stress-

strain relation under cyclic loading. Small-crack behavior, in which cracks grow at higher rates

than predictions from the long cracks, was observed when the crack length was less than 1.5 mm in

air and less than 3 mm in 3.5 percent NaCl solution. The problem of small-crack behavior was

accounted for by adding an intrinsic crack length to the physical crack length, as suggested by

El Haddad.

Key words: C-Mn steel; environmental effects; fatigue crack growth; small cracks; yielding effects,
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Introduction

The fatigue life of a structural component is determined by the sum of the applied load cycles

required to initiate a crack and to propagate the crack from subcritical to critical size. Because

welded structures, such as offshore structures, usually contain weld defects at areas of stress

concentrations, the fatigue life depends mainly on the time required for crack propagation: a

fatigue fracture mechanics analysis, therefore, is appropriate. The initial weld defects are small

and will propagate in the plastically deformed regions near stress concentrators.

Fatigue crack propagation in plastically deformed regions of structural stress concentrators,

such as at weld toes and notch roots, has been studied by many investigators [1-5] . They observed

that the linear-elastic fracture mechanics (LEFM) method was inadequate for predicting the fatigue

crack growth rate (FCGR) in this area. Some parameters have been proposed for correlation with

FCGR. Solomon [1] suggested that the plastic strain range, Ae , could be used to predict the crack

propagation rate, but this worked only for large plastic deformations. El Haddad et al. [2-i»] used

the strain intensity factor range instead of the stress intensity factor range as the driving force

for fatigue crack propagation. Dowling [5] proposed that for several kinds of specimens the J-

integral was an adequate parameter for correlation with FCGR. These proposed parameters and

subsequent correlations with FCGR are empirical or semiempir ical in nature. Their ranges and

conditions of applicability need to be defined.

Another problem associated with the fatigue crack propagation in plastically deformed regions of

structural stress concentrators is the unexpected rapid growth of small cracks. Fatigue crack

growth rates of small cracks are higher than those predicted by the results from long cracks. The

use of existing long-crack results for defect-tolerance fatigue-life calculations in components,

where the growth of a small crack represents a large portion of the fatigue life, leads to non-

conservative life predictions. To account for the higher crack growth of small cracks.

El Haddad et al. [2] introduced the notion of an intrinsic crack length, a^, which is added to the

physical crack length. The value of a^ is constant for a given material condition and environment.

The term (a + a ) is viewed as an effective crack length and" the effective stress intensity factor

range is

AK = AS [it (a + a^)!'^-'^ Fq (^^

where AK is the stress intensity factor range, AS is the nominal stress range, and F is a geome-

trical factor. The value of a can be evaluated from the limiting condition of a smooth specimen,

where the physical crack length, a, approaches zero. When F is unity and AK becomes the threshold

stress intensity factor range, AK^j^, then AS approaches the fatigue limit of the material, AOg.

Therefore, from equation (1

)

(-)(^) (2)

Numbers in brackets denote references listed at the end of each paper,
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In this paper, we report FCGRs in areas of stress concentrations and of small cracks, using the

hole-in-plate specimens in air and in 3.5 percent NaCl solution (saltwater).

Experimental Procedures

Test Material

The test material was a 1 2.7-mm-thick plate of ABS grade EH36 steel, a 350-MPa-yield-3trength

C-Mn steel. The chemical composition of the steel was given in reference 6. The steel was in the

normalized condition and had particularly uniform properties owing to sulfide shape control.

Tensile, fracture [7], and fatigue crack growth [6] properties of the steel have been studied

extensively (reference 6 is in this report). The tensile and fracture properties at ambient

temperature are listed in table 1

.

Specimen Preparation

The test specimens were 1 2.7-mm-thick hole-in-plate tensile panels. The test matrix and

specimen dimensions are given in table 2. The specimen configuration is shown in figure 1. A

circular hole was drilled at the center of the plate and a fatigue crack was initiated at the edge

of the hole so that fatigue crack growth behavior in areas of stress concentration could be studied.

Pin-loading holes at the ends of the specimen were reinforced by welding on a doubler plate.

Except for specimen 1, which did not have notches, sharp notches about 0.5 to 1 mm in length

were machined from the edge(s) of the hole normal to the loading direction with a slitting saw. The

sharp notches were used as crack starters to facilitate fatigue precracking.

Table 1 . Tensile and fracture properties of ABS grade EH36 steel at

ambient temperature [7].

Upper Yield Point: 331 MPa

Lower Yield Stress: 326 MPa

Ultimate Tensile Strength: 496 MPa

Fracture Stress: 1246 MPa

Elongation: 39.1 %

Reduction in Area: 77.6 %

Charpy V-Notch Absorbed Energy: -346 J

Fracture Toughness*, CTOD: 0.481 mm

Fracture Toughness""" , Jj^: 241 N mm
-1

3-point bend specimen with thickness = 25.4 mm.

Solutions for the stress intensity factor, K, of the specimen are available in reference 8. The

stress intensity factor is given as
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Table 2. Test matrix and specimen dimensions,

Specimen Specimen Center Hole
No. Width, mm Diameter, mm Crack

Test Test
Environment Frequency, Hz

1 203 50,8 No Air

2 254 50.8 Asymmetric
(One Crack)

Air

3 254 50.8 Asymmetric
(One Crack)

Saltwater

4 254 50.8 Symmetric
(Two Cracks)

Air

0.1

•12.7 mm

^

i

Figure 1 . Schematic of hole-in-plate specimen.
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''

K = S (it a)°-5 F(a/D) (1)

where the crack length, a, is measured from the edge of the hole, D is the hole diameter, S is the

remote tensile stress, and F(a/D) is a function of crack length and hole diameter.

Loading Conditions

Except for specimen 1 , specimens were cyclically loaded at ambient temperature with frequencies

of 3 Hz in air and 0.1 Hz in saltwater using load control with a 1 -MN-capacity servo-controlled

hydraulic testing machine. The stress ratio (i.e., the ratio of minimum to maximum stress) was kept

constant at 0.3-

Specimen 1 , which had no crack, was instrumented with eight electrical-resistance strain gages

extending from the edge of the hole to the edge of the test plate perpendicular to the loading

direction. The gages were spaced 2.5 mm near the edge and 25-^ mm away from the hole. The purpose

of testing specimen 1 was to study the strain distribution at the stress concentration under

loading-unloadlng-reloading sequence. The loading and unloading were controlled manually under

displacement control.

Test Environments and Crack-Length Measurements

Tests were conducted in air and in saltwater at ambient temperature. Crack-length measurements

were made with a 30-power traveling microscope at various time intervals, depending upon crack

propagation rates. For tests in saltwater, a transparent plastic container was used to contain the

saltwater, which was continuously circulated at a rate of 26 )l/min through a diatomaceous-earth

filter. The NaCl concentration, temperature, and pH value of the saltwater were monitored periodi-

cally.

For tests in saltwater, crack lengths were measured with the traveling microscope through the

transparent container. The rust around the crack tips was scrubbed from the specimen surface with

sandpaper and cotton swabs before measurements.

Crack closure was monitored through the load-displacement curves with an x-y recorder or an

oscilloscope. Displacements were measured at the crack mouth. To facilitate the displacement

measurements, razor blades, spot welded at the crack mouth and extending out of the specimen plane,

were used for attachment of the clip-on gage.

Experimental Results and Discussion

Strain Survey

Specimen 1, which had no crack, was monotonically loaded from zero to 220.^4 MPa (nominal

gross-section stress) and then unloaded to zero nominal stress. The measured local strains along

the direction of the hole diameter normal to the loading direction are plotted in figure 2.

In the elastic range, that is, for nominal stress less than one-third the yield strength, the
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strain distribution in the vicinity of a circular hole can be calculated accurately [9]. The edge

of the hole begins to deform plastically when the nominal stress is higher than one-third the yield

strength. If the extent of plastic deformation is small, the stress redistribution owing to the

plastic deformation is negligible, and the elastic solutions [9] are still adequate for regions that

do not yield. The results of the present Investigation indicate that elastic solutions are adequate

(the error is within 3 percent) for areas 2 mm or farther from the hole edge at a nominal stress of

155.1 MPa, which is much higher than one-third the yield strength (117 MPa)

.

The strain increases rapidly after the material has yielded. Strain distributions in the

elastic-plastic case can be estimated from Neuber's rule [10]. To obtain accurate results,

numerical methods, such as finite element analysis, must be performed.

After the specimen was unloaded to zero nominal stress, as shown in figure 2, residual strains

existed over a large region (>50 mm). The specimen was reloaded and strain increments, Ae , were

recorded. A strain increment is the difference between the current measured strain and the residual

strain, Ae = ^current
~

^residual* ^^ shown in figure 3, as nominal stress increased from 115.3 to

220. ^ MPa (about double) at a point 2 mm from the hole edge, Ae increased from 1.52 x 10~^ to

3.12 X 10 -^ (about double). The relation between nominal stress and local strain increment is linear

owing to strain hardening of the material in the plastically deformed region. Because of the linear

relation between stress and strain at stress levels above monotonic yield strength, LEFM analysis of

FCGR in this region should be adequate. However, the residual stress associated with the residual

strain might influence FCGR. The residual stress is in compression and effectively reduces the

mini mum -to -maximum stress ratio; this usually lowers FCGR, especially at higher and near -threshold

growth rate regions.

FCGR at Edges of a Yielded Hole in Air

Specimen 4, which had two symmetric cracks emanating from opposite edges of the hole, was

fatigue tested with a maximum stress, S_„^, of 207 MPa and a minimum stress, S_,.„, of 52.1 MPa in

air. With a stress concentration factor of 3-1 4, the maximum and minimum local stresses at the edge

of the hole were 550 and 195 MPa, respectively. Fatigue crack growth rates were measured as the

cracks propagated from 0.5 to 9 mm, which was within the yielded region caused by the application of

a nominal stress of 207 MPa (figure 2).

The FCGR results, plotted in figure 4, show good agreement between the hole-in-plate specimen

and compact-type (CT) specimens [5] at AK higher than 30 MPa/m. Below 30 MPa/m, the FCGRs of the

hole-in-plate specimen are higher than those obtained from CT specimens, which is not unexpected.

Usually, the length of the existing crack is larger than 15 mm for a 25 .^-mm-thick CT specimen,

which was used in reference 6 and the crack behaves like a normal or long crack. In the hole-in-

plate specimen, the crack length was about 1.5 mm when AK was 30 MPa/m, and the crack behaves like a

small crack. As mentioned previously, FCGRs of small cracks are higher than those predicted by

results from long cracks.

Using the approach of El Haddad et al. [2-4], we found the value of a^ in equation (1) to be

0.35 mm. Then the whole da/dN-versus-AK curve of the hole-in-plate specimen agreed well with the

results from CT specimens.
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Figure 3. Measured strain distribution in the vicinity of a circular hole at
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Specimen 2, which had only one crack emanating from one edge of the hole, was fatigue tested

with a loading condition identical to that applied to specimen 4. The FCGR results are shown in

figure 5, which show reasonable agreement between the hole-in-plate specimen and CT specimens [6].

The results of this investigation show that the LEFM analysis of fatigue crack growth ip

adequate in yielding conditions under monotonic loading. This observation is consistent with one

other study [6] in which a deeply-grooved CT specimen was tested. However, it should be cautioned

that the applicability of the LEFM analysis of fatigue crack growth in yielding conditions (under

monotonic loading) is probably limited to conditions where the local stress-strain relation under

cyclic loading remains linear.

FCGR at Edges of a Yielded Hole in Saltwater

Specimen 3. which had one crack emanating from one edge of the hole, was fatigue tested with a

loading history identical to that applied to specimen 4 in saltwater. The FCGR results are shown in

figure 6. Reasonable agreement between results from CT specimens [6] and the present study is

observed, indicating that in saltwater as well as in air the LEFM analysis of fatigue crack growth

is adequate in yielding conditions under monotonic loading.

As shown in figure 6, the small-crack behavior occurs at a AK level of about 45 MPa/m, which

corresponds to a crack length of 3 mm, twice as long as that observed in air (1.5 mm). The reason

for this is not clear and further study is needed.

The FCGRs of hole-in-plate specimens are slightly lower than those of CT specimens because the K

solutions [8] for a crack at the edge of a hole were larger than the experimental data [11,12].

Consequently, the FCGR is lower when a calculated K is used. In the case where there are two cracks

at the edge of a hole, results obtained with a calculated K agree with experimental results.

Summary and Conclusions

Even though significant plastic deformation exists in areas of stress concentration in struc-

tural components, the fatigue crack growth rates in those areas can be predicted very well using the

LEFM analysis, provided that the local stress-strain relation is linear under cyclic loading and the

crack is long enough that the small-crack behavior is absent. Small cracks grow at higher rates

than those predicted from da/dN-versus-AK results for long cracks. The problem of small-crack

behavior can be accounted for by adding an intrinsic crack length to the physical crack length, as

suggested by El Haddad. The intrinsic crack length appears to be dependent upon environmental

conditions for a given material. It is longer in saltwater (3 mm) than in air (1.5 mm)

Acknowledgments

This worked was supported by the Department of Interior, Minerals Management Service.

Drs. H. I. McHenry and D. T. Read provided helpful discussions.

51



10

10
-2

o

o
^.

E
E

Z
•a
^^
CO

10"3|-

T3 10r4

10r5
10

AK, ksiVIn
20 50
—

I

1
1 r

90

1
\

\ 1 I I l-l

• Specimen 2 in air,

R=0.3

CT specimen,

R=0.1
R=0.5

J \ \ I I I I IJ

- 10
-4

-101-5

O
O
>»
o

z
o
(0

T3

10"

20 50

AK, MPa>^
100

Figure 5. Comparison of fatigue crack growth rates in plastically deformed
regions and compact-type specimens in air.

52



AK, ksl/lrT

10

10
2-r-

20 50 90
1—I—I—r-TT

o
o
>
o

E
E

(0

10-3

10-4-

10-5

1 I I I I H

• Specimen 3 in saltwater,

R = 0.3

CT specimen
in saltwater

I I I I I I I

10
-4

O
>»
o

-llO"^

as

•o

J 10"®

10 20 50 100

AK, MPa/m

Figure 6. Comparison of fatigue crack growth rates in plastically deformed

regions and compact-type specimens in saltwater.

53



References

[I] H. D. Solomon, "Low Cycle Fatigue Crack Propagation in 1018 Steel," Journal of Materials
,

Vol. 7, No. 3 (1972), pp. 299-306.

[2] M. H. El Haddad, K. N. Smith, and T. H. Topper, "Fatigue Crack Propagation of Short Cracks,"
Journal of Engineering Materials and Technology , Vol. 102 (1979), pp. 42-46.

[3] M. H. El Haddad, K. N. Smith, and T. H. Topper, "A Strain Based Intensity Factor Solution for
Short Fatigue Cracks from Notches," in: Fracture Mechanics , ASTM STP 677, American Society for
Testing and Materials, Philadelphia (1979), pp. 274-284.

[4] M. H. El Haddad, N. E. Dowling, T. H. Topper, and K. N. Smith, "J- Integral Applications for
Short Fatigue Cracks at Notches," International Journal of Fracture , Vol. 16, No*. 1 (1980),

pp. 15-30.

[5] N. E. Dowling, "Geometry Effects and the J- Integral Approach to Elastic-Plastic Fatigue Crack
Growth," in: Crack and Fracture , ASTM STP 601, American Society for Testing and Materials,
Philadelphia (1977), pp. 19-32.

[6] Y. W. Cheng, "The Fatigue Crack Growth of a Ship Steel in Saltwater under Spectrum Loading ,"

in this report, pp. 15-30.

[7] T. L. Anderson, "The Effect of Crack-Tip Region Constraint on Fracture in the Ductile-to-
Brittle Region," Ph.D. thesis, Colorado School of Mines, Golden, Colorado (1983).

[8] H. Tada, P. C. Paris, and G. R. Irwin, The Stress Analysis of Cracks Handbook , Del Research
Corp.. Hellerton, Pennsylvania (1973), pp. 19.2, 19.4, and 19.9.

[9] G. N. Savin, Stress Concentration Around Holes , translated from the Russian by E. Gros,
Pergamon Press, New York (1961), pp. 104-113.

[10] H. Neuber, "Theory of Stress Concentration for Shear-Strained Prismatical Bodies with Arbitrary
Nonlinear Stress-Strain Law," Journal of Applied Mechanics , Vol. 28 (1961), pp. 544-550.

[II] P. N. Li and Y. W. Cheng, "High/Low Stress Amplitude Effects on Fatigue Crack Growth of a Ship
Steel in Air and in Saltwater," in this report, pp. 55-65.

[12] J. S. Cargill, J. K. Malpani, and Y. W. Cheng, "Disk Residual Life Studies," AFML-TR-79-4173,
Air Force Materials Laboratory, Dayton, Ohio (1979).

54



HIGH/LOW STRESS AMPLITUDE EFFECTS ON FATIGUE CRACK GROWTH RATES
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Abstract

Hole-in-plate specimens, made of ABS grade EH36 steel, were tested in air and in 3.5 percent

NaCl solution (saltwater) to study the high/low stress amplitude effects on fatigue crack growth

rates (FCGRs) in an elastic stress field and at the edge of a yielded hole. Effects of tensile

overload prior to crack initiation on subsequent FCGR at the edge of a yielded hole were also

investigated. The results are summarized as follows:

1

.

The tensile overload retardation effects were similar in an elastic stress field and at the

edge of a yielded hole.

2. The tensile overload retardation effects were similar in air and in saltwater.

3. The Bowie analysis overestimated the stress intensity factors when compared with experimental

results.

4. The simple engineering approach gave accurate stress intensity factors when compared with

experimental results, except in areas close to the edge of a hole. In the latter case, the

simple engineering approach overestimated the stress intensity factors owing to overestimation

of crack length.

5. Tensile overload prior to crack initiation appeared to retard the subsequent FCGR at the edge

of a yielded hole. The retardation was explained by the presence of beneficial residual

stresses and crack closure.

Key words: C-Mn steel; environmental effects; fatigue crack growth; load-sequence interaction

effects; yielding effects.
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Introduction

The fracture mechanics approach has been successfully applied to describe fatigue crack growth

under constant-amplitude loading. However, fatigue life predictions of structural components remain

complicated and imprecise owing to lack of methodologies that accurately account for the irregular

nature of service loading. Load-sequence interaction effects have been qualitatively recognized for

a long time, but because of numerous factors involved, detailed quantitative characterization has

not well been established. Significant effects observed by many investigators can be summarized as

follows:

1. Tensile overloads cause retardation of fatigue crack growth. A sufficiently high tensile over-

load may stop the growth of a fatigue crack completely [1].

2. Preceding lower cyclic loads cause a slight acceleration of fatigue crack growth [2].

3. A compressive overload preceding a tensile overload reduces the retardation caused by the ten-

sile overload [3].

k. A compressive overload following a tensile overload significantly reduces the retardation

effects caused by the tensile overload [3].

5. Compressive overloads slightly accelerate fatigue crack growth [3].

For sea loading on offshore structures, all the aforementioned load-sequence interaction

effects occur. In the case of offshore structures, one has to consider the possibility of addi-

tional interactions between load sequence and strong environmental effects due to saltwater. The

investigation reported in this paper pursued the following objectives: (1) to compare the high/low

stress amplitude effects on fatigue crack growth rates (FCGRs) in air and in 3.5 percent NaCl solu-

tion (saltwater), (2) to compare the high/low stress amplitude effects on FCGRs in an elastic

stress field and at the edge of a yielded hole, and (3) to study the effects of tensile overload prior

to crack initiation on subsequent FCGR.

Experimental Procedures

This investigation was a continuation of that reported in reference ^ (reference H is in this

report). The test material, specimen preparation, test environment and crack length measurement

technique of this investigation were identical to those described in reference 4. The test varia-

bles, which were different from reference 4, are described in the following.

The maximum and minimum loads were step decreased during the test, while the minimum-to-maximum

stress ratio was kept constant at 0.3, to study the high/low stress amplitude effects. The initial

maximum and minimum nominal stresses, S„^^ and S„.„, were 207 and 62.1 MPa. The stresses were step
IliclA III J.I1

decreased to 147.9 and 44.36 MPa, and then to 105.6 and 31-69 MPa.

In addition to the test matrix given in table 2 of reference 4, specimen 5 was used to study

the influence of tensile overload which was applied before crack initiation on the subsequent

fatigue crack propagation at stress concentrations. Specimen 5, which had no crack initially with a

Numbers in brackets denote references listed at the end of each paper,
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hole diameter of 4M.45 mm, was monotonically loaded to a nominal stress of 242 MPa. After being

unloaded, two small notches of 0.5 mm in length were introduced with a jeweler's saw on opposite

edge of the hole normal to the loading direction. The specimen was fatigue cycled at stress levels

of S_„^ = 20? MPa and S_,,-_ = 62.1 MPa. After each crack had grown 3.2 mm, the specimen was
ula.X [lliri

remachined to enlarge the hole diameter to 50.8 mm. The specimen was then fatigue cycled again at

the same cyclic stress levels iS^^^ = 207 MPa and S^j^^^^ = 62.1 MPa).

Experimental Results and Discussion

Effects of High/Low Stress Amplitude on FCGR in Air

Specimens 2 and 4 (in reference to table 2 of reference 4) were tested to study the effects of

high/low stress amplitude on FCGR in air in the plastically deformed regions. The results, along

with the detailed loading histories, are given in figures 1 and 2 for specimens 2 and 4,

respectively. At the beginning of testing specimen 2, which had a single crack emanating from the

edge of the hole, the maximum nominal stress, S^^^^^^, and the minimum nominal stress, S . , were first

decreased from 207 and 62.1 MPa to 115 and 34.5 MPa, a load reduction ratio of 1.8. The overload

effect was so strong that there was no observed crack growth in 90.9 kilocycles. Subsequently, S_„^

and Sjjj^^ were increased to 147.9 and 44.36 MPa, respectively.

The values of AK, as shown in figure 1, were calculated using the Bowie analysis [5], the

simple engineering approach [6] (which considers the hole as a portion of the crack), and the ex-

perimental method. In the experimental method, values of AK were inferred, using the da/dN-versus-

AK results of CT specimens [7], from the measured da/dN of the hole-in-plate specimen.

As shown in figure 1 , the trend of experimental AK without considering crack closure or retar-

dation effects is lower than predictions of both the Bowie analysis and the simple engineering

approach. However, if crack closure is considered, the apparent stress intensity factor range

(AKg ) , plotted as crosses in figure 1, increases and agrees very well with predictions from the

simple engineering approach.

At crack lengths less than 5 mm, the simple engineering approach overestimates AK because it

overestimates the crack length by considering the hole as a portion of the crack. The Bowie analy-

sis overestimates AK in the whole range studied. The present results are consistent with those of

another study [8] in which a single fatigue crack propagated from the bolt hole of a compressor

disk. The crack length at which the simple engineering solution crosses over the Bowie analysis

depends on the size of the hole; it increases with increasing hole diameter.

As expected, immediately after the load reduction the FCGRs were lower than the trend line,

indicating that the fatigue crack growth was retarded (figure 1). There was no observed crack growth

in 90.9 kilocycles after a load reduction ratio of 1.8.

The measured widths of retardation effect were in reasonable agreement with predictions by

Willenborg model [9]: 4.5 and 6.5 mm versus 4.9 mm. The Willenborg model assumes that, as long as

the instantaneous plastic zone is within the prior high-load-affected plastic zone, crack growth

retardation will be present. The retardation decays to zero when the instantaneous plastic zone
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passes beyond the prior high-load-affected plastic zone.

As indicated in figure 2 of reference ^, at a nominal stress of 207.5 MPa the yielded region

extended from the hole edge to about 19 mm away from the hole edge. Thus, at the first load reduc-

tion, the crack tip with a crack length of 9 mm was within the yielded region. At the second load

reduction, the crack tip with a crack length of 26 mm was outside the yielded region. The AK-

versus-a trends (figure 1 ) of the first and the second load reductions are similar, indicating that

the high/low stress amplitude effects on FCGR are similar in the elastic and in the yielded regions.

However, note that LEFM analysis of FCGR in the yielded region is probably limited to conditions

where the stress-strain relation remains linear under cyclic loading. If it is cyclically yielded,

the analysis will probably not be valid.

The test results for specimen 4, which had two symmetrical cracks emanating from opposite edge

of the hole, are shown in figure 2. The available K solution is from an analysis by Newman [5]. As

shown in figure 2, the experimental AK values are in excellent agreement with those of analytical

predictions except in the areas affected by the load reduction.

The test results of specimen 4 differed from those of specimen 2 in three ways: First, no

apparent crack closure was observed. Second, the measured width of retardation effect (17 mm) was

much larger in specimen ^ than in specimen 2. Third, the delayed retardation effect was more pro-

nounced. The only difference between specimens 2 and 4 is that specimen 2 had a single crack

emanating from one edge of the hole and specimen 4 had two symmetrical cracks emanating from

opposite edges of the hole. To conform that these differences are geometry dependent, additional

tests are needed.

Effects of High/Low Stress Amplitude on FCGR in Saltwater

Specimen 3i which had one crack emanating from one edge of the hole (identical to specimen 2),

was fatigue tested with a loading history identical to that applied to specimen 4 in saltwater. The

results obtained in saltwater, as shown in figure 3, are similar to those of specimen 2 in air

(figure 1): (1) The experimental AK values, without considering crack closure, were smaller than

those predicted by the Bowie analysis and by the simple engineering approach. (2) Overloading

effects were observed, and the width of the retardation effect was in good agreement with that pre-

dicted by the Willenborg model. This indicates that the high/low stress amplitude effects are prac-

tically the same in saltwater as in air.

Effects of Overload Prior to Crack Initiation on FCGR

Specimen 5, containing a 44 . 5-mm-diameter center hole without a notch, was preloaded to a

remote stress of 242 MPa. After being unloaded, two small notches of 0.5 mm in length were

introduced by a jeweler's saw on opposite edges of the hole. Then the specimen was fatigue cycled

at stress levels of S^^^ = 207 MPa and S^^^ = 52.1 MPa, identical to that applied to specimen 4. As

the distance between the two crack tips increased beyond 50.8 mm, the specimen was remachined to

enlarge the hole diameter to 50.8 mm, while the center of the hole was adjusted such that lengths of

the remaining small cracks were identical. Finally, the specimen was cycled -again at the same

cyclic stress levels (S^^^^ = 207 and S^^^^ = 62.1 MPa).
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The FCGRs plotted in figures 4 and 5 are much lower than those of specimen 4 (figure 2), which

had no prior overloading. The solid line in figure 4 was derived from Newman analysis [5], and the

dots were inferred from the experimental method. The different behaviors exhibited by specimens 4

and 5 can be explained as follows: Since the hole edge of specimen 5 was yielded during prior over-

loading, beneficial compressive residual stresses were developed upon unloading. Moreover, when a

crack is present in the prior yielded region, the crack surfaces will touch each other before the

specimen is unloaded to the minimum load. This means that, in addition to a compressive residual

stress field at the crack tip, crack closure occurs and the FCGR decreases. However, small-crack

behavior counterbalanced the retardation effect at crack lengths less than 0.5 mm (figure 5).

Summary and Conclusions

The retardation in fatigue crack growth rates owing to high/low stress amplitude was studied

with hole-in-plate specimens. The following observations were made:

1

.

The retardation effects were similar in elastic stress fields and at the edges of a yielded

hole.

2. The retardation effects were similar in air and in saltwater.

3. The Bowie analysis overestimated the stress intensity factors, when compared with experimental

results.

4. The simple engineering approach gave accurate stress intensity factors, when compared with ex-

perimental results, except in areas close to the edges of a circular hole. There the stress

intensity factors were overestimated because the crack length was overestimated.

5. Tensile overload prior to crack initiation appeared to retard the subsequent fatigue crack

growth rates in areas of stress concentration. The retardation was explained by the presence

of beneficial residual stresses and crack closure.
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