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Abstract 

The fatigue behavior of full-scale welded steel bridge details subjected to 

variable amplitude loading is examined. This classification of structural details 

reqmres the evaluation of their fatigue behavior in a more general perspective 

than what has currently been done. While extensive variable amplitude fatigue 

testing has been conducted on small-scale specimens, few test programs have 

involved large-scale specimens. The fatigue behavior of full-scale welded details 

is dominated by the existence of residual tensile stresses. . The magnitude of 

these stresses is such that they are at or near the yield stress, regardless of the 

steel type and do not redistribute under the cyclic loading that a bridge type 

structure is normally subjected to. Due to the presence of the local tensile 

residual stresses and the limited range of global dead load and live load stresses, 

fatigue crack propagation must be considered in terms of high effective stress 

ratios. Small-scale specimens seldom accurately simulate this stress state, nor 

do they provide a defect size and distribution compatible with those commonly 

found in actual bridge details. 

Because of the existence of high stress ratios due to residual stresses at 

crack initiation sites, fatigue crack propagation can be considered to occur at an 

upper bound rate. Fatigue crack growth studies have shown that as the stress 

ratio increases, fatigue crack propagation increases towards a limiting upper 

bound. With crack growth at high stress ratios, crack tip closure is reduced to 

the degree that cycle interaction effects become negligible. This includes both 

crack growth delay from overload cycles and crack growth acceleration from 

underloads. When fatigue crack propagation occurs along a single growth curve, 

then the basic assumptions of Miner's cumulative damage law are satisfied. The 

1 



use of Miner's Rule with an upper bound fatigue crack growth rate will provide 

a lower bound, conservative estimate of fatigue damage resulting from variable 

amplitude loading. 

In the high cycle regwn, a substantial portion of fatigue life is devoted to 

crack initiation or crack growth at low rates. In addition, only the portion of 

stress cycles in the variable amplitude stress spectrum that are above the 

fatigue limit will contribute to fatigue crack propagation. The use of Miner's 

Rule may seem to be invalid. However, uncertainties exist m the fatigue design 

and evaluation procedures. This includes the variability m the crack growth 

threshold values and the inability to predict future bridge loads. The straight

line extension of the fatigue design resistance curves below the constant 

amplitude fatigue limits, coupled with the use of Miner's Rule, provides a lower 

bound estimate of fatigue strength and is compatible with available test data. 

The effects of stress range spectrum shape and low cycle truncation on 

fatigue life estimate were also studied. For typical highway bridge stress 

spectrums, it was found that fatigue life was generally overestimated as non

contributing stress cycles were introduced into the life calculation. However, the 

inclusion of relatively small stress cycles had no major effect on fatigue life and 

only represented a movement along the fatigue resistance curve. It was 

concluded that for fatigue design, the present AASHTO procedure of using an 

artificially high stress range with an artificially low number of stress cycles is 

entirely adequate and provide a reasonable estimate of fatigue life. 
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1.1 Problem Statement 

Chapter 1 
Introduction 

Current bridge design specifications are based on constant amplitude 

fatigue test data, while the loading experienced by bridge structures is both 

variable and random in nature. Over the years, extensive research has been 

conducted in an effort to relate the damage done by variable amplitude loading 

to the fatigue resistance of welded steel details as defined by the constant 

amplitude fatigue test data. A number of hypotheses or methods have been 

proposed that deal with the estimation of fatigue damage due to variable 

amplitude loading. The most widely recognized and used method to date was 

proposed by Miner1 in 1945 and is currently referred to as Miner's Cumulative 

Damage Rule, or simply Miner's Rule. Briefly, the rule states that the number 

of load cycles applied, as expressed as a percentage of the number to failure at 

a given stress level, would be the proportion of useful life expended. When the 

total damage reached 100 percent, the specimen or member should fail. This 

results in a relatively simple method to deal with the problem of variable 

amplitude loading. 

With the development of the arc welding process and its eventual 

application to steel highway bridges in the early 1960's, there has been an 

increasing awareness of the variable amplitude problem and how it relates to 

welded steel bridge details. There has been continued concern as to the validity 

of Miner's Rule as applied to this type of loading in two respects. First and 

foremost, the validity of the rule has been questioned. Experimental fatigue 
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test programs by Gurney2• 3 and others4• 5 have shown Miner's Rule to be 

unconservative for certain load spectra. This has given rise to a number of 

non-linear cumulative damage rules. Secondly, there has always been the 

question of how to estimate fatigue damage from load spectra that have a 

portion of the stress cycles below the constant amplitude fatigue limit. Various 

methods have been proposed that range from ignoring those cycles below the 

limit to the assumption that all cycles in the spectrum contribute to growth. 

A number of methods have been proposed in between these bounds. Haibach6 

has suggested that the slope of the S-N curve be changed from -3.0 to -5.0 

below the constant amplitude fatigue limit. Tilly 7 has proposed a similar 

method; using two exponents to represent the constant amplitude fatigue curve. 

Both Yamada8 and Schilling9 have proposed the use of a variable amplitude 

fatigue limit determined as a function of the constant amplitude fatigue limit 

and the stress range spectrum. The cycles that fall below this variable limit 

are assumed not to contribute to crack growth. 

Over the past ten years fatigue cracks have developed in in-service bridge 

details. These details, designed in accordance with earlier fatigue specifications, 

were subjected to stress cycles that exceed the current AASHTO fatigue limit. 

The rate of exceedance in most cases was quite low, usually below ten percent. 

In several cases, cracks were found in beams of bridges where the exceedance 

rate of the fatigue limit was estimated to be only 0.1 percent of the total 

number of stress cycles. 10 Available experimental results have shown that if 

only a relatively small portion of the cycles in the spectrum exceed the constant 

amplitude fatigue limit, cracking will occur. The extent of the fatigue cracking 

appears to be such that nearly all cycles are contributing to fatigue crack 
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propagation. That is, the cycles which are below the fatigue limit as well as 

those which exceed it cause crack growth. 

The observed behavior of crack growth under variable loading, both 

experimental and actual, suggests that fatigue damage in bridges is more severe 

than originally assumed or implied in the fatigue design codes. Over the years 

the magnitude of the loads which bridges are subjected to have increased. This 

has been due to the general increase in truck weights and the increase in the 

number of permits or overloads allowed. As bridges are subjected to heavier 

loads in the future, it can be anticipated that more critical fatigue problems 

will occur which will significantly reduce the assumed fatigue life of a given 

welded structure. 

1.2 Objectives 

The main objective of this study is to evaluate the fatigue life behavior 

and fatigue resistance of welded bridge details subjected to variable amplitude 

loading both above and below the constant amplitude fatigue limit. The fatigue 

limit being defined as the maximum constant amplitude stress range that a 

g1ven detail can be cycled indefinitely without showing any evidence of fatigue 

crack growth. 

For stress range spectra in which all cycles are above the constant 

amplitude fatigue limit, it will be shown that Miner's Rule provides a correct 

estimate for cumulative damage of full-scale welded steel details subjected to 

variable amplitude loading when used in conjunction with large-scale fatigue test 

data. Fatigue resistance curves derived from large-scale test data provide the 

lower bound estimate of fatigue resistance that is consistent with Miner's Rule. 

Anomalies that exist in the literature are primarily due to small-scale test data 

5 



and using that data to evaluate full-scale structures' fatigue behavior. 

For high cycle fatigue, where a major portion of the stress spectrum falls 

below the constant amplitude fatigue limit, it will be shown that the straight

line extension of the fatigue resistance curve is the correct lower bound estimate 

for use in both design of new structures and the evaluation of existing 

structures. While for a single detail type and a known load spectrum, the 

straight-line extension provide an overly conservative estimate of fatigue 

resistance, the variability inherent in structural detail types and loading 

conditions for both design and evaluation, almost always, result in a decrease in 

fatigue resistance. It is this variability that necessitates the use of the straight

line extension below the constant amplitude fatigue limit to define the fatigue 

resistance of full-scale welded steel details subjected to variable amplitude 

loading. 

1.3 Scope 

It is important to emphasize that the focus of this research will be 

towards the study of welded steel bridge details or similar type structural 

elements. In addition to highway and railroad bridges, comparable type details 

can be found in cranes, large welded vehicular frames, ships, and offshore 

structures. This classification of details possesses a certain type of uniqueness 

that distinguishes it from other structural classifications such as riveted and 

bolted structures, and aircraft structures. The two significant parameters which 

result in this differentiation are: the actual loadings that bridges are subjected 

to and the magnitude of the residual stresses found in welded steel structures. 

The loads to which bridges are subjected, both dead and live, result in a 

narrow range for the value of the stress ratio that actually occurs at welded 
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bridge details. The welding of the steel components result in zones of high 

residual stress that have a dominating effect on fatigue behavior throughout 

most of the life of the structure. Due to these two influential parameters, the 

evaluation of experimental test data must be performed with this uniqueness in 

mind. This should result in the elimination of many unnecessary parameters 

that can easily complicate a study of the fatigue behavior of welded steel bridge 

details subjected to variable amplitude loading. 

Extensive use of fracture mechanics principles will be used to help describe 

the fatigue behavior of welded steel details. Specifically, the application of 

principles will be viewed in light of the fact that fatigue crack growth occurs in 

a zone of high residual tensile stress. The combination of the loading and the 

welding residual stresses result in a high effective stress ratio. Crack growth 

studies have shown that as the stress ratio increases, fatigue crack propagation 

rates also mcrease. Other fatigue tests involving occasional overload cycles have 

shown an interaction effect between cycles resulting in crack growth retardation. 

A careful review of the data shows that the interaction effect, and thus the 

amount of growth delay, decreases as the stress ratio is increased. The crack 

closure concept can be used to explain these effects as well as the apparent 

unconservativeness of Miner's Rule when applied to fatigue crack propagation 

specimens and small scale specimens. 

A review of pertinent fatigue test data will be conducted. When viewed 

with the effect of high residual stresses and high stress ratios, many of the 

anomalies in the conclusions that have been reached from the test data over the 

years can be resolved. Since fatigue testing of full-scale specimens in the high 

cycle region requires high load capacity equipment and inordinate amounts of 

7 



time, most fatigue testing in this region is performed on smaller scale specimens. 

But these test conditions seldom simulate actual conditions. The existing large

scale fatigue test results define the fatigue behavior of welded steel bridge 

details when proper consideration is given to the influence of high magnitude 

residual stress fields. 

In order to examine the variability of parameters influencing high cycle 

fatigue behavior, a fatigue crack propagation model will be developed. This 

simulation model will be based on linear elastic fracture mechanics, using the 

range of stress intensity concept at the crack tip as the driving force of fatigue 

crack propagation. Variability in fatigue design enters into both sides of the 

load-resistance equation. On the resistance side, the variability in the constant 

amplitude fatigue limit, or in more general terms, the variability in the fatigue 

crack propagation threshold value, will affect the fatigue strength of welded steel 

details. For a given stress range spectrum loading at or near the constant 

amplitude fatigue limit, the actual fatigue crack propagation threshold value will 

govern the amount of cumulative damage. Conversely, on the other side of the 

equation, the variability in the load spectrum will be studied. As the resulting 

stress spectrum increases due to increasing loads, a greater portion of the stress 

cycles are above the crack growth threshold value, thus increasing fatigue 

damage. In addition, the fatigue crack propagation model will be correlated 

with existing fatigue test data in order to explain the high cycle behavior of the 

data and the influence of the constant amplitude fatigue limit on the test 

results. 
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Chapter 2 
Background 

2.1 Early Development of Fatigue Design Criteria 

The use of welded structures significantly increased with the development 

and expansion of the interstate highway system beginning in the early 1960's. 

It eventually became evident in the mid 1970's that the welding of steel bridge 

components could result in details that had relatively short fatigue lives. There 

were several cases in which . fatigue cracks developed in bridges due to an 

inadequate knowledge of low fatigue strength details. An e.arly rese~~ch 

program, commonly known as the AASHO Road Test, i~dicated that fatigue . 

crack growth could be expected in welded details when subjected to high stress 

range conditions resulting from simulated truck traffic. 11 This particular 

research program formed the basis for much of the fatigue research that 

followed. 

Early fatigue design . specifications required a reduction in the allowable 

maximum stress when the structural member was subjected to load reversals. 

The allowable stress was expressed in terms of the maximum stress and varied 

with the stress ratio, defined as the algebraic ratio of minimum and max1mum 

stress. The provisions were based on the available data at the time and 
~~---- ·- ------·-. 

consisted mainly of small-scale plate specimens. Two million cycles was 

generally assumed to be the run-out or infinite life condition. 

A major revision to the bridge fatigue specifications occurred m 1965 when 

AASHO adopted new steel bridge fatigue provisions.12 This new set of fatigue 

provisions was based on additional fatigue test data and a re-examination of 

9 



older data. Basically, there were mne separate classifications of fatigue life for 

various types of conditions and details. Although there was no differentiation 

between the various welded attachment details that were commonly used in 

bridge design and fabrication; the allowable fatigue stress for a given detail was 

based on the maximum stress, with provisions for stress ratio and the steel 

yield stress. Some details and members of high strength steels were permitted 

higher allowable stresses. 

While fatigue research continued, there still did not exist a single 

comprehensive test program that allowed for the systematic analysis of a large 

database that would reveal the significant parameters important in describing 

the fatigue behavior of welded bridge details. Often, many variables were 

introduced into an experiment with a limited number of test specimens. This 

made it impossible to establish clearly the statistical significance that stress 

variables, types of details, steel type, and quality of fabrication had on fatigue 

life. Failure to properly control and measure the variables influencing the 

fatigue strength resulted in apparent conflicts and contradictory claims on the 

stress variables and material characteristics. 

2.2 National Cooperative Highway Research Program Project 

12-7 
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2.2.1 Test program 

National Cooperative Highway Research Program (NCHRP) Project 12-7 

was developed to provide a statistically designed experimental program under 

controlled laboratory conditions.13• 14 The program involved the fatigue testing 

of some 530 test beams and girders with two or more welded details each. 

Large size specimens were used to overcome some of the limitations of smaller, 

simulated specimens, such as: residual /tress fields, defect size and distributions, 

and shear size. The specimens were fabricated with various details that are 

common to steel bridges, including coverplates, web and flange attachments, and 

web stiffeners. Three different types of steels were used to study the influence 

of yield stress on fatigue life: A36, A441, and A514. This provided a range of 

nominal yield stress that varied from 36 to 100 ksi. 

The principle design variables for the study were ·those associated with 

three major categories: type of detail, stress condition, and type of steel. 

Minimum stress, maximum stress, and the stress range were selected as the 

controlled stress variables. This permitted variation in one variable while the 

others were maintained at a constant level. This was the first program that 

effective])' controlled the design factors that influenced fatigue behavior. 

2.2.2 Findings 

With all of the different variables studied in the NCHRP project 12-7, 

only two significantly influenced the fatigue strength of welded details: stress 

range and detail type. These findings were observed to be applicable to every 

beam and detail examined in the project. The major reason for this 

simplification was the fact that as-welded steel structures contain localized 

residual stresses from the welding process and are of such magnitude that other 

11 



stress parameters can be eliminated from consideration. All welding processes 

result in high residual stresses, which are at or near the yield stress in the 

weldment and adjacent base metal. Thus, in the initial stages of fatigue crack 

growth in an as-welded structure, most of the fatigue life occurs in regions of 

high tensile residual stress. Under cyclic loading, the material at or near the 

initial discontinuities will be subjected to a fully effective tensile cyclic stress, 

even in the case of stress reversal. A~ a result, the stress ratio does not play a 

significant role when describing the fatigue strength of welded details since the 

maximum stress at a point of fatigue crack initiation and growth is, almost 

always, at yield stress. 

Fatigue test data for the welded beams are plotted in Figs. 2-1 and 2-2 

using the logarithmic transformation of both stress range and the number of 

cycles to failure. In Fig. 2-1, the data has been differentiated by steel type 

(yield stress). The uniform scatter of the data points indicate that the steel 

type does not significantly affect fatigue life. Figure 2-2 gives the same set of 

welded beam data, but plotted to show the different minimum stress levels. 

Again, the uniform scatter indicates that the m1mmum stress parameter does 

not play an important role in describing fatigue behavior. 

With the stress range being the only important stress parameter m 

determining fatigue life, a stress range (S), cycle life (N) relationship could be 

developed. Regression analysis showed that this relation was log-log in nature, 

with a constant slope. The S-N curves are defined in log form by: 

log N = log A - B · log Sr (2.1) 

and m exponential form by: 

N =A · Sr -B (2.2) 
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where N is the number of cycles to failure, Sr is the nominal stress range, log 

A is the log-N-axis intercept of the S-N curve and B is the slope of the curve. 

Six different categories •Were used to classify the fatigue strength of the 

details used in the test program. The categories were defined by the 95 percent 

confidence limits for 95 percent survival based on the regression analysis of the 

test data and are represented by a set of S-N curves. These fatigue design 

curves are shown in Fig. 2-3. 
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Figure 2-3: 1974 AASHTO Fatigue Design Curves 

The linear regression analysis for each category yielded a unique value for the 

slope, which was then used to set the slope of the lower confidence limit used 

for the design curve. The slope, mean intercept value, standard deviation, and 

lower confidence intercept value for each design curve are shown in Table 2-1. 

All curves have similar slopes and have a slope of approximately -3.0. The 

stress range, cycle life relationships and corresponding curves were used to 
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Category Slope Intercept 
(mean) 

Standard 
Deviation 

Intercept 
(lower) 

A 

B 

c 

D 

E 

E' 

3.178 11.121 

3.372 10.870 

3.25 10.038 

3.071 9.664 

3.095 9.292 

3.000 

0.221 10.688 

0.147 10.582 

0.063 9.915 

0.108 9.453 

0.101 9.094 

8.610 

Table 2-1: Regression analysis coefficients for 1983 AASHTO curves 

provide the limits or bounds for all possible details ·that are normally 

encountered in the design of bridges and similar type structures. The curves 

and the detail classifications were adopted by AASHTO in 1973 and issued as 

Interim Specifications - 1974. 15 

2.2.3 Limitations of original NCHRP fatigue database 

While the NCHRP Project 12-7 provided the most comprehensive test 

program to date and provided a more rational basis for fatigue design 

provrswns, limitations in the fatigue test database still existed. 

limitations can be summarized as follows: 

• Limited types of details were evaluated m each design category. 

• Constant Amplitude Fatigue Limit was not well defined. Few test 

specimens were cycled at a low enough stress range to clearly 

establish its value and no tests were carried out beyond 107 cycles. 
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• No test data m the high cycle, long life fatigue reg10n. 

• The database consisted of constant amplitude test data; whereas 

bridges are subjected to variable amplitude loading. 

2.3 NCHRP Variable Amplitude Fatigue Test Programs 

Several National Cooperative Highway Research Program projects have 

been conducted that studied the fatigue behavior of large-scale welded details 

subjected to random, variable amplitude loading. NCHRP Project 12-12 

(NCHRP Report 1889
) dealt with the applicability of constant amplitude fatigue 

data and the resulting resistance curves to variable amplitude loading. NCHRP 

project 12-15(4) (NCHRP Report 26716)extended the findings of Project 12-12 

into the high cycle, long life regime of fatigue. Both projects used beam 

specimens similar in size to those used in the original NCHRP test program. A 

current (1987) NCHRP project has the objective of extending the findings of 

Project 12-15(4) further into the long life regionP The specimens in this test 

program are large-size welded plate girders with web stiffeners, web attachments, 

and thick coverplated flanges. 

The results of these studies have indicated that both the Root-Mean-Cube 

(RMC) (Miner's linear damage hypothesis) and the Root-Mean-Square (RMS) 

stress range provide a means of relating random variable stress cycles to 

constant cycle data. The effective stress range is defined by: 

Sr = [ E ai . Sri-B jl/B (2.3) e 

m which Sr. IS the mid width of 
I 

the ith bar, or interval, m a frequency-of-

occurrence histogram defining the variable amplitude spectrum and a. IS the 
I 
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fraction of stress ranges within that interval. If B IS taken as 2.0, Sr from 
e 

this equation is equal to the root-mean-square of the stress ranges in the 

spectrum. If B is taken as the reciprocal of the slope of the constant amplitude 

S-N curve, 3.Q, the equation is equivalent to the root-mean-cube or Miner's 

Rule. 

For fatigue assessments where the total fatigue life is required resulting 

from some specified load spectrum, Miner's Rule (B = 3.0) will give a more 

conservative estimate of the life. Conversely, in the evaluation of variable 

amplitude fatigue test results, the RMS average of the stress spectrum will 

result in a more conservative estimate for fatigue resistance. For the spectrum 

shapes used in the NCHRP test programs, the difference between the two 

methods was found to be approximately 11 percent. 

For NCHRP Project 12-12, large scale welded beam test specimens were 

used, similar to those used in the original NCHRP program. Detail types 

studied were the longitudinal web-to-flange fillet weld and the coverplate detail. 

Four different stress spectrums were used to study the influence on fatigue life. 

Figure 2-4 shows the plot of fatigue failures for the plain welded beams 

with the AASHTO Category B resistance curve. The results are well 

distributed and all plot above the allowable stress range curve. This indicates 

that variable amplitude test data can be reasonably related to constant 

amplitude results by the effective stress range. The results for the coverplate 

beams are given in Fig. 2-5. Again, the results are consistent with the constant 

amplitude allowable stress range curve, in this case, Category E. The data in 

Figs. 2-4 and 2-5 are plotted using the RMC effective stress range. Given the 

fact that the plotted results include three types of steel and four different stress 
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spectra, the scatter of the data 1s reasonable. No significant difference was 

observed in the data between the four stress spectra. 

The main objective of Project 12-15(4) was to study the effect of the 

frequency of overloads on the fatigue strength of welded details. An overload 

was defined as a stress cycle of magnitude greater than the constant amplitude 

fatigue limit. Detail types studied were coverplates and web attachments. The 

test specimens, rolled beams with welded attachments, were subjected to a 

random variable amplitude load spectrum with most of the stress cycles below 

the constant amplitude fatigue limit. Exceedance rates of the constant 

amplitude fatigue limit ranged from approximately 12 to 0.1 percent. 

For the coverplated beams, it was found that the data were bounded by 

the Category E and E' curves (Fig. 2-6). The fatigue resistance of the 

coverplate detail used in this detail is classified as Category E with a flange 

thickness of 0.57 m. The attached coverplate thickness was 1.0 in. Only two 

failures occurred at the Category E' curve, with the remainder falling between 

the two curves or above Category E. The results indicate that for variable 

amplitude loading, the fatigue resistance is more adequately defined by the 

Category E' curve. Similar results were found for the web attachments and are 

plotted in Fig. 2-7. The results are reasonably scattered in the high cycle 

region with nearly all of the points falling above the the Category E' fatigue 

life curve. The plate thickness of the web attachment detail was 1.0 in. and is 

therefore at the limit between Category E and E '. The test data are consistent 

with the Category E' curve. 

From the test results of NCHRP Project 12-15(4), it was concluded that if 

any of the stress cycles exceeded the constant amplitude fatigue limit, fatigue 
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crack propagation would likely occur and fatigue life estimates should be based 

on the assumption that all stress cycles contribute to fatigue damage. This was 

found to hold for all exceedance rates. Therefore, the fatigue analysis of welded 

details subjected to variable amplitude loading requires that two stress 

parameters be considered: the effective stress range and the maximum stress 

range. Depending on the va]ues of these two parameters and the value of the 

constant amplitude fatigue limit, three different cases can be encountered: 

1. Effective stress range > Constant amplitude fatigue limit 

2. Effective stress range < Constant amplitude fatigue limit 
Maximum stress range > Constant amplitude fatigue limit 

3. Effective stress range < Constant amplitude fatigue limit 
Maximum stress range < Constant amplitude fatigue limit 

For the first two cases, crack growth is defined by the S-N curve and it's 

straight line extension below the constant amplitude fatigue limit. Only for the 

situation represented by Case 3 is it assured that no crack growth will occur. 

The three cases are illustrated in Fig. 2-8. 

The current NCHRP experimental program, Project 12-15(5), involves 

fatigue testing several bridge details at lower constant amplitude fatigue limit 

exceedance rates. A total of eight large-scale welded plate girders will be 

fatigue tested under a variable amplitude load spectrum for a minimum of 100 

million cycles each. A randomized Rayleigh-type stress spectrum is used with 

the inclusion of an occasional overload above the constant amplitude fatigue 

limit. The frequencies of occurrence for the overloads are 0.1, 0.05, and 0.01 

percent of the total stress range spectrum. The magnitude of the overload 

ranges from 7/6 of the constant amplitude fatigue limit for the 0.1 percent 

exceedance rate to 3/2 of the fatigue limit for the 0.01 percent exceedance rate. 
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Case I Constant Amplitude S-N Curve 

STRESS 
RANGE 

Straight Line Extension 
of S-N Curve ---..J 

Case 2 

CYCLES TO FAILURE 

Constant Amplitude 
Fat1gue Limit 

7 Case 3 

Srmax 

Figure 2-8: Three cases of variable amplitude stress spectrum 

The test results from the first pair of test girders are given in Fig. 2-9 

with the test results from NCHRP Project 12-15(4). Fatigue cracking occurred 

at three web attachment details. These attachments are 1.0 in. · thick and are 

therefore classified as AASHTO Category E '. One detail, with an effective 

stress range of 2.4 ksi failed at 43.6 million cycles. While the constant 

amplitude fatigue limit of Category E' is 2.6 ksi, the location of this particular 

detail gave an assumed fatigue limit of 4.2 ksi for a 0.1 percent exceedance 

rate. Using the Category E' fatigue limit resulted m an exceedance rate of 

14.6 percent. Fatigue crack growth was detected at a second web attachment 

detail at 81.7 million cycles. At this location, the load spectrum resulted in an 

effective stress range of 2.2 ksi with a peak value of 4.3 ksi. The third crack 

was detected at 100.7 million cycles, at an effective stress range of 1.4 ksi and 

a maximum stress range of 3.5 ksi. These data are plotted in Fig. 2-9 as open 
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2.4 Other Variable Amplitude Fatigue Studies 
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The review of NCHRP sponsored variable amplitude fatigue test programs 

dealt with applied stress ranges that had a constant minimum stress level for 

all stress cycles, i.e., no cycle superposition. Ideally, each individual stress cycle 

represented the passage of a single truck. However, examination of stress 

histories for bridges under normal traffic loading shows the presence of complex 

stress cycles in which small amplitude or minor cycles are superimposed on a 

single, larger stress cycle. The minor cycles can be the result of dynamic 

effects, axle spacing, roadway surface condition, or multiple truck loading, and 

are all influenced by the span length of the bridge. A comparison between a 

simple stress cycle and a complex stress cycle is given in Fig. 2-10. Several 
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studies have been conducted to examme stress cycle superposition (complex 

stress cycles) and the ability of Miner's cumulative damage rule to accurately 

predict fatigue damage when there is stress cycle interaction. 

A major difficulty in evaluating the fatigue damage caused by complex 

stress cycles is the determination of a single stress cycle. The individual 

component of a complex cycle must be transformed into an equivalent constant 

amplitude stress cycle. The generally accepted technique is commonly known as 

the rainflow cycle counting method.18 The development of this technique IS 

based on the compatibility between the stress history and the stress-strain 

diagram. An individual stress cycle is counted each time the stress strain 

hysteresis forms a closed loop. The cycle counting method is used to determine 

the basic cycle count (number and magnitude) in complex cycle fatigue studies 

as well as the experimental assessment of existing structures. Correction factors 

have been proposed to this estimate to correlate the fatigue damage caused by 

variable amplitude loading with the fatigue resistance exhibited by the constant 

amplitude test data. 

Gurney performed fatigue tests on small-scale specimens using complex load 

histories to assess the validity of Miner's Rule. 2• 
3 Several examples of the 

stress-histories used in the experimental program are given in Fig. 2-11. Each 

stress sequence consisted of a single maximum stress cycle, Sr, with a number of 

superimposed minor stress cycles of magnitude z. The test results from these 

complex load histories consistently gave cycle lives less than those predicted by 

Miner's Rule. Gurney noted that there existed a linear relationship between the 

mmor cycle, z, and the fatigue life of the complex cycles such that: 

(2.4) 
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Figure 2-10: Comparison of simple and complex stress histories 

25 



where 

N B = number of complex cycles to failure 

N c = constant amplitude cycles to failure for Sr 

v = number of minor cycles, z 

p ratio of minor cycle to primary cycle stress range 

For complex cycle histories having n different magnitudes of mmor cycles, the 

fatigue life can be estimated by: 

(2.5) 

where E. is the total number of cycles per block with a stress range equal to or 
I 

exceeding p. times the maximum stress cycle, Sr. 
I 

Additional work by Gurney has shown the sensitivity of the damage model 

to the block length.19 The block length is defined as the number of cycles 

between the inclusion of the peak or maximum stress cycle, Sr. As the block 

length was increased with the addition of lower magnitude stress cycles, cycle 

life estimates given by Eq. (2.4) became unconservative. It was suggested that 

the damage model only be used in designing structures subjected to short block 

type loading, whereas, Miner's Rule be used for long block loading. 

Variable amplitude fatigue tests were also conducted by Joehnk 4 m order 

to assess the validity of Miner's Rule. Small-scale tee-shaped weldments were 

used as test specimens. The complex stress history used in this experimental 

program was formed by combining two sine waves cycling at two different 

frequencies and amplitudes. 

to those used by Gurney. 

This gave a superimposed sine stress history similar 

Joehnk also found Miner's Rule to be unconservative 
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Figure 2-11: Complex stress histories used by Gurney 
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for complex stress cycles and concluded that the rule underestimated the fatigue 

damage caused by the minor cycles. Based on the test results, Joehnk 

developed a non-linear form of Miner's Rule to account for the increase in 

damage from the smaller amplitude stress cycles by modifying the effective 

stress range calculation: 

where 

Sr = effective stress range 
e 

a. = the factorial occurrence of Sr. 
' ' 

p = ratio of minor cycle to major cycle 

Sr. stress range interval i 
' 

m slope of the log-log S-N curve 

(2.6) 

Subsequent work performed by Swensson5 on identical type specimens with 

applied load histories developed from strain data obtained from 
. . 
m-serv1ce 

highway bridges, indicated minor cycles caused fatigue damage that was 

underestimated by Miner's Rule; even if the magnitude of the minor stress cycle 

was below that of the threshold stress range. A fatigue damage factor, I 1, was 

proposed to be used in the calculation of the major stress cycle produced by the 

passage of a single truck. The value of 1
1 

was found to be dependent on the 

number and size of the minor cycles m the complex stress history. For the 

bridge used as the basis of the study, 11 was estimated as 1.15. In addition, 

the research indicated a need to modify the non-linear damage rule proposed by 

Joehnk (Eq. (2.6)) based on the mean stress level, magnitude, and the number 

of minor cycles of the complex stress cycle. 
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2.5 Current Review of Fatigue Test Data 

Since the AASHTO specifications resistance provisions were introduced in 

197 4, several major fatigue studies have been conducted. Tests were conducted 

in East Germany, Japan, Switzerland, Office of Research and Experiments of the 

International Union of Railways - ORE (West Germany, Poland, England, and 

Holland), as well as in the United States. The additional studies evaluated the 

applicability of the NCHRP test program to fabrication conditions elsewhere in 

the world and were used to develop similar fatigue codes. The additional tests 

augmented the original NCHRP findings and often defined the fatigue resistance 

of details that were not previously tested. 

A recent review and re-evaluation of the AASHTO fatigue specifications 

has been conducted using all available test data. 20 While the majority of the 

new test data is from constant amplitude loading, several studies dealt with the 

fatigue strength of large-scale details subjected to variable amplitude loading. A 

detailed discussion of these data is given in Sec. 2.3. Each data group was 

compared to the existing AASHTO fatigue design resistance provision in order 

to determine the adequacy of the resistance curves and to check for detail types 

whose fatigue strength deviated from these curves. While most of the data 

correlated well with the original database, the review indicated that minor 

adjustments to the fatigue provisions were required. A revised set of fatigue 

design curves has been proposed that better estimates the fatigue resistance of 

welded steel details and is shown in Fig. 2-12. Though similar to the existing 

AASHTO curves, the new curves are more uniform and parallel; each curve is 

set at a constant slope of -3.0. A new resistance category, B ', has been added 

to better estimate the fatigue resistance of partial penetration longitudinal 
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Figure 2-12: Revised AASHTO Fatigue Design Curves 

groove welds and longitudinal welds with backing bars. Also, the constant 

amplitude fatigue limit for Category E has been lowered from 5.0 ksi to 4.5 ksi 

based on high cycle, constant amplitude fatigue tests of coverplated beams. 21 

Although the fatigue data review has significantly increased the database,22 

from 800 fatigue test failure results to over 2000, limitations still exist. Even 

though the number of types of details tested has increased, this still represents 

only a fraction of the number of types actually designed and fabricated in large 

scale welded structures. As will be extensively addressed in subsequent chapters, 

the size of the test specimen can have a significant effect on fatigue resistance. 

Almost all of the detail types tested in the reviewed programs do not approach 

the full size of actual details used. Constant amplitude testing to determine the 

constant amplitude fatigue limit still remams scarce for full-scale specimens. 

Currently, only two detail types have been studied in depth to determine this 
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value: the web stiffener detail (Category C) and the coverplate detail (Category 

E). In addition, fatigue test data for large-scale test specimens are still scarce 

in the high cycle region. Few test programs have dealt with the long life 

fatigue behavior under variable amplitude loading. Few test programs cycle a 

test specimen beyond ten million cycles. The constant amplitude fatigue limits 

for Categories E and E' intersect their corresponding resistance curve at 

approximately 12 million and 22 million constant amplitude cycles, respectively. 

Because of these limitations in the test data there must be limitations placed on 

the application of the resulting fatigue design resistance curves. 

Implied in the new AASHTO fatigue design curves, though not explicitly 

discussed in NCHRP Report 286,20 is the fatigue behavior of welded steel 

details subjected to variable amplitude loading. As shown in Fig. 2-12, each 

curve has a constant slope of -3.0. This would imply that fatigue damage of 

variable amplitude loading is estimated through the use of Miner's linear 

cumulative damage law. Also, each curve extends below the constant amplitude 

fatigue limit with the same constant slope of -3.0. This would also imply that 

variable amplitude fatigue damage accumulates linearly, according to Miner's 

Rule, regardless of the values of the stress ranges in the spectrum. The 

remainder of this study will concern itself with these two aspects of fatigue 

resistance in the context of full-scale welded bridge details. 
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Chapter 3 

Large-Scale Welded Bridge Details 

Extensive research has been conducted in the area of fatigue growth m 

metal structures. Any structural or machine component that will be subjected 

to some type of cyclic loading during any or all of its intended life must also 

be designed on the basis of fatigue. While each industry or field of study 

concerns itself with the problem of fatigue, each deals with it differently owing 

to the variation in the parameters that influence fatigue behavior. These 

parameters include: material type (steel, aluminum, composites), joining methods 

(welding, bolting, riveting), loading (constant or variable, deterministic vs. 

probabilistic), and design life (finite and infinite). For example, the aircraft 

industry is concerned predominantly with fatigue crack initiation, primarily in 

aluminum alloys. Fatigue design of machinery is controlled by narrow band 

load spectra and crack initiation at stress concentrations. 

Welded steel bridge details differ from other commonly used structural 

details in that their fatigue behavior is prescribed by two dominating factors: 

residual stresses, and the loading and resulting stress range spectrum. The 

influence of these parameters gives rise to many conditions that control the 

propagation behavior of fatigue cracks. The following describes in depth these 

important factors and how their interaction specifically affect fatigue crack 

propagation in welded steel bridge details. 
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8.1 Loading 

The loading by which a bridge type structure is subjected to is normally 

complex and varied. The loading can be characterized as both variable and 

random. The determination of fatigue strength and fatigue damage is made 

difficult by this fact. But due to constraints inherent in the design process, 

limitations are placed on both the dead load and live load values, resulting in a 

narrowing range for fatigue loading. 

The maximum design truck load for highway bridges has been the 

AASHTO HS20 load configuration. The total gross weight of this design 

vehicle is 72 kips. This load was first introduced into the AASHTO design 

specifications in 1944 and has remained essentially unchanged through the 

present 1983 AASHTO specifications. Various states have modified their design 

criteria to include higher design loads and overload provisions. For example, 

New Y ark State and others design to a 80 kip load. However, to date, these 

higher loads have not been uniformly adopted by all state highway agencies nor 

by AASHTO. The current fatigue design specifications require the fatigue 

design of welded details on the basis of this design load. 

Actual bridge loading differs greatly from the design loading in several 

respects. Trucks weights vary greatly as shown by the gross vehicle weight 

distribution in Fig 3-1. The obvious variability in bridge loading gives rise to 

the need to assess fatigue damage in terms of variable amplitude loading. The 

maximum design load does not correspond to the maximum weight of trucks 

found in use. The current (1987) legal weight limit for trucks is presently set 

at 80 kips. Often, this limit is exceeded, both legally and illegally. Special 

heavy loads or overloads are permitted on highways that are significantly above 
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Figure 3-1: Gross vehicle weight distribution 

the 80 kip gross weight. The maximum overload weight is governed by the 

strength capacity of the bridge along the intended route of the overload. 

Presently, no direct consideration is given to the fatigue damage that is caused 

by these overloads. 

A recent investigation by Schelling23 studied the effect of 90 kip container 

trucks on bridge structures along selected routes m the state of Maryland. 

While it was concluded that the container vehicle did not impose any greater 

hardship on the bridge structure than the AASHTO HS20 design vehicle, it was 

concluded that an increase in coverplate end stressing would occur. It was 

recommended that an increased inspection program be implemented and any 

cracked detail be retrofitted with a bolted connection. 

Of greater occurrence is illegal overloads. Note that the maximum value 

m Fig. 3-1 is approximately twice that of the design load (120 kips vs. 72 
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kips). An annual inspection of one particular bridge has shown the trend of 

increasing the permanent set of camber in the roadway stringers due to illegal 

overloads. Enforcement of the legal load limit has continued to be difficult. 

While the design load has remained constant over the last forty years, the 

general trend for actual loads is to mcrease. Advances in engine design have 

led to increased engine horsepower, resulting in the ability of trucks to haul 

greater loads. The legal load limit was 72 kips through 1976, when it was 

raised to 80 kips. Recent lobbying by the trucking industry has created 

pressure to increase this legal load limit above 80 kips. The overall average 

weight of trucks has increased in the pass decade due to the deregulation of the 

trucking industry in 1980. Prior to deregulation, a significant percentage of 

trucks were empty due to regulations prohibiting return transport between 

states. As a consequence of deregulation and increased competitiveness, the 

truck industry has become more efficient, with a greater portion of trucks 

running at or near capacity. 

An increase in the actual loading has also occurred m the railroad 

industry. 24 Prior to the introduction of diesel locomotives, the steam locomotive 

and it's tender represented the heaviest load on a railroad bridge. A total 

gross weight of over 500 kips for the larger steam locomotives was not 

uncommon. (A present day six-axle diesel locomotive has an average gross 

weight of 420 kips.) Generally, the steam locomotive represented the only 

significant load for design. Individual car loads were low enough in weight so 

that for fatigue evaluation purposes, they could be ignored. The diesel units, 

though generally lighter in weight than steam units and with much less impact, 

allowed for the combining of engines in order to increase horsepower and load-
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pulling capacity. This increased the number of fatigue load cycles per train and 

resulted in a significant increase in freight car loads. Present day freight cars 

can have individual axle loads of up to 80 kips, comparable to an E80 design 

engine axle load. Freight car axial loads of unit trains can be as high as 65 

kips, which equals the axial loads for diesel locomotives. As with the trucking 

industry, there is pressure with the railroad industry to use ever increasing 

loads. The use of heavier freight cars and unit trains will have a significant 

effect on fatigue damage of railroad bridges. 

3.2 Resulting Stress Distributions 

Due to design constraints, mainly strength considerations, the magnitudes 

of the stress cycles that a bridge is subjected normally results· in a limited 

range of stress levels. In bridge design codes, the principal consideration is the 

maximum stress produced by a particular combination of dead load and live 

load (including impact). For allowable stress design, the combination of dead 

load and live load stresses may not exceed a fraction of the yield stress. This 

value is 0.55F for flexural and tensile stresses. 
y 

For Load and Resistance 

Factored Design (LRFD), both dead and live loads· are factored upwards at the 

service load level. This value may not exceed a magnitude slightly lower than 

the yield stress. In both design procedures, limitations are placed on the 

possible maximum range of stress. For both dead load and live load, the 

resulting stresses may range from O.lu to 0. 7 u depending on the bridge type. y y 

This results in a limited range for the stress ratio. 

The value for stress range is further limited by the span length. For 

primary members, such as longitudinal girders and truss chords, as the span 

length is increased, a greater portion of the allowable maximum stress is due to 

37 



dead load. A greater portion ·of a member's capacity must be devoted to 

resisting its own weight. For short span bridges, the ratio of dead load to live 

load stress is 2 to 3. As the span length increases, this ratio increases. For 

long span bridges, the ratio can be as high as 4:1. Obviously, an efficient 

design with the least amount of material, would be one that minimizes this 

ratio. One way to accomplish this is to use a higher strength steel. While the 

dead load stress would decrease only slightly, a higher live load stress would be 

allowed providing details do not limit the stress range. All of these factors 

result in limiting the stress range values. 

When these factors are taken into account, the possible values for the 

nominal stress ratio are limited. The stress ratio is defined as the ratio of 

m1mmum stress to maximum stress. In most cases, the minimum value can be 

taken as the dead load stress. In members where live load stress reversal 

occurs, this would not be the case since the minimum stress would be further 

lowered by the addition of a compressive live load. Consider two simplified 

cases: a dead load stress of 0.3u , and a live load stress of 0.3u (values 
y y 

comparable to a short span). The stress ratio would be equal to + 0.5u . 
y 

For 

a long-span bridge, the values would be equal to, in the order of, 0.5u and . y 

O.lu , for the dead load and live load, respectively. This results in a stress 
y 

ratio of + 0.8. 

Given that these two cases represent the upper and lower bounds for the 

stress ratios occurring in simple span bridges, it can be reasonably concluded 

that most bridges are subjected to high nominal stress ratios. Most fatigue 

tests on small-scale welded specimens is done at lower stress ratios; ranging in 

the order of -0.5 to 0.1. 
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It must be noted that these values represent nominal stress ratios. No 

consideration was g1ven to other factors that can influence the local stresses at 

a welded detail. This includes residual stresses and stress concentrations. The 

effect of residual stresses on the stress ratio will be discussed in Section 3.3. 

The stress history at a particular detail caused by the passage of a single 

truck across a bridge is strongly dependent upon several factors. These 

included: span length, bridge type, and member type and location. Generally, 

stress traces are composed of one or more primary cycles with superimposed 

smaller vibratory stresses. For spans between 30 ft and 60 ft, two individual 

stress cycles occur which correspond to the two axle groups for 4 and 5 axle 

trucks. For spans greater than 60 ft, a single complex cycle occurs. Figure 3-2 

gives representative examples of the flexural stress histories of the primary 

longitudinal members for several types of bridges. 

Studies have been conducted that analyzed the stress histories of a large 

number of bridge types in order to determine the number of cycles per truck 

crossmg for fatigue design purposes. 25 This study showed that on average, a 

single truck passage resulted in one pnmary stress cycle with four to five 

secondary cycles of amplitude not exceeding 20 percent of the primary cycle. It 

was concluded that vibration stresses and closely spaced trucks had only a 

marginal effect on the cycle count and magnitude and that there was no 

adjustment necessary for the design values. Although superimposed vibration 

stress on the primary cycle mcreases the stress range, the design impact factor 

adequately adjusts for the effect. Schilling concluded that a complex stress 

history could be decomposed into a number of equivalent simple primary cycles. 

The number, being dependent upon the bridge type and span length, varied 
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between one and two cycles per vehicle. 

Numerous investigations have been conducted that deal with the measured 

response of bridges to truck traffic. Stress range histograms have been 

developed for individual bridge details as well as composite histograms of a 

number of bridges. Three general types of distributions have been observed as 

shown in Fig. 3-3: a) unimodal, b) bimodal, and c) continuously descending. 

The type of stress range histogram observed at a particular location is, in part, 

due to the cycle counting method used to reduce the data and the length of 

time measurements were taken. Review of the data from the measured bridge 

responses indicated that stress ranges seldom exceed 10 ksi and the effective 

stress range for a measured spectrum seldom exceeded 5 ksi. 

3.3 Residual Stresses in Welded Details 

3.3.1 Residual stress distributions 

As shown in NCHRP Project 12-7 and numerous other studies, all welding 

processes result in high residual tensile stresses. The weldment and adjacent 

base metal are usually at or near the yield point of the base metal. As part of 

the NCHRP project, residual stresses were measured in several welded beams 

prior to and after cyclic loading. 13 These beams were destructively examined to 

determine their residual stress distributions using the method of sectioning. 26 

Residual stresses were measured on both the inside and outside surfaces of the 

flange plates and on both sides of the web. Due to the finite size of the 

sectioned portion of the welded beam, only an average value of residual stress 

could be measured. Beams fabricated from all three steel types (A36, A441, 

and A514) used in the test program were examined. 
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The results from some of the residual stress measurements13 are shown in 

Fig. 3-4. These distributions correspond to the measured residual stresses in the 

flanges of the welded beam specimens and are in the longitudinal direction, 

parallel with the longitudinal axis of the web-to-flange fillet weld. As Fig. 3-4 

illustrates, large tensile residual stresses were measured in the vicinity of the 

web-to-flange fillet welds. As the steel strength increased, the magnitude of the 

maximum tensile residual stress also increased and was near the yield point for 

the weld itself. 

When a set of newly fabricated full-scale welded plate girder test 

specimens were shipped to the laboratory during inclement weather, it provided 

a unique opportunity to observe enhanced residual stress patterns qualitatively. 

Figure 3-5 is a view of a fillet welded web attachment. The attachment plate 

is 1.0 in. thick and 12 in. long. During welding, the expansion and contraction 

of the web plate from the heat input of the weld caused the mill scale to flake 

off (see Theory of Brittle-Coating Method) along lines perpendicular to the 

principal stress field. Corrosion of the exposed steel surface visually enhanced 

the pattern. The mill scale crack pattern runs both parallel and perpendicular 

to the weld axis, indicating the development of high residual stresses in both 

directions. The area of web plate affected by the welding heat input 

approximates 6 in. in all directions. Figure 3-6 shows similar patterns at a 

transverse web stiffener. Note the yield lines around the end of the stiffener, 

indicating significant development of residual stresses at this location. Also, 

note the yield lines due to the constraint of the upper flange plate and the 

adjacent web stiffener. 
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Figure 3-5: Residual stress pattern in mill scale 
at a web attachment 

3.3.2 Redistribution under cyclic loading 

The previous discussion involved the measurement of residual stresses in 

the as-welded state, prior to any type of loading. Loading that causes strains 

above yield will, upon unloading, result m a change in the initial state of stress. 

If redistribution is occurring in welded structures, then the fatigue behavior will 

be altered. An investigation was conducted to determine the degree of residual 

stress re-distribution from both high and low magnitude cyclic loading.27 

Several welded beams used in NCHRP Project 12-7 were also used to 

study the residual stress redistribution due to cyclic · loading incurred. During 

constant amplitude fatigue tests, strain gages mounted at various locations on 

the flange and web plates were monitored. In addition, upon completion of the 

fatigue tests, the final residual stress distribution patterns were determined by 
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Figure 8-6: Residual stress patterns at a web stiffener 

the method of sectioning. Sections from both the shear span and the constant 

moment region were examined. The residual stress patterns at mid-span for 

A514 beams are shown in Fig. 3-7. Since the method of sect ioning 1s a 

destructive process, separate specimens were used for the before cycling and after 

cycling measurements. The loaded beam was constantly cycled at a stress range 

of 30 ksi with a max1mum bending stress of 20 ksi m the flanges 

(approximately 0.2u ) . As Fig. 3-7 indicates, the average tensile residual stress 
II 

at the weld decreases approximately 0.2u 
11 

and only minor redistribution occurred 

throughout the cross-section. 

From the investigation of residual stress redistribution, the following 
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observations and conclusions were drawn: 

• Redistribution of residual stresses m a welded beam took place when 

the maximum applied stress plus the residual stress exceed the yield 

stress of the material. 

• Redistribution IS a function of initial residual stress and the applied 

load. 

• For low magnitude cyclic loading (20 ksi maximum tensile or 

compression stress) the change in the residual stress distribution was 

not significant 

3.3.3 Redistribution under simplified load cases 

To give a simple example of the residual stress redistribution or 

degradation due to dead load and live load interaction, an idealized initial 

residual stress pattern prior to loading in a tension flange was assumed. This 

pattern is shown in Fig. 3-8 and is based on the residual stress measurements 

of NCHRP Project 12-7 (see Fig. 3-4) and on research performed by Tal!.28 

The residual stress at the web-to-flange weld is assumed to be at the yield 

stress of the base metal. The maximum value of the compressive residual stress 

is taken as one-fourth of the yield stress. The tensile stresses in the weld are 

balanced by the compressive stresses in the flange plate. It is assumed that the 

stress is uniform through the thickness of the flange plate. 

Loading for the example is taken such that the dead load results in a 

stress of one-fourth of the yield stress and the live load causes a maximum 
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Figure 3-8: Assumed residual stress distribution in tension flange 

stress range of one-half of the yield stress. Both the dead load and the live 

load can be either tensile or compressive, resulting in four different loading 

conditions (Table 3-1). For a continuous span bridge, the magnitude and the 

ratio of dead load to live load will vary greatly. In addition, the types of weld 

details will place a limiting factor on the live load stress range. The first two 

load cases are for tensile dead load stresses and are shown in Figs. 3-9 and 3-10 

for tensile live load and compressive live load respectively. The compressive 

dead load Cases 3 and 4 are shown in Figs. 3-11 ad 3-12. 

The results of the four cases are summarized in Table 3-2. To keep the 
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Load 
Case 

1 

2 

3 

4 

Dead 
Load 

+ u /4 y 

+ u /4 y 

u /4 y 

u /4 y 

Live 
Load 

+ u /2 y 

u /2 y 

+ u /2 y 

uy!2 

Table 3-1: Four dead load and live load loading conditions 

example simple, any loss of tensile residual stress due to overload has not been 

balanced with a corresponding reduction in the compressive zone. Though this 

violates the cross-section equilibrium, the effect on the final maximum value of 

tensile residual stress is insignificant. Reduction in the tensile residual stress at 

the weld is predicted for tensile live loading only. The maximum reduction 

corresponds to the value of the live load stress range of 0.5u , though the 
y 

resulting residual stress remains at a relatively high level of 0.5u . Compressive 
y 

live loads do not degrade the residual stress at the weld. It should also be 

noted that the tests carried out on A36, A441, and A514 steel beams had 

maximum applied stresses up to 50 ksi. None of these members exhibited 

significantly different fatigue resistance at a given stress range level. 

Since crack growth propagation is dependent upon local stress conditions m 

the vicinity of the weld, it is more appropriate to use an effective stress ratio. 

The nominal minimum and maximum stress values are superimposed on the 

residual stresses and reduced to consider the effect of degradation from cyclic 

loading. As shown in Table 3-3, even though the nominal stress ratios vary 
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Figure 3-9: Case 1, tensile dead load and tensile live load 
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Figure 3-10: Case 2, tensile dead load and compressive live load 
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Case 3, compressive dead load and tensile live load 
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Case 4, compress!~·~ dead load and compressive live load 
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Load Maximum Tensile Residual Reduction in Residual 
Case Stress at Weld Stress at Weld 

Initial Final 

1 (J (J /2 (J /2 
y y y 

2 (J (J 0 
y y 

3 3uy/4 (J /2 (J /4 
y y 

4 3uy/4 3u /4 0 
y 

Table 3-2: Summary of four load cases 

from -1.0 to 0.5 for the four load cases, the effective stress ratios result in a 

significantly smaller range of values: from 0.33 to 0.50. Therefore, for these 

idealized load cases, fatigue crack growth always occurs at a relatively high 

stress ratio. 

Table 3-3: 

Load Nominal Effective 
Case Stress Ratio Stress Ratio 

R Reff nom 

1 0.33 0.50 

2 -1.0 0.50 

3 -1.0 0.50 

4 0.33 0.33 

Comparison of nominal and effective stress ratios for 
four load cases 

From the above example, several conclusions can be drawn with regard to 
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fatigue crack propagation in full-scale welded details: 

• The higher the yield stress of the base metal, the less residual stress 

redistribution or degradation occurs since the allowable stress range 

for a given detail is independent of yield stress. 

• The maximum reduction from the initial tensile residual stress occurs 

under tensile live loading. Therefore, as the detail severity increases 

and the allowable stress range decreases, residual stress degradation 

also decreases. 

• The maximum reduction m the tensile residual stress is a function of 

the maximum live load stress range in the stress range spectrum and 

the level of dead load. 

• For compressive live loading, fatigue crack propagation occurs during 

unloading. 

3.4 Summary 

For the fatigue behavior of large-scale welded structures to be properly 

understood and modeled, fatigue testing must be performed within the stress 

state limits that these structures are subjected to. A high effective stress ratio 

must exist at the weldment of a test specimen in order for crack propagation to 

occur in realistic stress field conditions. In addition, the range of stress must 

be limited in magnitude to simulate the load conditions experienced by bridge 

type structures. 
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Chapter 4 

Fracture Mechanics Concepts 

Crack propagation behavior can be described mathematically 

(quantitatively) through the use of the principles of linear elastic fracture 

mechanics. This includes both fatigue crack propagation (stable growth) and 

rapid fracture (unstable growth). Fracture mechanics will be used for the 

examination of the fatigue behavior of welded steel details on a microscopic 

level that is not obtainable with specimen testing; both small-scale and large-

scale. However, this must all be done in light of the conditions and limitations 

discussed in Chapter 3 for the proper conclusions and applications to be drawn 

with regard to welded steel bridge details. 

4.1 Linear Elastic Fracture Mechanics 

The presence of a crack or similar type discontinuity in an otherwise 

isotropic and homogeneous material causes a local disruption of the stress 

(strain) field at the crack tip. For plane strain conditions (welded steel bridge 

details), Irwin 29 and W estergaard30 showed that the elastic stress field near the 

crack tip can be described by the following expressiOns: 

Kl 8 
u = --cos-

Y & 2 

u z = _!!__!__ cos ~ [ 1 - sin ~ sin 
3
: ] 

& 2 

Kl [ 8 9 39 ] 
r - -- sm- cos- cos-
xy r.:- 2 2 2 

Y2n 
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(4.3) 



I 
I 

where K 1 1s a scaler amplitude factor known as the stress intensity factor 

where: I 
K = {E9 

1 y-;- (4.4} 

m which g is the energy associated with the unit crack extension and E is 

Young's Modulus of Elasticity. The parameters r and 0 in Equation (4.1) to 

( 4.3) are the polar coordinates describing the surrounding crack tip region as 

shown in Fig. 4-1. 

Figure 4-1: 

·Y 

oy 

f.rxy 
,\\\\\\\\\\\\\\\\ t .. ox 

X 

Two-dimensional polar coordinate system and stress components 
at a crack tip 

The subscript 1 in the stress intensity factor term K
1 

refers to a tensile 

opening load condition, commonly called Mode I. Similar solutions to Equations 

( 4.2) and ( 4.3) exist for other load conditions. Mode II is for in-plane shear 
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and Mode III for out-of-plane shear load conditions, as shown in Fig. 4-2. 

However, in the study of the fatigue behavior of large-scale welded bridge 

details with specific application to design, Mode I represents the relevant loading 

condition. A deviation from a Mode I loading condition to either a Mode II or 

Mode III would represent an extreme or unusual loading situation not considered 

by the basic fatigue design philosophies. 

The stress intensity factor may be expressed m a more general form as: 

K=YuVa (4.5) 

where Y is a dimensionless quantity, determined by the body geometry and 

crack configuration. The stress intensity factor, K, has the units of stress times 

the square root of length. Equation ( 4.5) represents an idealized case of an 

internal thru thickness crack in an infinite plate. By modifying the parameter Y 

to incorporate the effects due to boundary conditions, non-uniform stress fields, 

etc, Equation ( 4.5) may be used to define the stress intensity factors for a wide 

range of cracks and geometrical conditions. 

The stress intensity factor, K, provides a description of the magnitude of 

crack tip deformation fields and can therefore be considered as a crack driving 

force parameter under cyclic loading conditions. The fatigue crack growth rate, 

da/dN, has been related to the cyclic range of stress intensity factor t:..K, where 

t:..K represents the difference between the maximum and minimum stress 

levels.31• 32 Therefore, in terms of Equation ( 4.5), the range of stress intensity 

factor can be taken as: 

t:..K = t:..u Y Va (4.6) 

where 
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Figure 4-2: Three modes of crack front displacement under different 
loading conditions 
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I 
I 

flu = u - u . 
maz mtn 

I Stable fatigue crack propagation 1s commonly divided into three growth 

rate regimes depending upon the level of the range of stress intensity, t:.K, as 

shown in Fig. 4-3. The intermediate growth rate regtme (Region II) can be 

I described by a power-law relationship33 in the form of: 

da 

I dN 
(4.7) 

where 

I a = crack length 

I 
N = number of cycles 

t:.K = range of stress intensity 

I and C and n are: functions of material properties, environment, temperature, 

I 
minimum and maximum stress levels, and frequency of loading. At the two 

extreme regimes of t:.K, deviations occur from the linear power-law relationship 

I of the growth rate curve. In Region III, as t:.K increases, growth rates 

accelerate until a limiting maximum value of t:.K 1s reached. This value 1s a 

I function of the material's fracture toughness, K lC' In this region, an ever 

I 
increasing amount of plasticity occurs at the crack tip until a critical crack tip 

state of stress 1s reached and rapid, unstable crack propagation occurs, 

I culminating in fracture of the cross-section. While this obviously results in 

catastrophic failure of the specimen or structural member, this region of crack 

I growth is "after the fact" as far as high cycle fatigue crack growth is 

concerned. By the time Region III is reached in the life of a full-scale, in-

I service welded steel detail, over 95 percent of the total fatigue life has been 

I exhausted. 
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Figure 4-3: Fatigue crack propagation curve 
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Fatigue crack propagation is influenced mostly by Region I. For it is in 

this regime where a growth - no growth situation exists. At low !:l.K levels, the 

crack growth rates diminish as the !:l.K decreases to an asymptotic limit. This 

minimum value of !:l.K is referred to as the threshold range of stress intensity, 

!:l.K
1
h. For stress range cycles that result in a !:l.K below the !:l.K1h at the crack 

tip, no crack tip extension occurs. 

With reference to Equations (4.1) to {4.3) and Fig. 4-1, the distance r is 

measured from the crack tip. As r approaches zero, the crack tip stress become 

infinite. However, most all engineering materials exhibit plastic flow at an 

elevated stress state, as defined by the material's yield stress, u . This places 
Y' 

a limiting value on the stress field at or near the crack tip since yielding will 

occur. An estimation for an idealized circular plastic zone was proposed by 

lrwin34 for Mode I loading conditions as shown in Fig. 4-4. The plastic zone 

radius, r , is determined by solving Equation ( 4.1) for r with the local stress, 
p 

u , equal to the yield stress, u , at () = 0. The plastic zone radius can be 
y p 

approximated by 

r = ~ [ K 1 
] 2 

p C1r CT 
Y' 

(4.8) 

where the parameter c is used to take into account the degree of elastic 

constraint at the crack tip. For plane-stress conditions, c IS taken as 2. For 

the plane-strain condition (applicable to large-scale welded details with cracks), c 

is taken as 6. Therefore, the plane-strain condition results in a smaller plastic 

zone size (by a factor of 3). It should be recognized that the value of u Y' 

obtained experimentally from coupon tension tests would be less than that 

exhibited at a crack tip. At the crack tip, a plane-strain condition exists, 
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resulting in a multi-axial state of stress, thus elevating the commonly found 

uniaxial yield stress. The concept of the idealized circular plastic zone is useful 

in describing additional fracture mechanics principles such as crack closure and 

overload induced fatigue crack propagation. 

oys 

r 

Figure 4-4: Schematic of elastic stress distribution near a crack tip 
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4.2 Crack Closure Concept 

The range of stress intensity, by itself, 1s inadequate in describing fatigue 

crack propagation. From an examination of Eq. ( 4.6), it is apparent that the 

range of stress is the only stress parameter. No consideration is given to the 

mean stress level, or similarly, the stress ratio. The crack closure concept, as 

proposed by Elber,35• 36 can be used successfully to correlate constant cycle 

fatigue crack propagation rates at different stress ratios. The underlying 

principal behind the the concept IS that as a consequence of the permanent 

tensile deformation of the plastic zone left in the wake of a propagating crack 

during cycling, partial crack closure will occur during the unloading portion of 

the load cycle. Therefore, the strain required to open a fatigue crack is greater 

than the strain required to close the crack. Elber concluded that an effective 

stress intensity range, !:J.K 
11 

(where !:J.K 11 = K - K ), would better describe e e max op 

the fatigue crack process than the nominal or applied !:J.K (t:J.K = K - K . ) 
max m1n 

as shown in Fig. 4-5. At a stress intensity below !:J.Keff' no fatigue crack 

propagation occurs smce the crack tip is essentially closed and the actual value 

of K is zero. 

Since the crack closure concept is based on the permanent deformations in 

the plastic zone, the degree of constraint at the crack tip will influence !:J.Keff 

It can be argued that since the plastic zone size for the plane-strain load 

condition is less than that of plane-stress (Eq. (4.8)); less permanent plastic 

deformation is possible, hence, !:J.Ke!f is closer in value to !:J.K. 
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Figure 4-5: Schematic of effective stress intensity range concept 

4.3 Fatigue Crack Propagation Rates 

In the context of full-scale welded bridge details, fatigue crack propagation 

rates will only be considered for structural steels normally used in this type of 

application. A host of data exists for fatigue crack propagation in Region II, as 

defined , by Equation ( 4. 7). This includes a study sponsored by the National 

Cooperative Highway Research Program that examined subcritical crack growth 

and the fracture characteristics of bridge steels. 37 The steel types examined 

were American Society for Testing and Materials ( ASTM) designations A36, 
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A588 Grades A and B, and A514 Grades E and F. Both constant amplitude 

and variable amplitude load test data will be reviewed for the different steel 

types with specific attention given to the effect of the stress ratio or mean 

stress level on the propagation rates. In addition, an examination will be made 

I 
of the influence of specimen type used to obtain the test results, especially in 

the slow growth regime of Region I (Fig. 4-3). 

4.3.1 Constant amplitude growth rates 

The fatigue crack propagation test results of NCHRP Project 12-14 

indicated that steel type does influence fatigue crack growth rates when 

classified according to grain structure. For high strength martensitic steels, 

yield strength greater than 80 ksi, Region II fatigue crack propagation rates in 

an a1r environment were conservatively (upper bound) estimated by the 

equation: 

da 
- = 0.66·10-8 flK2·25 

dN 
(4.9) 

As indicated by summary of test data shown in Fig. 4-6, the data for this type 

of structural steel fall within a single distribution band. The stress intensity 

range varied from 6.0 to 150 ksiV'in. Loading of the specimens resulted in an 

average stress ratio of only 0.1. 

For the lower strength ferrite-pearlite steels, yield strength less than 80 

ksi, the Region II growth rates were found to be best estimated by the 

equation: 

da 
- = 3.6·10-Io !lK3.o 
dN 

(4.10) 

The test data for this type steel are plotted in Fig. 4-7. As with the 

martensitic steel data, only a stress ratio of 0.1 was used. 
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Summary of fatigue crack propagation data for martensitic 
steels37 

A comparison of Equation (4.9) and (4.10) reveals that although the stress 

intensity range, D.K, exponent is smaller for martensitic; the constant C (Eq. 

( 4. 7)) is smaller for the ferrite-pearlite steels than that of the martensitic steels 

(Fig. 4-8). In the higher growth rate regime of Region II, the propagation rates 

for martensitic steels provide the upper bound (of growth rate) value. However, 

at lower values of D.K, the growth rates calculated from Eq. (4.10) for ferrite-

pearlite steels provide a better estimation. The higher growth rates in ferrite-

pearlite steels at low D.K values can be contributed to the composition character 

of the microstructure of this type of steel. 38 

Growth rate experiments performed by Bucci et al.39 revealed the influence 

of the stress ratio on fatigue crack propagation. All tests were conducted with 
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Summary of fatigue crack propagation data for ferrite-pearlite 
steels37 

ASTM A517 Grade 7 steel with a nominal yield strength of 100 ksi. As 

illustrated in Fig. 4-9, at low fatigue crack growth rates, the stress ratio affects 

the fatigue crack growth rates. As the stress ratio increases, the growth rate 

also increases. This behavior has been observed by other investigators as well. 

This behavior can be contributed to crack closure effects (Sec. 4.2) as set forth 

by Elber. Due to crack closure during a portion of the stress cycle, the actual 

stress intensity range at the crack tip is less than the computed or nominal 

value. 

The crack growth data for steels m Region II under constant amplitude 

loading show only a secondary effect of the stress ratio on fatigue crack 

propagation rates. While closure models would seem to predict an increase in 
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Comparison of fatigue crack propagation rates for ferrite-pearlite 
and martensitic steels 

the growth rates with an increase in the stress ratio due to the increased crack 

tip opening, observed growth rate are not significantly higher. However, with 

the increased crack tip openmg with increased stress ratio comes an increase in 

the plastic zone size as defined by Eq. 4.8. This leads to an increase in the 

residual plastic zone wake behind the advancing crack, thus decreasing the crack 

tip opening. 
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Comparison of crack growth rate behavior for varying stress 
ratio, ASTM A517 Grade F steel39 

4.3.2 Variable amplitude growth rates 

Also studied in NCHRP Project 12-14 was the effect of variable amplitude 

loading on fatigue crack propagation rates. The results of the study indicated 

that for all steels tested, the average rate of fatigue crack growth under random 

sequence, variable amplitude loading could be related to the constant amplitude 

growth data through the use of a root-mean-square average of the stress 
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intensity range, f::J.K • 
rm! 

Thus, fatigue crack propagation rates could be 

estimated by the equation: 

da 
- = C (t::J.K )n 
dN rm! 

(4.11) 

where C and n are material constants. Comparison of constant amplitude and 

variable amplitude growth rates for A36 steel and A588 Grade A steel are 

shown in Figs. 4-10 and 4-11, respectively. 

~ ,. 
~ 
~ 
z 
l 
..i ,.. 
<( 
a: 
l: 

i 
0 
a: 
'i' 
" '-' <( 
a: 
'7 
w 
:::l 
2 ,.. 
<( ... 

10•r-----~----r--r-,~TT~rr------------------~ 

a 

6 

4 

l 
I 
I . 

1o·~i.. 

at 

6~ 
r 

l 
l 0 

a; 

' ·:~i 
I 

10 20 

Figure 4-10: 

0 
a • 

A /eo ... , 
0 

Jl!•o 
~~ 

$ 
I • 

e RANDOM 

6 RANDOM 

0 CONSTANT 

a CONSTANT 

1 KS1 viNCH' • 1.0118 MN/ml/2 
1 INCH • 25.4 mm 

1 I I I I I I I 

JO 40 5080 80 100 

Crack growth rates for A36 steel37 

1 
I 

3 
j 

As part of NCHRP Project 12-15(4), variable amplitude crack growth 

studies were conducted in the high cycle regime (Region I) using 1/4 in. thick 
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Figure 4-11: Crack growth rates for A588, Grade A steel37 

center-crack A36 steel plate specimens. The specimens were tested under a 

random variable amplitude load sequence. Eight different block load levels were 

randomized in a Rayleigh-type distribution of 150 total blocks with each block 

having approximately 950 constant amplitude cycles. Three different stress 

ratios were studied: 0.3, 0.55, and 0.8. The highest ratio corresponds to the 

stress condition that exists in welded joints due to the tensile residual stresses. 

The crack growth rates from the study are plotted in Fig. 4-12 with the 

upper bound crack growth rate curve suggested by Barsom (Eq. 4.10). These 

results were evaluated by relating the average crack growth rate under the 
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variable amplitude loading to the Root-Mean-Cubed of the stress intensity range. 

As the plot of data indicates, the growth rates are sensitive to the stress ratio, 

R. As the stress ratio was increased to 0.8, the growth rates coincide with the 

upper bound estimate. This was most evident in the low stress intensity range 

or near the crack growth threshold level. 

4.4 Fatigue Crack Growth Thresholds 

As the data from the previous section indicated, the fatigue crack growth 

rates are sensitive to the stress ratio. As R increases, crack growth thresholds 

have been found to decrease. A lower bound estimate of flKth in austenite, 

banite, ferrite-pearlite, and martensite steels can be given as40 

flKth = 6.4 ( 1 - 0.85 R) (4.12) 

where flKth is given in ksiv'in and the stress ratio, R, is greater than +0.1. 

Traditionally, crack growth threshold values are obtained from pre-cracked 

compact tension specimens m which the cyclic loading is reduced, decreasing 

IlK, until a flKth state IS reached. 41 Recent re-evaluations of this . test 

procedure have shown its sensitivity to the applied stress ratio. As the stress 

ratio is increased (increasing K values), it has been observed that the flKth 

occurred at progressively lower stress intensity ranges.42 

related to the crack closure concept discussed previously. 

This behavior can be 

The pre-existing long 

crack in the specimen has increased crack closure due to the development of the 

residual plastic wake from the pre-cracking cycling. Hertzberg et al. has 

suggested a K , IlK-decreasing test procedure be used to obtain a more max 

realistic value of flKth associated with engineering components. The high Kmax 

value will reduce the influence of closure effects at the crack tip and will result 
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m lower observed values of !::J.Kth" 

The variable amplitude crack growth data will exhibit crack growth below 

!::J.K
1
h obtained from constant amplitude crack growth data when an averaged 

stress intensity range is used to describe the load spectrum, such as !::J.K RMS or 

!::J.K RMC" While the average value of !::J.K is below !::J.Kth' the higher stress 

intensity ranges m the load spectrum will cause the initiation of crack 

propagation. Crack growth tests were carried out on similar specimens under 

both constant and variable amplitude loading near the crack growth threshold. 16 

Only a small percentage of the variable load cycles resulted in stress intensity 

ranges above the constant ·cycle crack growth thresholds. At a stress ratio of 

0.8, the threshold was reduced from 3.5 ksiVin for constant cycling to 

approximately 2.0 ksiVin for variable amplitude cycling. At a stress ratio of 

0.55, the reduction of the threshold was from 5.5 ksiVin to about 3.5 ksiVin. 

A consequence of the higher load cycles resulting in stress intensity ranges 

above the threshold is crack tip advancement. The increase in crack s1ze causes 

an mcrease in the stress intensity range for the entire load spectrum. 

Therefore, as crack growth is driven by the higher load cycles, an ever 

increasing number of lower load cycles will result in stress intensity ranges 

above the threshold. Eventually, all stress intensity ranges will be above the 

threshold and, therefore, contribute to crack propagation. This principle will 

form the basis of a variable amplitude crack propagation model to be developed 

in the next chapter. 
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4.5 Overload Induced Fatigue Crack Propagation 

One of the most extensively studied and documented aspects of fatigue 

crack propagation has been the effect of overloads on crack growth 

rates. 43
• 

44
• 

45
• 

46
• 

47 If an isolated load IS sufficiently large enough m 

magnitude, crack growth rates will decrease. This effect on crack propagation is 

shown schematically in Fig. 4-13. Several models have been set forth to explain 

the behavior, such as: crack tip blunting,48 residual stresses,49 and crack 

closure. Both the crack tip blunting model and the residual stress model 

suggest that the mechanism for delay will occur immediately upon application of 

the overload. However, von Euw observed that the retardation of the crack 

growth rate did not occur immediately, but rather required a number of 

additional cycles to decrease to a minimal level. 50 The delay retardation IS 

caused by the formation of a zone of residual tensile deformation left in the 

wake of a propagating crack and is therefore supportive of the crack closure 

model. 

Crack growth studies by Zwerneman51 examined the effect of closely 
I 

spaced overload stress cycles on fatigue crack propagation rates. When the high 

stress cycles were closely spaced (every 10 cycles) around smaller, single 

amplitude stress cycles, a mean stress effect caused growth rate acceleration. 

Retardation effects were only observed when the application of the overload was 

separated by thousands of smaller stress cycles. The spectrums used in the 

experimental program were highly programmed. It was concluded that for 

highway bridge loadings, the stress range spectrum is sufficiently random in 

nature such that crack growth acceleration would not occur. However, the 

fatigue damage should never be estimated to be greater than that provided by 
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Miner's Rule in conjunction with the rainflow cycle counting method. 

Although available crack growth data is lacking in this area, it can be 

speculated that overload/underload effects on propagation rates would decrease 

as the stress ratio is increased. This hypothesis is supported by the crack 

closure concept. The development of any crack growth acceleration or 

retardation is highly dependent on the formation of the residual crack tip plastic 

zone and the subsequent crack advancement through this zone with closure. An 

increase in the stress ratio would decrease the crack closure effects and minimize 

any acceleration or retardation effects on the crack growth as schematically 

shown in Fig. 4-14. · This behavior would also be minimized by any randomness 

occurrmg in the load spectrum since this would have a tendency to "wash out" 

any isolated plastic zone resulting from an overload. Most crack propagation 

studies involving overloads have used programmed load spectrum with the 

overload stress cycles separated by smaller, constant stress cycles. To date, no 

crack growth studies have been performed under random loading at high stress 

ratios and with stress fluctuations within the ranges similar to those experienced 

by bridge details. 

4.6 Summary 

The current chapter has provided a brief summary of linear elastic fracture 

mechanics concepts with specific emphasis on fatigue crack propagation. While 

fatigue cracks are influenced by a wide range of factors resulting in an even 

greater range of behavior; any application of test results must be done within 

certain constraints. For welded steel bridge details this means crack growth in 

a zone of high tensile residual stress, stress fluctuations that are both variable 

and random, and within limited ranges of stress. 
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Given the preceding discussion on several aspects of fatigue crack 

propagation, the following conclusions can be drawn with regard to the fatigue 

behavior of large-scale welded steel details and the influence of crack 

propagation at high stress ratios: 

• As the stress ratio mcreases, fatigue crack propagation rates increase. 

This effect is more pronounced at lower stress intensity range values. 

A schematic presentation of this effect at relatively low values of IlK 

is shown in Fig. 4-15. 

• As the stress ·ratio increases, fatigue crack threshold values, tlKth' 

decrease. 

low as 

loading. 

For ferrite-pearlite steels, a fatigue crack threshold value as 

1.8 ksiVin has been observed under variable amplitude 

• As the stress ratio increases, it can be speculated that the effect of a 

single overload stress cycle on fatigue crack growth retardation IS 

decreased. At high stress ratios, this effect is negligible. 
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Chapter 5 

Fatigue Crack Propagation Model 

The development of linear-elastic fracture mechanics has allowed for its 

practical application to fatigue crack growth in steel bridge members. In this 

chapter, these principles will be used to evaluate the welded details of test 

specimens from NCHRP Projects 12-15(4) and 12-15(5). This includes the 

variable amplitude test results with regard to the variability that exists in 

fatigue behavior of welded details. In addition, the effect of stress cycle 

truncation is studied for both fatigue testing and fatigue life estimates. 

5.1 Fatigue Crack Growth Model 

The Paris Power Law (sec 4.1) 1s used to relate fatigue crack extension, 

dajdN, to the range of stress intensity factor, D.K, and is given by: 

da - = C D.Kn 
dN 

(5.1) 

The best estimate for the upper bound for fatigue crack growth rate m bridge 

steels and weldments 1s g1ven by: 

da 
- 3.6·10- 10 D.K3·0 

dN 
(5.2) 

This relationship will be used m the fatigue crack growth model. With the use 

of this crack growth rate as a constant value, the assumption is made that 

cycle interaction does not occur. This implies that crack acceleration or 

retardation does not result from cycle overloads or underloads to the degree 

that the crack growth rate changes significantly from the assumed values over 

the life of the detail. The experimental programs from which the test results 

are to be modeled have load cycles applied from a constant minimum load level 
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and as individual load cycles. No cycle addition or superposition of smaller 

stress cycles occurred. In addition, the load cycles were applied in a random 

fashion. 

The calculation of the stress intensity range, LlK, for welded bridge details, 

such as coverplate terminations and web attachments, can be related to the 

idealized case of a central through crack in an infinite plate by the application 

of appropriate stress field correction factors. 52• 53• 54 The generalized stress 

intensity range is given by: 

tlK = F(a) Sr fu (5.3) 

where F(a) is the product· of all applicable correction factors as a function of 

crack length, a, and is given by: 

F(a) = F · F · F · F e 6 w g 

where 

F = elliptical crack shape correction e 

F = free surface correction 
6 

F = finite width correction w 

F = stress concentration correction 
g 

(5.4) 

The crack shape correction factor, Fe, IS given by the following equation: 55 

1 
F = 

e E(k) 

where E(k) is the complete elliptical integral of the second kind as given by: 

where 
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a mmor semi diameter (surface crack depth) 

c = major semidiameter (one-half the crack width} 

For a semicircular crack in a semi-infinite plate subjected to a uniform 

stress, the free surface correction is given by: 52 

F = 1.211 - 0.186 ~ 
8 v ~ (5.7) 

For a central crack in a plate of finite width the finite width correction 

factor is given by:52 . 

M F = w 
(5.8) 

A general approximation for the stress gradient correction factor, Fg, can 

be given in the form: 56 

F = ----
g 1 + GaP 

(5.9) 

where G and {3 are dimensionless constants, a is the ratio of crack s1ze to plate 

thickness, aft, and Ktm is the maximum stress concentration factor at the weld 

Th. I . . h b f d b I' bl 1 d'ff toe. IS approximatiOn as een oun to e app 1ca e to severa 1 erent 

structural details including coverplates and web attachments. For the toe of an 

end-weld coverplate termination, Zettlemoyer developed from finite element 

analysis the following stress gradient correction factor: 57 

F = ---------
g 1 + 6.789(ajt

1
)0·4348 

(5.10) 

where 

Ktm = stress concentration factor 
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a = crack depth 

t 
1 

= flange thickness 

The stress concentration factor was calculated at the toe of the weld for an 

uncracked section with the following equation: 

(Z) (_tcp) 
Ktm = -3.539 log -;; + 1.981 log t; + 5.798 (5.11) 

where 

Z = weld leg size 

t cp = coverplate thickness 

t 1 = flange thickness · 

For the web attachment detail, finite element analysis58 indicated that the 

stress gradient correction factor could be approximated by the following 

equation: 

Ktm 
F = 

g 1 + 0.88 a0.576 
I (5.12) 

where the stress concentration factor, Ktm' was determined to be approximately 

8.0 by finite element analysis when the attachment thickness exceeded 1.0 in. 

5.2 Crack Size and Shape 

The initial discontinuities that exist along a fillet weld toe are generally 

the result of the inclusion of nonmetallic material in the weld metal as it cools. 

Since these discontinuities exist in the high stress concentration region of the 

weld toe, they act as crack initiation sites. The initial size or depth of a 

discontinuity at the toe of transverse coverplate welds has been found to range 

from 0.001 to 0.03 m. For the web attachment detail, the range in initial 

crack sizes has been measured to be from 0.002 to 0.02 in. 
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Limited crack shape measurements for vanous welded details have resulted 

m a wide variety of estimates and are plotted in Fig. 5-l as a function of the 

two semidiameters: a and c. As given by Eq. (5.7), the free surface correction 

factor and hence the crack propagation rate is influenced by the shape of the 

crack as given by the ratio of the minor semidiameter to the major 

semidiameter, a/c. Measurements of crack shapes in large-scale coverplated 

beam test specimens has provided a lower bound approximation given by: 57 

c = 5.462 a 1.133 (5.13) 

For the web attachment detail, similar measurements have provided the 

following relationship:59 

a 
c 

c = 3.247 a1. 241 

0.6 

0.4 

0.2 

0 

Figure 5-l: 

0.2 0.4 

CRACK 

(5.14) 

-- ----------'-- c = 0.132 + 1.290 

~·c a 3.247a1.241 

\__ c = 5.46201.133 

0.6 

DEPTH, 

0.8 

a (in) 

1.0 

Measures crack shape variations with crack depth 
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5.3 Stress Spectra 

In several NCHRP supported fatigue research programs a Rayleigh-type 

stress range spectrum was used to simulate variable amplitude loading. This 

includes NCHRP Project 12-129 and 12-15(4),16 as well as the current NCHRP 

Project 12-15(5). The general shape of this type of skewed stress range 

spectrum is shown m Fig. 5-2. 

>
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Figure 5-2: 

STRESS RANGE 

Constant Amplitude 

/fatigue Limit 

Rayleigh-type stress range spectrum 

For the Rayleigh-type distribution, the probability density curve, P, IS defined 

as follows: 

where 

p' 
P=

Srd 

p 
I 2 

1.011 x' e112 z 

(5.15) 

(5.16) 
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X 

Sr - Sr . 
max mtn 

Sr e 

Sr - Sr . 
mtn 

Srd 

where W is the width of the assumed distribution. 

(5.17) 

(5.18) 

The Rayleigh distribution 

provides a value for the effective stress range, Sr , that is: 
e 

Sr e = Sr min + 1.5 · Sr d {5.19) 

Two Rayleigh-type stress range spectra were used for the crack 

propagation models. Figure 5-3 is one of the stress range distributions used in 

NCHRP Project 12-15(4). The distribution has been normalized with the 

constant amplitude fatigue limit at the eight highest stress range interval. The 

Root-Mean-Cubed (RMC) average of the distribution is 0.55 percent of the 

constant amplitude fatigue limit. Figure 5-4 gives the distribution used in 

NCHRP Project 12-15(5). This distribution is normalized with the tenth 

highest stress range interval. Overloads were introduced into the distribution at 

an exceedance rate of 0.1 percent of the constant amplitude fatigue limit. The 

RMC effective stress range is given as 58 percent of the constant amplitude 

fatigue limit. For the series of experimental results used in this study, the 

overloads had a maximum value of 7/6 of the constant amplitude fatigue limit. 

In addition to the Rayleigh-type distributions, three other stress range 

spectra were used to evaluate the influence of spectrum shape on fatigue life 

estimates. These include: a constant distribution, a linear distribution, and a 

geometrically varying distribution. The three normalized distributions are shown 

in Fig. 5-5 
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5.4 Factors Influencing Fatigue Behavior 

The main focus of this chapter is to examine the factors that influence the 

fatigue behavior of welded bridge details subjected to variable amplitude loading. 

Examination of Eq. (5.3) for the stress intensity factor, D.K, shows that it's 

value is dependent on three parameters: the crack size, a; the stress range, Sr; 

and the stress field correction factors grouped together as F( a). All three 

interrelated parameters contribute to the variability that exists in fatigue test 

data and have an effect on actual in-service performance as compared to design 

expectations. The variability of each parameter will be discussed as it pertains 

to the variable amplitude fatigue behavior of the coverplate detail of NCHRP 

Project 12-15(4). 

5.4.1 Crack size 

Fatigue life calculations for both constant amplitude and variable 

amplitude loading are sensitive to the initial crack size. As the initial crack 

s1ze increases, the fatigue life will decrease due to the inverse relation between 

the stress intensity range and the total number of cycles to failure in the 

integration of fatigue life. Based on measurements of initial crack s1zes m 

coverplated beams, a reasonable lower bound estimate of 0.03 in. will be 

assumed for the coverplate detail under study. Figure 5-6 shows the fatigue 

resistance curve developed from the fatigue life calculations with an assumed 

crack size of 0.03 m. This resistance curve coincides with the Category E 

resistance curve. Also shown in Fig. 5-6 are the fatigue resistance curves 

corresponding to initial crack sizes of: 0.005, 0.01, and 0.05 in. As these curves 

illustrate, the sloping fatigue relationship decreases as the initial crack size 

mcreases. In addition, the fatigue limit is reached at lower stress range levels. 
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Figure 5-6: Fatigue resistance curves as a function of initial crack s1ze 

5.4.2 Stress field correction factors 

Of the four stress field correction factors, the stress concentration 

correction, F, provides the largest contribution to variability in fatigue behavior. 
g 

As given in Eq. (5.9), the numerator of the stress field correction factor is given 

by the stress concentration factor, Ktm· For the coverplate detail under study, 

the value of the stress concentration factor is calculated as 6.14 from Eq. (5.11). 

However, the development of Eq. (5.11), by finite element analysis, was based 

on the assumption that the fillet weld angle was 45 •. Gurney has shown that 

a deviation of the weld angle significantly affects the stress concentration at the 

weld toe.60 As the weld angle increases (increasing the steepness of the profile), 

the stress concentration factor mcreases. Conversely, a more shallow profile will 
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have a tendency to reduce the stress concentration and will thereby increase 

fatigue strength. For the purposes of this study, increased stress concentration 

factors of 7.0 and 8.0 were also analyzed. 

As shown m Fig. 5-7, the fatigue resistance curves for the coverplate detail 

decrease as the stress concentration factor, Ktm' increases. 
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t- t-
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N - NUMBER OF CYCLES 
Figure 5-7: Fatigue resistance curves as a function of stress 

concentration factor 

The stress concentration of 6.14 corresponds to a fatigue resistance of AASHTO 

Category E classification. As the stress concentration factor increases to 8.0 the 

fatigue resistance approaches the resistance provided by the AASHTO Category 

E' detail classification. 
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5.4.3 Stress range 

In fatigue experimentation the estimation of the nominal stress range at a 

detail is usually known to a high degree of accuracy. Given strain gage 

readings at a detail location, the stress range can be estimated within a few 

percent of the actual value. In variable amplitude testing, properly controlling 

the experiment can insure that each desired stress range interval is obtained. 

In any event, an error on one stress range value will not significantly change 

the value of the effective stress range when all cycles in the spectrum are 

considered. 

However, for design and in-service performance, variability of the stress 

range spectrum can occur. Any increase in truck weight distribution will cause 

an upward shift in the stress range spectrum. Even if the maximum load level 

does not change, a greater concentration of trucks near the legal limit will 

result in a higher weighted average, resulting in an increase in fatigue damage. 

More accurate analysis and design methods, such as those associated with finite 

element analyses, result in the actual stress range being much closer in value to 

the calculated design value. This again results in an upward shift of the stress 

range spectrum and results in an increase in fatigue damage. 

5.4.4 Fatigue crack thresholds 

As discussed in Chapter Four, the lower bound estimate for the fatigue 

crack growth threshold in steel weldments is given by 2. 75 ksiv'in. For the 

purposes of this study it will be assumed that this value is correct since it has 

been used to develop and correlate the crack growth models that are · used in 

the current study. While values for the crack growth threshold have been 

observed below 2.75 ksiv'in, they have been reported for variable amplitude 
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crack growth studies. These values are computed by either the root-mean-

square or the root-mean-cube estimate of the stress intensity factors resulting 

from the variable load spectrum. A similar situation presents itself as found 

with the S-N fatigue limit under variable amplitude loading. While the effective 

stress intensity range may be below the threshold of 2.75 ksiVin, a portion of 

the load spectrum results in stress intensity ranges above the threshold, resulting 

m crack propagation. 

While the value of the crack growth threshold can be taken as constant, 

two of the components that contribute to it's value are not. Both the stress 

concentration factor, Kt , and the initial crack size, a., influence the stress 
m ' 

range value for the constant amplitude fatigue limit. Figure 5-8 shows for the 

coverplate detail the relationship between the crack depth and the stress range 

for the crack growth threshold assuming a value of 2.75 ksiVin. The curves 

correspond to each of the stress concentration factors under study: 6.14, 7.0, 

and 8.0. For a given coverplate detail with one of these stress concentration 

factors, any combination of stress range and crack size that plots above the 

curve indicates that the fatigue crack threshold value has been exceeded and 

crack propagation occurs. 

Figure 5-9 shows the fatigue crack threshold curves for 

attachment detail with stress concentration factors of 7.0 and 8.0. 

the web 

Though 

similar to the coverplate detail shown in Fig. 5-8, there is not as rapid a decay 

at the larger crack sizes. This is primarily due to the eventual crack 

propagation outside the high stress concentration field of the web attachment 

end. 

Examination of Figs. 5-8 and 5-9 indicates that as the stress concentration 
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Figure 5-8: Fatigue crack threshold values, coverplate detail 

increases, the constant amplitude fatigue limit decreases; although the differences 

decrease with large crack sizes. The curves also indicate that as the stress 

concentration increases, a smaller stress range is required for a given crack size 

in order to obtain the no-growth threshold. The smaller stress range at high 

stress concentrations gives rise to constant amplitude fatigue limits occurring at 

higher cycle lives as the severity of the detail mcreases. 

More importantly, these curves indicate the crack growth threshold decay 

that will occur under variable amplitude loading. As the crack propagates 

under the higher stress range values of the stress spectrum, the crack size 

increases, resulting in a decrease in the stress range threshold value. This 

results in lower stress cycles contributing to fatigue crack propagation with 

time. The shape of the curve and hence the rate at which the smaller cycles 
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Figure 5-9: Fatigue crack threshold values, web attachment 

begin to contribute to fatigue damage is a function of the stress field correction 

factors, F(a). 

5.5 Crack Propagation Simulation 

Fatigue crack propagation under variable amplitude loading was simulated 

using the crack growth models in a step-wise fashion as governed by the crack 

growth threshold curves of Figs. 5-8 and 5-9. For each stress cycle in the 

spectrum, the threshold crack size was determined, since as the magnitude of 

the stress cycle increases, the threshold crack size decreases. The effective stress 

range (RMC) was then calculated from the stress cycles in the spectrum that 

had a crack threshold size below the assumed initial crack size for each detail 

(0.03 in. for the coverplate and 0.02 in. for the web attachment). A crack 

99 



propagation calculation was made with this effective stress range by integrating 

from the initial crack size to the threshold crack size of the next lowest stress 

cycle in the spectrum. This calculation gave the number of cycles required to 

propagate the crack to the next lowest non-contributing stress cycle. A new 

crack growth calculation was made with a lower effective stress range value 

determined from a new stress spectrum that included the next lowest stress 

cycle. The integration was performed from the crack threshold size of the 

smallest stress cycle in the new truncated spectrum to the threshold crack size 

of the next lowest stress cycle. This procedure was repeated until the crack 

size increased in magnitude. enough to cause failure. 

Although the full stress range spectrum is continuously applied to the 

detail, for the purpose of this study it is assumed that only a portion of the 

stress cycles in the spectrum may actually contribute to crack growth m the 

high cycle, long life regime as governed by the crack threshold. By integrating 

the crack growth model in increments, the number and distribution of stress 

cycles that contribute to crack propagation during the total life of the welded 

detail can be determined. The total number of contributing cycles is referred to 

as the effective cycle life, N /. The v a! ue of the effective cycle life is always 

less than the nominal cycle life, N 
1

, determined by the full spectrum. In 

addition, the effective stress range for the truncated spectrum results in a higher 

value, sre'. 

The fatigue crack propagation models were used to evaluate the variability 

that exists in the parameters that contribute to the crack growth threshold and 

the influence it has on fatigue behavior and total life. Each of the three 

parameters of the stress intensity range will be examined: initial crack size, 
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stress range, and stress concentration of the stress field correction factor. The 

results are compared with the AASHTO fatigue resistance curves and the test 

data from the two NCHRP test programs previously discussed. 

5.5.1 Influence of stress spectrum shift 

As discussed in sec. 5.3.3, a change in the stress spectrum can occur with 

time. While the general shape of the stress range distribution may not change, 

the entire spectrum may shift to higher stress range values as shown 

schematically in Fig. 5-10. 

>-
1-->
~ ...... 
m
<tcn 
mz 
0~ 
a:: 
a. 

STRESS RANGE 
Figure 5-10: Shift of the stress range spectrum 

This shift causes the effective stress range and both the minimum and 

maximum stress range values to increase. This results in a greater portion of 

stress cycles in the spectrum to be above the crack growth threshold (or the 

constant amplitude fatigue limit). Conversely, by shifting the stress spectrum to 

lower levels, the constant amplitude fatigue limit exceedance rate, r.,if, 

decreases. This simulates high cycle, variable amplitude testing performed on 
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specimens m order to define a variable amplitude fatigue resistance curve below 

the fatigue limit. Both the coverplate detail of NCHRP Project 12-15(4) and 

the web attachment detail of NCHRP Report 12-15(5) were used for this 

simulation. 

The coverplate details were subjected to the stress spectrum shown in Fig. 

5-3. The maximum stress cycle was increased from 5.5 ksi to 7.5 ksi in 0.5 ksi 

increments. This resulted in a range of exceedance rates of the estimated 

constant amplitude fatigue limit ( 4.5 ksi) from 0.5 percent to 25 percent. A 

summary of the five different stress spectra and their corresponding stress 

parameters are given in Table 5-l. 

Sr min Sr Sr Eli/ max e 

(ksi) (ksi) (ksi) (%) 

1.0 5.5 2.1 0.5 

1.5 6.0 2.6 1.1 

2.0 6.5 3.0 3.4 

2.5 7.0 3.5 10.2 

3.0 7.5 4.0 25.0 

Table 5-1: Stress range parameters for the spectra shift 

The results of the crack propagation simulation with the shifting stress 

spectra are given m Figs. 5-11 thru 5-15. The shaded portion of each stress 

range interval defines the portion of the total number of applied stress cycles 

that contribute to fatigue crack propagation, the sum of which is equal to the 

effective cycle life, N/. All stress cycles at or above the constant amplitude 

fatigue limit ( CAFL) contribute, whereas the cycle distribution below the fatigue 
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limit IS truncated. The degree of truncation is a function of the exceedance 

rate. As the exceedance rate decreases, truncation of the smaller cycles 

mcreases. 

Table 5-2 summanzes the fatigue lives calculated from the crack growth 

simulations. Both the nominal and effective fatigue lives are given as well as 

the ratio of these two life estimates. Also given are the effective stress range 

values calculated from both the full and truncated spectra. As the exceedance 

rate increases from 0.5 to 25 percent and the effective stress range increases, the 

nominal cycle life decreases from 553 to 19.5 million cycles, respectively. The 

effective cycle life decreases from 27.8 to 15.2 million cycles for these same 

exceedance rate changes. The ratio between the effective cycle life and the 

nominal cycle life also increases as the exceedance rate increases. 

The cycle life estimates for the various exceedance rates are plotted in Fig. 

5-16. Both the nominal cycle lives (open symbols) and the effective cycle lives 

(solid symbols) are plotted with the appropriate effective stress range. These 

results indicate that as the exceedance rate decreases, the fatigue life estimate 

deviates from the straight-line extension of the resistance curve at an increasing 

rate. This deviation results from the inclusion of the non-contributing stress 

cycles m the life estimate. The effective fatigue life estimates plot on the 

resistance curve, since the summation of variable amplitude fatigue damage by 

Miner's Rule can be derived from fracture mechanics and only those cycles that 

contribute to crack growth are included. Of particular interest is the fact that 

the nominal fatigue lives plot along a straight line with it's log-slope equal to 

-5.4. 

The placement of the web attachments m the shear span of the test 
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Figure 5-11: Coverplate cycle life with exceedance rate of 0.5 percent 
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Figure 5-14: Coverplate cycle life with exceedance rate of 10.2 percent 

107 



30 

25 

.. 
~I 
z 
I.&J 
::) 
a 
I.&J 10 
0::: 
LL 

5 

Nf= 19.5·106 

Nf = 15.2 ·106 

CAFL 

0 3.0 4.0 5.0 6.0 7.0 

STRESS RANGE, ksi 

Figure 5-15: Coverplate cycle life with exceedance rate of 25 percent 

108 

I· 

' I 
I 
I 
I 

v 

I 
t 
·I 
.I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I· 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I. 
I 
I 

E1if Sr Nf Sr' N' N/fN1 e e I 
(ksi) (X 106

) (ksi) ( x106
) (%) 

0.5 2.1 553 3.37 27.8 5.0 

1.1 2.6 201 3.47 25.7 12.8 

3.4 3.0 77.4 3.61 22.6 29.2 

10.2 3.5 35.6 3.83 19.1 53.7 

25.0 4.0 19.5 4.13 15.2 77.9 

Table 5-2: Spectra shift cycle life summary 

girders provided detail failure locations with varying effective stress range values. 

This arrangement was used due to the uncertainty that exists for the constant 

amplitude fatigue limit of this type of detail. This provided a stress condition 

similar to that of a spectrum shift. The stress range parameters of the six 

different detail locations are given in Table 5-3. 

The crack growth simulation was performed on four of the web attachment 

details. Three of the details cracked during the experimental program (Details 

3, 6, and 7). Detail 7 with an effective stress range of 2.5 ksi failed after 43.6 

million cycles. Detail 6 failed after 86 million cycles with an effective stress 

range of 2.2 ksi. A fatigue crack was detected at detail 3 after 100.7 million 

cycles at an effective stress range of 1.4 ksi. 

The results of the crack propagation simulation are given m Figs. 5-17 

thru 5-18 for Details 2, 3, 5, and 7 respectively. The shaded portion of each 

distribution represents the frequency of occurrence of each stress cycle that 

contributes to crack propagation. For Detail 3, assuming all cycles contribute, 
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Figure 5-16: Nominal and effective cycle life estimates, 
coverplate detail with the spectra shift 

5 

the nominal fatigue life 1s estimated as 138 million cycles with an effective 

stress range of 1.7 ksi. When considering only the contributing cycles, the 

effective fatigue life was calculated as 54.4 million cycles with an effective stress 

range of 2.0 ksi. Correspondingly, for Detail 7, which resided in a higher stress 

field, the nominal fatigue life was estimated as 31.4 million cycles at an 

effective stress range of 2.5 ksi. The effective fatigue life was calculated as 28.2 

million cycles. Both the experimental and simulated results are given in Table 

5-4. 

The stress range, cycle life relationships for the three web attachment test 
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Detail 

2 

3 

4 

5 

6 

7 

Table 5-3: 

Detail 

2 

3 

6 

7 

Sr . 
m1n SrCAFL Sr 

e Sr overload 
(ksi) (ksi) (ksi) (ksi) 

0.9 2.3 1.4 2.7 

1.1 3.0 1.7 3.5 

1.1 3.0 1.8 3.5 

1.3 3.6 2.1 4.1 

1.4 3.7 2.2 4.3 

1.6 4.2 2.5 4.8 

Stress range parameters, web attachment detail 

Sr 
e 

(ksi) 

392.0 1.3 

100.7 138.0 1.8 

86.0 66.8 2.1 

43.6 31.4 2.5 

85.6 

54.4 

42.6 

28.2 

Sr 1 
e 

(ksi) 

1.8 

2.0 

2.3 

2.6 

Table 5-4: Web attachment cycle life summary 

data points and the four crack growth simulation results are plotted with the 

AASHTO Category E and E' resistance curves in Fig. 5-21. The test data is 

m reasonable agreement with the lower bound estimate of the Category E' 

resistance curve. 
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Figure 5-19: Web attachment cycle life, Detail 5 
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Figure 5-20: Web attachment cycle life, Detail 7 
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Figure 5-21: Web attachment detail cycle life estimates with the 
the AASHTO Category E and E' resistance curves 

5.5.2 Influence of stress concentration factor 

The effect of changes in the stress concentration factor on variable 

amplitude fatigue life was studied for the coverplate detail. The results for the 

coverplate detail are given in Figs. 5-22 to 5-24. The identical stress range 

distribution was used to examine all three stress concentration factors. The 

fatigue limit exceedance rate was 1.1 percent, and the effective stress range for 

the full spectrum was 2.55 ksi. As is consistent with fracture mechanics, the 

nominal fatigue life decreased significantly as the stress concentration factor 

increased from 6.14 to 8.0. This behavior is similar to that exhibited by a 
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spectrum shift. While the stress range values remam constant, the increase in 

the stress concentration causes a decrease in the crack size threshold and, hence, 

a decrease in the constant amplitude fatigue limit. The constant amplitude 

fatigue limit decreases from 4.5 ksi for a stress concentration factor of 6.14 to 

3.5 Rsi for a factor of 8.0. The full spectrum is predicted to be truncated 

below the fatigue limit for all three cases so that only a portion of the smaller 

magnitude stress cycles contribute to crack propagation. 

Table 5-5 summarizes the cycle life estimates from the coverplate growth 

simulations with the varying stress concentration factors. As the stress 

concentration factor: increased from 6.14 to 8.0, the nominal fatigue life 

decreased from 201·106 cycles to 41.4·106 cycles. The ratio between the effective 

and nominal cycle life increased from 0.128 to 0.430 for the same range of 

stress concentration factors. 

The predicted cycle lives for the three different stress concentration factors 

are given m Fig. 5-25. Both the nominal cycle life and effective cycle life 

estimates are plotted with the appropriate effective stress range and compared 

to the AASHTO Category E and E 'resistance curves. The stress concentration 

factor of 6.14 corresponds closely with the Category E resistance curve. 

Deviation of the nominal fatigue life from the resistance curve for the factor of 

6.14 is due to the inclusion of the non-contributing stress cycles. As the stress 

concentration factor was increased to 7 .0, the nominal fatigue life approached 

the Category E resistance curve. However, the actual resistance curve is defined 

by the dashed line and and is consistent with the effective fatigue life estimate, 

as the plot of the solid square data point indicates. As the stress concentration 

factor increased to 8.0, the nominal fatigue life falls below the Category E 
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Sr e 

(ksi) 

6.14 2.55 201 

7.0 2.55 83.6 

8.0 2.55 41.4 

Sr' 
e 

(ksi) 

3.47 

3.21 

3.01 

25.7 12.8 

21.8 26.1 

17.8 43.0 

Table 5-5: Stress concentration factor fatigue life summary 

fatigue life prediction and corresponds more closely with Category E '. The 

actual fatigue resistance curve is also plotted as a dashed line. The effective 

fatigue life estimate is plotted as a solid triangle. 
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Figure 5-25: Cycle life estimates for varying stress 
concentration factors 
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5.5.3 Influence of stress range spectrum 

The effect of the stress range spectrum shape was studied for the 

coverplate detail with a stress concentration factor of 6.12. Four different types 

of stress spectrum shapes were used for the crack propagation model: constant, 

linear, geometric, and the Rayleigh-type distribution of NCHRP 12-15(4). The 

stress range interval values were kept constant for the four different spectrum 

shapes. The maximum stress cycle, Sr , was identical for each spectrum and 
max 

was taken as 6.0 ksi. Since the distribution of stress cycles differed, the fatigue 

limit exceedance rates differed for each spectrum. As the skewness of the 

spectrum increased (increasing number of smaller cycles), the effective stress 

range and the fatigue limit exceedance rate decreased. As summarized in Table 

5-6, the exceedance rate was greatest for the constant spectrum at 40 percent 

and decreased to a value of 1.1 percent for the Rayleigh-type skewed 

distribution. 

Spectrum Sr Eaif e 

Shape (ksi) (ksi) 

Constant 4.2 40.0 

Linear 3.5 18.2 

Geometric 3.0 7.8 

Rayleigh 2.6 1.1 

Table 5-6: Stress parameters for spectrum shapes 

The results of the crack propagation simulation with the different spectrum 

shapes are given in Figs. 5-26 to 5-29. The shaped portion of each stress range 

interval defines the portion of the total number of applied stress cycles that are 

122 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

predicted to contribute to fatigue crack propagation. The same results are 

summarized in Table 5-7. As the skewness of a spectrum increases to the right, 

the exceedance rate decreased and an increasing number of small stress cycles 

are then predicted to be non-contributing. For the constant stress spectrum, it 

is estimated that 65 percent of the total number of stress cycles cause fatigue 

damage. This decreased to approximately 13 percent for the Rayleigh-type 

distribution. 

Spectrum Sr Nf Sr ' N' N//N1 e e I 
Shape (ksi) (X 106) (ksi) ( x106) (%) 

Constant 4.23 15.1 4.78 9.8 64.6 

Linear 3.46 31.1 4.26 13.8 44.4 

Geometric 2.95 61.5 3.91 18.0 29.3 

Rayleigh 2.55 201 3.47 25.7 12.8 

Table 5-7: Stress range spectrum shape summary 

Both the nominal and effective cycle life estimates for the four spectrum 

shapes are plotted with the AASHTO Category E resistance curve m Fig. 5-30. 

A stress concentration of 6.14 for the coverplate detail resulted m a fatigue 

resistance that is compatible with Category E. The effective cycle life for each 

spectrum (closed symbols) plot on the resistance curve since only contributing 

cycles are counted in the life estimate. As the skewness of the spectrum 

increases, the deviation of the nominal cycle life estimates (open symbols) from 

the resistance curve increased. For the constant stress range spectrum, the 

nominal cycle life is predicted to be 15.1 million cycles at an effective stress 
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range of 4.2 ksi. The cycle life estimate for Category E at 4.2 ksi is given as 

14.6 million cycles. For the Rayleigh-type distribution, the nominal cycle life 

was predicted to be approximately 200 million cycles for an effective stress 

range of 2.6 ksi. For the same effective stress range, Category E provides a 

cycle life of 64 million cycles. 

5.5.4 Interaction between variables 

The previous discussion considered each parameter that contributes to 

fatigue and the variability in fatigue resistance independently. However, fatigue 

test results provides cycle life estimates that reflect the interaction of these 

effects. For the coverplate crack propagation simulation, the combined influence 

of a change in the fatigue limit exceedance rate and a change in the stress 
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concentration would result in a wide range of predicted cycle life estimates. 

Given in Fig. 5-31 is the estimated range in variability of the coverplate detail 

with the test data of NCHRP 12-15(5). The shaded area represents a variation 

of the exceedance rate from 0.1 to 15 percent and a stress concentration from 

6.1 to 8.0. All but a few of the data points fall within the predicted range of 

cycle life estimates. 

Figure 5-32 shows the test data for the web attachments with the 

predicted range of cycle life for stress concentrations between 7.0 and 8.0. As 

with the coverplate data, the majority of the experimental data fall within this 

range at the lower effective stress ranges. The data at the high stress range 

levels have effective stress ranges above the fatigue limit. Therefore, all cycles 

contribute to crack propagation and the cycle life estimates plot consistent with 

the Category E' resistance curve. 

5.6 Stress Cycle Truncation 

In many variable amplitude fatigue resistance experiments and all fatigue 

life estimates, the problem of where to truncate the stress spectrum exists. 

Strain measurements of in-service bridges often provide a stress range spectrum 

that is similar to the distribution shown in Fig. 5-33, when the measured stress 

cycles above some finite limit are included in the distribution. The increasing 

number of smaller cycles are due to superimposed vibratory cycles, lighter 

vehicular traffic, or combination loading. Generally for practical considerations, 

the smaller stress cycles are truncated at a lower limit of 0.3 ksi to 0.5 ksi. 

As was shown m the previous section, small stress cycles will influence 

fatigue life estimates in the higher cycle region. At the lower exceedance rates, 

a larger percentage of the small stress cycles do not significantly contribute to 
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Figure 5-33: Idealized stress range histogram 

fatigue crack propagation. The point at which the small stress cycles begin to 

contribute to fatigue damage is highly dependent on: the constant amplitude 

fatigue limit (crack growth threshold), the spectrum shape, and relative 

magnitude between the small stress cycle and the peak stress range in the 

spectrum. The analysis indicates that including the non-contributing cycles into 

the fatigue life calculation, causes the estimate to be conservative. This section 

will study the effect of stress cycle truncation on both fatigue test results and 

fatigue life assessments. 
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5.6.1 Fatigue test stress spectrum truncation 

The two Rayleigh-type stress range spectra used in the fatigue crack 

propagation models were truncated by approximately 50 percent of the original 

number of cycles. For the coverplate detail spectrum, the lower two stress 

range intervals were eliminated. This eliminated 513 stress cycles from the 

original 1024, resulting in 511 remaining cycles. This caused the effective stress 

range (RMC) to increase from 43 percent of the peak stress to approximately 

50 percent. The spectrum used for the web attachment with 1000 stress cycles 

defining the distribution was truncated by 498 cycles. The lowest three stress 

cycle intervals were eliminated. 

The results from the crack growth simulation of the coverplate detail with 

the spectrum shift are given in Table 5-8. Although the stress range spectrum 

has been truncated, thus approximately doubling the exceedance rate, the values 

for E1i/ are the original exceedance rates for the full spectrum so that 

comparison can be made with the results given in Table 5-2. Comparison of 

the two tables shows that at the lower exceedance, the truncated spectrum gives 

a nominal fatigue life that is approximately one-half of the full spectrum and 

the effective fatigue lives are approximately equal. At the higher exceedance 

rates, where a greater portion of smaller stress cycles contribute to crack 

growth, the effective fatigue lives are significantly less for the truncated spectra. 

The coverplate stress range, cycle life relationships for both the full and 

truncated spectrum shift are shown in 5-34. As the plot of the results indicate, 

the fatigue life is reduced by the stress cycle truncation, although the effective 

stress range increases. This results in a movement along the same resistance 

curve that defines the resistance of the detail subjected to the full spectrum. 
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r,,il Sr Nl Sr ' N' N/fN1 e e I 
(%) (ksi) (X 106) (ksi) (xt06) (%) 

0.5 2.5 276 3.4 27.4 9.9 

1.1 3.0 101 3.5 24.6 24.4 

3.4 3.5 39.7 3.6 20.4 51.4 

10.2 4.0 19.7 4.0 15.9 80.7 

25.0 4.5 12.2 4.5 11.9 97.5 

Table 5-8: Truncated spectra shift cycle life summary 

The predicted results from the crack propagation simulation for the web 

attachment detail with the truncated spectrum are summarized in Table 5-9. 

The greatest variation in the nominal fatigue life, N 
1

, occurs at the lower peak 

stress levels (lower exceedance rates). However, the effective fatigue lives are 

similar in value. At the higher stress spectra, truncation of smaller contributing 

stress cycles occurs and the effective fatigue life, N/, decreases. 

The truncated stress range distributions for the web attachment Details 3 

and 7 are given in Figs. 5-35 and 5-36 respectively. At the higher stress range 

level provided by Detail 7, almost all of the stress range intervals that remain 

are above the constant amplitude fatigue limit. Therefore, all cycles contribute 

to crack growth. At the lower stress level provided by Detail 3, a significant 

portion of the spectrum is initially below the constant amplitude fatigue limit 

resulting in the variation between the nominal cycle life and the effective cycle 

life. Comparison of these two figures with Figs. 5-18 and 5-20 gives a proper 

perspective on cycle truncation. 
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Figure 5-34: Comparison of fatigue life estimates between full and 
truncated spectrum, coverplate spectra shift 

Detail Sr N Sr ' N' N '/N e f e f f f 
(ksi) ( x106

) (ksi) (X 106
) (%) 

3 1.7 72.0 2.1 51.5 72.0 

7 2.4 20.4 2.4 20.4 100 

Table 5-9: Truncated test spectrum, web attachments 

The results for the three different coverplate stress concentration factors 

are summarized in Table 5-10. The nominal cycle lives are approximately one-
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Figure 5-35: Web attachment Detail 3, stress cycle truncation 
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Figure 5-36: Web attachment Detail 7, stress cycle truncation 
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half of those with the full spectrum. The effective cycle lives are only slightly 

reduced. The largest reduction m cycle life occurs at the largest stress 

concentration. The stress range, cycle life relationship for both the full and 

truncated spectrum are compared m Fig. 5-37. For all three stress 

concentration factors, the full and truncated cycle life N !' plot along the 

resistance curve. No significant error would result in the estimation of the 

fatigue resistance from test generated with a truncated stress spectrum. 

6.14 

7.0 

8.0 

Table 5-10: 

Sr e 

(ksi) 

3.0 

3.0 

3.0 

101 

42.3 

21.4 

Sr ' 
e 

(ksi) 

3.5 

3.3 

3.1 

24.6 24.4 

20.2 47.8 

15.7 73.4 

Stress concentration factor cycle life summary, 
truncated spectrum, coverplate detail 

5.6.2 Fatigue life estimate cycle truncation 

The effect of stress cycle truncation on cycle life estimates was studied 

using the coverplate fatigue crack propagation model. This allowed for the 

evaluation of stress cycle truncation on significant experimental database for 

that particular detail. The stress cycle truncation was performed on: the 

spectra used for the spectrum shift, the varying stress concentration, and the 

spectrum shape studies. 

Each stress range spectrum was evaluated for stress cycle truncation in the 

following manner. The lowest stress cycle interval was eliminated from the 

spectrum and the effective stress range was computed on the basis of the 
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remammg stress range intervals. From the results of the full spectrum 

propagation model, the number of cycles corresponding to the frequency of 

occurrence of that stress range interval were eliminated from the nominal cycle 

life, Nr This gave an effective stress range, number of cycles to failure 

relationship that is slightly less than the full spectrum fatigue life as determined 

from the fatigue crack propagation model. The next lowest stress cycle interval 

in the remaining spectrum was truncated and the calculations repeated for the 

effective stress range and cycle life. repeated. By plotting the effective stress 

range, life estimates at each truncation level, a failure curve can be established 

for each spectrum studied. 

Figure 5-38 gives the fatigue life curves for the stress range distributions 
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used in the spectrum shift analysis. As illustrated in the plot, each curve 

generally follows the same path. The lower the exceedance rate, the higher the 

full spectrum nominal cycle life estimate. Generally, the lower exceedance rates 

result in estimates that are still conservative with respect to the straight-line 

extension of the resistance curve. At the higher exceedance rates, where almost 

all stress cycles in the full spectrum contribute to fatigue crack propagation, any 

stress cycle truncation will result in a non-conservative estimate for cycle life 

due to the truncation of damaging stress cycles. 
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Cycle life truncation, coverplate spectra shift 

Results of the stress cycle truncation for the varying stress concentrations 

are plotted in Fig. 5-39. While the life estimates do not overlap as is the case 

with the spectra shift they do run parallel to one another. As the stress 

139 



concentration decreases, fewer numbers of stress cycles need to be truncated to 

cause the life estimate to be non-conservative. At the stress concentration of 

8.0, the full spectrum provides a fatigue life that is overestimated by the 

assumed fatigue resist~nce of Category E and any truncation is non-conservative. 

At a stress concentration of 6.12, the truncated life estimate does not become 

non-conservative until more than half of the full spectrum has been eliminated. 
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Cycle life truncation, coverplate stress concentration 

The truncated cycle life estimates for the various stress range spectrum 

shapes are plotted in Fig. 5-40. The results for the constant, linear varying, 

geometric, and Rayleigh distributions are given. Three of the curves plot close 

together while the Rayleigh-type distribution curve is shifted into the higher life 

region. This is due to the fact that this distribution gave the highest nominal 

cycle life estimate. Again, the degree of non-conservativeness in the truncated 

fatigue life estimate IS a function of the percentage of non-contributing cycles in 
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the nominal cycle life. 
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Figure 5-40: Truncated fatigue life estimates, spectrum shapes 

5. 7 Summary 

A parametric study involving fatigue crack propagation models of welded 

steel details has been conducted. For variable amplitude loading, it has been 

shown that variability that exists in fatigue analysis and design has a significant 

effect on fatigue life estimates in the high cycle, long life regime. Specifically, 

the following conclusions have been reached. 
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5. 7.1 Variable amplitude fatigue resistance 

The variability in the parameters of the stress intensity range (initial crack 

size, stress range spectrum, and stress concentration factor) can cause a wide 

variation in the fatigue life estimates in the high cycle, long life regime. 

A deviation of the fatigue resistance from the straight-line extension below 

the constant amplitude fatigue limit is partially due to the inclusion of non

contributing stress cycles in the fatigue life estimate. The variable amplitude 

fatigue data shows a definite spread in cycle life below the constant amplitude 

fatigue limit; indicating the summation of non-contributing stress cycles. 

Experimental observations that for small exceedance rates (one percent or 

less), all variable amplitude load cycles contribute to fatigue damage can be 

partially related to the variability associated with the fatigue resistance of a 

detail. If no variability exists, all cycles to contribute to crack propagation 

would reqmre the complete absence of a crack growth threshold or one that 

would completely decay upon the first application of an overload. If no 

threshold exists, then no fatigue limit exists. However, experimental results 

indicates that a portion of the details fatigue tested do not fail, thus indicating 

the existence of a limit. Rapid decay of the threshold would require an 

accelerated growth rate significantly above any observed in order for the smaller 

cycles to begin contributing early in fatigue life. 
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5. 7.2 Fatigue test cycle truncation 

The truncation of small stress cycles m a fatigue test spectrum will have 

an effect on the fatigue life estimates. This in turn will influence the 

establishment of a variable amplitude fatigue resistance curve based on the test 

data. As a greater portion of smaller stress cycles are included in the test 

spectrum, the effective stress range decreases and the number of cycles to failure 

mcreases. The resistance curve then becomes a function of the stress range 

spectrum and the cycle counting method. Therefore, the established fatigue 

behavior becomes unique to the test conditions. 

5. 7.3 Fatigue life cycle truncation 

The significance truncating smaller stress cycles when determining fatigue 

life is a function of the true exceedance rate of the detail's constant amplitude 

fatigue limit. At high exceedance rates, stress cycle truncation will result in 

unconservative estimates of fatigue damage. At the lower exceedance levels, 

cycle truncation results in the removal of noncontributing stress cycles and can 

provide a fatigue life estimate closer to the true resistance of the detail. 
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Chapter 6 

Application of Results 

This chapter outlines the restrictions and limitations that must be placed 

on fatigue test data in order that the fatigue behavior of welded steel details 

subjected to variable amplitude loading can be accurately defined. As noted in 

the preceding chapters, the vanous stress distributions and geometrical 

conditions that full-scale welded steel details are subjected to in service must be 

fully accounted for during fatigue testing and in the evaluation and application 

of the test results. The recent revisions of the AASHTO fatigue design curves 

shown in Fig. 6-1 reflect four significant characteristics that make these curves 

applicable when determining the fatigue resistance of welded bridge details: 

• The fatigue resistance is based on fatigue test results obtained from 

large-scale test specimens. 

• The resistance curves are parallel to one another and all have a slope 

of -3.0. 

• The variable amplitude fatigue resistance has been correlated with 

Miner's Cumulative Damage Rule. 

• High cycle, long life fatigue resistance is defined by the straight-line 

extension below the constant amplitude fatigue limit. 
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Figure 6-1: Revised AASHTO Fatigue Design Curves 

6.1 Application of Fracture Mechanics to Full-Scale Welded 

Steel Details 

Previous studies have shown that fatigue cracks in large welded structures 

will form and propagate in zones of high residual stresses. These stresses are 

present throughout all but an insignificant portion of the total fatigue life. The 

experimental results have demonstrated that no appreciable redistribution or 

relaxation of the residual stresses occurs. The existence of residual stresses 

throughout the useful life of the detail means that fatigue crack propagation 

always occurs under high stress ratios. 

Crack growth at high stress ratios does so in the relative absence of crack 

tip .closure. Therefore, fatigue crack propagation rates applicable to the fatigue 

behavior of structures and simulated test details must be obtained from tests 
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performed at high stress ratios. Results from this type of testing under both 

constant and variable amplitude loading have shown the growth rate to be: 

da - = 3.6·10-to t:.K3.o 
dN 

(6.1) 

for the upper bound estimate of fatigue crack propagation in structural steels. 

A second consequence of growth under high stress ratios and in the 

absence of crack tip closure 1s the decrease in stress cycle interaction effects. 

As a result, each stress cycle results in fatigue crack propagation that can be 

approximated by a single growth rate curve, as defined in Region II by Eq. 

(6.1). When fatigue crack propagation is defined by a single growth rate 

relationship throughout the entire fatigue life, then and only then is Miner's 

Rule valid. At lower stress ratios where increased crack tip closure IS 

encountered, the resulting fatigue crack propagation is occurring on a senes of 

different growth curves. The growth curve of any particular stress cycle IS 

dependent upon the effective stress intensity range (function of crack closure) 

and is dictated by the past load history. 

6.2 Effect of Specimen Size on Fatigue Behavior 

When fatigue test experiments are carried out with test specimens that are 

not large enough to retain high residual stresses, then crack growth will not 

occur at the growth level defined by Eq. (6.1). This will always result in a 

higher fatigue life. Small-scale specimens do not provide the three dimensional 

constraint that exists in full-scale details and therefore, do not develop residual 

stress magnitudes as high as those found in the large specimens or actual m

service details. The lack of fully developed residual stress fields may be 

compensated to a degree in small-scale specimens by performing the tests at 
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high mmimum or mean stress levels. However, this is seldom done due to a 

lack of understanding of the significance of residual stresses, the limitation of 

equipment load capacity, or the yield strength of the steel. 

Finite element analyses of welded detail geometries revealed a three

dimensional effect on the stress field correction factor. 6 I Limited detail size can 

not fully simulate the stress state that would be expected in large-scale details 

due to the geometry. 

In addition, the s1ze and distribution of flaws in small-scale test specimens 

are seldom representative of full-scale structural details. Often, the smaller 

specimens are cut from larger pieces welded together under more ideal 

fabricating conditions. This has a tendency to reduce defect size and to 

improve other factors that affect the fatigue strength such as the variation m 

the weld profile. Geometrical conditions that can result in increased flaw size, 

such as gaps between plates, will only be present in large-scale test specimens. 

An example of the effect of specimen size on fatigue test data occurred 

during an experimental program that was conducted by the Honshu-Shikoku 

Bridge Authority in Japan to develop fatigue design specifications for long-span 

bridges.62 , 63, 64 , 65 The principal structural elements of the bridges were box

type members. A series of fatigue tests were conducted to determine the 

fatigue strength of longitudinal groove welds that would be used to join the web 

and flange plates together. The first specimen types tested were small rod 

specimens machined out of the longitudinal groove welds as shown m Fig. 6-2. 

The second series of specimens were flat plate specimens as shown m Fig. 6-3. 

Finally, a third series was carried out on large-scale box type specimens. 

Test results from these three specimen types are compared with the 
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Figure 6-2: Small-scale machined rod specimens 
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Figure 6-3: Flat plate specimens with longitudinal groove welds 

AASHTO Category B' resistance curve m Fig. 6-4. The small machined rod 

specimens clearly result in the highest fatigue strength. Although these 

specimens were machined from flat plate specimens their short length diminishes 

the probability that they will contain similar defect size distributions and their 

residual stress field had been substantially relaxed. The flat plate specimens 

were large enough to contain a greater portion of the residual stresses found in 

full-scale specimens and may contain more or larger defects. Hence, this results 

in lower fatigue lives as compared to the machined rod specimens. However, 

these welds were not fully constrained as was the case with the large-scale 

specimen welds, nor were the defect sizes as large. In the large-scale specimens 
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Figure 6-4: Japanese longitudinal partial penetration groove weld data 

it was found that the gap length between the two plates influenced fatigue life. 

This gap increased with the increase in member size due to fit-up problems 

during fabrication. As a result, larger weld defects reside m these gaps and 

were impart responsible for the lower bound fatigue resistance provided by the 

box member speCimens. It is apparent that the fatigue behavior of in-service 

longitudinal partial penetration groove welds could not have been accurately 

defined without the examination of data from large-scale test specimens. 

A second example of the effect of specimen size on fatigue strength was 

observed during NCHRP Project 12-12.9 Small-scale specimens, as shown in 

Fig. 6-5, were fabricated to simulate a coverplate detail. These specimens were 

subjected to both constant and variable amplitude loading. The variable 

amplitude loading consisted of Rayleigh-type distributions similar to those used 

in the larger-scale beam specimen test program. The small-scale plate specimen 
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test data are plotted m Fig. 6-6. As shown by the distribution of the data, 

the data points are well above the Category E resistance curve defining a 

welded coverplate that the small-scale specimens were intended to simulate. 

Because of the size limitations, mainly the 4 in. length of the attachment plate, 

these specimens behave more like an intermediate attachment and are therefore 

better described by the Category D resistance curve. Nevertheless, most of the 

data plots well beyond the Category D resistance curve. This was true for 

both the constant and variable amplitude test data. 
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Simulated Coverplate Specimen 

Figure 6-5: Simulated coverplate detail test specimens 
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Figure 6-6: Fatigue test data for simulated coverplate detail 
NCHRP 12-12 test program 

6.3 Limitations of Regression Analyses of Fatigue Test Data 

Regression analysis of laboratory test data has demonstrated that stress 

range is the only significant stress parameter controlling the fatigue resistance of 

welded steel details (Sec. 2.2.2). The original AASHTO Fatigue Design Curves 

(Fig. 2-3) were developed from tests on one detail type for each design category. 

Although separate regression analyses of detail types for the same design 

category yielded similar regression coefficients, combining all data sets for a 

particular design category results in coefficients statistically different from those 

shown in Table 2-1. For example, when the original data for AASHTO 

Category C are combined (web stiffeners and short flange attachments), a 

regression analysis yields a slope of -3.42 and an intercept value of 10.13. 
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When compared to the values given m Table 2-1 for Category C, it can be seen 

that a significant difference exists between the slope and intercept coefficients. 

The original values, computed from short flange attachment data, are -3.25 and 

10.038 for the slope and intercept, respectively. In a Japanese study ,62 separate 

regression analyses on each series of fatigue test results yielded a slope near 

-3.0. When the tests were combined, major deviations existed between the test 

senes as the test data was not well distributed over many stress range levels. 

This resulted in a wide variation of the test results and also caused the slope 

provided by the regression analysis of all data to change. 

The regression analyses on the original NCHRP fatigue test data13, 14 was 

appropriate since the data was well distributed throughout the different levels of 

stress range by the factorial experimental design and the data resulted from 

only one experimental program. The fatigue experiments on each detail type 

resulted from factorial experiments with stress levels and steel type as the 

design variables. Each cell of the factorial for a particular stress parameter 

contained at least three specimens or replicates, permitting the variance of each 

cell to be estimated. When the test data was analyzed in terms of stress 

range, most stress range levels had more than twenty data points for a given 

detail type. The test specimens for the experimental program were all 

fabricated at the same shop using normal fabrication techniques, workmanship, 

and inspection procedures. This provided a large set of specimens which were 

similar in quality and configuration. This resulted in a reasonable distribution 

of the initial flaws, residual stress fields, and weld profiles and produced 

consistent results. 

When test data IS clustered m one reg10n of fatigue life, the regression 
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analysis tends toward instability and any number of regression lines can be used 

to describe the fatigue resistance. This behavior can be observed m the 

evaluation of large-scale longitudinal partial penetration groove welds. The test 

data, and its correlation with the initial flaw sizes and crack growth rates, 

indicated a lower bound fatigue resistance defined by the Category B' 

classification. However, the limited distribution of the data resulted in the 

mean regression analysis resistance curve shown in Fig. 6-7. 
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A log-linear regressiOn analysis of both constant amplitude and variable 

amplitude fatigue test data can have a tendency to be biased or skewed due to 

the influence of the crack growth threshold or constant amplitude fatigue limit. 

The scatter in the test data tends to increase as the constant amplitude limit IS 

approached. The scatter existing in the data for a given stress range level IS 

primarily due to variations in initial defect sizes and stress concentration factors. 
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As the initial defect s1ze and/or the stress concentration increases, the failure 

point will occur at a lower number of stress cycles. When fatigue life begins in 

Region II, regardless of the stress range, the scatter band width will remain 

constant assuming the defect distribution and all other factors remain the same. 

However, as the stress range is decreased for a given test specimen, crack 

growth will begin in Region I for the smaller defect sizes and will therefore 

deviate from the power law of Region II crack growth. The larger sized defects 

will still commence growth in Region II. This increases the fatigue lives of 

specimens with smaller defects disportionately due to the lower, non-linear crack 

propagation rates of Region I. 

As a consequence of the increased scatter near the constant amplitude 

fatigue limit, a regression analysis will be biased and will yield a slope that is 

skewed from -3.0. This effect is graphically shown in Fig. 6-8 for transverse 

web stiffeners. Regression analysis of all data results m a mean fatigue life 

represented by the heavy solid line. Data points, that represent failures in 

which a portion of the crack propagation was in Region I, are shown as solid 

circles. If these data points are excluded from the regression analysis, the slope 

will increase to approximately -3.0 and becomes parallel to the AASHTO 

Fatigue Design Curves. 

Fatigue tests of welded details on beams and girders have an upper limit 

on maximum stress test levels by the yield stress of the steel. Therefore, as 

the detail fatigue strength increases and, consequently, it's constant amplitude 

fatigue limit, the distribution of test data over varying stress range levels 

decreases. This decreases the levels of stress range that can be evaluated, 

particularly for the lower yield point steels. This also magnifies the effect of 
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the constant amplitude fatigue limit as tests near the fatigue limit will have 

more scatter and will therefore result in a greater deviation of the slope from 

-3.0. An examination of the regression coefficients for the original NCHRP test 

data reveals this tendency. Table 6-1 gives the slope coefficients obtained from 

the regression analysis of Categories A to E. When the data was well 

distributed over several levels of stress range, as was the case with Category E, 

the slope tends towards -3.0. The higher strength categories show a greater 

deviation from this slope. 
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Category Slope 

A -3.178 

B -3.372 

c -3.25 

D -3.071 

E -3.095 

Table 6-1: Regression slope coefficients 

6.4 Cumulative Damage 

As stated earlier, the most familiar and widely used cumulative damage 

rule was originally proposed by Palmgren and subsequently reformulated by 

Miner. Commonly referred to as Miner's Rule, this linear damage hypothesis 

estimates fatigue damage under variable amplitude loading based on the fatigue 

resistance developed from constant amplitude test data. According to Miner's 

Rule, fatigue failure will occur when the sum of cumulative cycle ratios for the 

v anous stress cycles equals unity. Therefore, 

2:: 
n. 

1 

N. 
I 

1.0 (6.2) 

where n~ is the number of cycles applied at a stress range Sr. and N. is the 
• 1 1 

number of constant amplitude cycles to failure at Sri. The summation given in 

Eq. (6.2) is dependent on the fatigue resistance curve used to determine Ni. 

Normally, the Miner's Rule life estimate is compared with the mean fatigue 

resistance developed from constant amplitude test data. Given the inherent 

scatter in fatigue life associated with the data, it would be expected that 

157 



approximately 50 percent of the variable amplitude life estimates be less than 

1.0. If a lower bound estimate of fatigue resistance is used, a summation less 

than 1.0 would be indicative of the rule's possible underconservativeness. 

Conversely, a summation greater than 1.0 would reflect the rule's 

overconservativeness. However, due to the scatter in the test data, precise 

evaluation of Miner's Rule is difficult. The summation of variable amplitude 

fatigue damage by Miner's Rule can be derived from fracture mechanics 

considerations as shown by Maddox. 66 

The two primary assumptions of Miner's Rule are: 

• Fatigue life is defined by fatigue crack propagation only. 

• Cycle by cycle interaction does not occur. 

When crack growth occurs under high stress ratios, as is the case with full-scale 

welded steel details and the application of stress cycles is random in nature, 

then both of these assumptions are satisfied when the stress range spectrum is 

above the constant amplitude fatigue limit. At high effective stress ranges, 

most stress cycles are above the fatigue limit and all contribute to crack growth 

as defined by the Paris Power Law. As was noted in Chapter Four, fatigue 

crack propagation under high stress ratios and within the stress range 

limitations that bridge type structures are subjected to does so under reduced 

crack tip closure. This reduces cycle interaction effects due to overloads and 

underloads that result in a varied crack growth rate. 

Implied in the assumption of Miner's Rule is that fatigue crack occurs 

along a single fatigue crack propagation curve, regardless of the magnitude of 

the stress cycle or it's occurrence with respect to time. Both the material 

constant, C, and the growth rate exponent, n, given m Eq. ( 4. 7) remain 
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constant throughout fatigue crack propagation. 

By providing an upper bound value on the fatigue crack propagation rate 

for use with Miner's Rule, fatigue life estimates made with the assumption that 

all cycles contribute to fatigue damage will result in a lower bound estimate for 

fatigue damage or correspondingly fatigue· life. Correspondingly, developing 

fatigue resistance curves based on test results from large-scale test specimens 

will result in a lower bound estimate for both constant and variable amplitude 

loading. 

The fatigue damage models proposed by Gurney 19 and Joehnk4 attempt to 

account for interaction effects between stress cycles that cannot be adequately 

dealt with by Miner's cumulative damage rule. As discussed in Sec. (2.4), these 

non-linear damage rules modify the cycle life estimates provided by Miner's 

Rule. A correction factor is applied that increases the predicted number of 

cycles to failure for both design and analysis purposes. However, these 

experimental programs were based on results obtained from small-scale test 

speCimens. The mean fatigue resistance curves for several details were 

established through constant amplitude fatigue testing at various stress range 

levels. Variable amplitude test results were then compared to the mean cycle 

life estimates of the constant amplitude data. Damage models were then 

developed based on this comparison to relate the damage produced by the 

variable amplitude stress cycles to that defined by the mean constant amplitude 

cycle life. 

An examination of the constant amplitude test data used to establish the 

fatigue behavior of a particular detail indicates that the fatigue strength exceeds 

the lower bound resistance provided by the corresponding AASHTO fatigue 
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resistance curves. Figure 6-9 summanzes the constant amplitude test data used 

by Gurney. The axially loaded test specimens were flat plates with longitudinal 

non-load carrying attachment details. The attachments were approximately 6 

m. m length and were welded either to the plate surface or the plate edge. 

These details are classified as AASHTO Category E. However, as the plot of 

the data indicates, the fatigue resistance of the two attachment details 

significantly exceeds the lower bound resistance of Category E and correspond 

more closely to Category B. The constant amplitude test data used by Joehnk 

are plotted in Fig. 6-10. The tee-shaped speCimens used in the experimental 

program simulated an AASHTO Category C stiffener detail. Plate thicknesses 

were 1.0 in. with 0.6 in. fillet welds. These data also plot significantly above 

the appropriate resistance curve, exhibiting a relatively high fatigue strength 

that also exceeds Category B. 

The deviation of the small-scale constant amplitude test results from the 

lower bound estimates provided by the AASHTO fatigue resistance curves 

cannot be adequately accounted for by differences in fabrication techniques, 

defect sizes and distributions, etc. Few large-scale stiffener detail specimens 

have approached the plate thickness or weld size used for the tee-shaped 

specimens. And yet, large-scale fatigue tests on similar type details have always 

resulted in lower cycle lives. The decreased fatigue life of the variable 

amplitude small-scale specimens can be attributed to the increase in stress cycle 

interaction that occurs at lower effective stress ratios. These small-scale 

specimens do not have the same stress states at fatigue crack initiation sites 

due to the decrease in specimens size and reduction in geometrical constraints. 

It can therefore be argued that the non-linear fatigue damage summation 
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observed in these small-scale specimens would not occur in large-scale welded 

bridge details. The fatigue resistance of the specimens under variable amplitude 

loading is reduced towards the lower bound estimate of large-scale details. 

6.5 High Cycle Variable Amplitude Fatigue 

Extensive fatigue testing of a single welded steel detail under both 

constant and variable amplitude loading will provide a well defined fatigue 

resistance curve for all cycle lives. Fatigue design S-N curves have been 

proposed67 that take into account this behavior. Figure 6-11 indicated that as 

the effective stress range for a given stress spectrum approaches the constant 

amplitude fatigue limit, the resistance curve begins to deviate from the log-linear 

curve. As the effective stress range is reduced further, a limiting value is 

suggested that provides infinite life. This value, commonly referred to as the 

variable amplitude fatigue limit, is a function of the constant amplitude fatigue 

limit and the shape of the stress range spectrum. This fatigue behavior is 

based on limited test data that provides well conditioned knowledge of the 

fatigue resistance of the detail and it's constant amplitude fatigue limit. In 

design however, this condition seldom exists. Inherent to the fatigue design 

process is the variability of the constant amplitude fatigue limit. As discussed 

m Chapter Two, only a limited fatigue test database exists for the 

determination of these limits and, at present, does not allow for an adequate 

means of assessing fatigue limits for all possible bridge details and configurations 

that must be designed for fatigue. 

The results of the crack propagation simulation model given m Chapter 

Five demonstrates that the value of the constant amplitude fatigue limit has a 

significant effect on fatigue life under variable amplitude loading. As the 
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Figure 6-11: Variable amplitude fatigue design curves 

fatigue limit is decreased for a given stress range spectrum, fatigue life is also 

decreased in the transition region due to the increasing number of stress cycles 

contributing to fatigue damage. This lowers the portion of the fatigue 

resistance curve as crack growth controls and extends the S-N curves toward the 

straight-line extension of the resistance curve as shown in Fig. 6-12 

The fatigue design of most structural components is based on the intended 

design life and the ability to economically detect and repair fatigue cracking 

should it develop. When the inspection process is reliable, and repair or 

replacement of a fatigue damaged component is possible, fatigue designs can 

tolerate some crack growth and can be based on a finite life. The design 

variables for the required number of cycles (design life) are the effective stress 

range and the detail type. Highway bridges subjected to low traffic volumes are 

compatible with a finite life design. However, bridges designed for primary 
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CYCLES TO FAILURE 

Figure 6-12: Effect of a decreased fatigue limit 

highway systems will be subjected to moderate to heavy traffic volumes. This 

requires the design to be capable of resisting high cycle, long life conditions 

without premature failure and/or extensive crack growth. 

The fatigue design of welded steel details subjected to variable amplitude 

loading in the long life, high cycle regiOn can be dealt with in two ways. One 

approach is to design for infinite life assuring that no appreciable fatigue crack 

propagation occurs. The alternative is to design and permit crack growth but 

assure that the fatigue strength will permit achieving the desired life and 

variable stress cycles. 

The finite fatigue design to a variable amplitude resistance curve m the 

high cycle region is a function of the following parameters: 

• Effective stress range, Sr e 
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• Maximum stress range, Sr max 

• Constant amplitude fatigue limit, Sr1 

• Detail type 

• Spectrum shape 

• Cycle counting method 

Variability exists for each of these parameters and can therefore influence the 

detail's behavior. The variability in the stress range parameters, the constant 

amplitude fatigue limit, and the stress concentration (detail type) drive the 

variable amplitude fatigue resistance toward a straight-line extension of the 

resistance curve below the constant amplitude fatigue limit. This insures an 

adequate lower-bound resistance. 

High cycle variable amplitude fatigue behavior 1s governed by the 

magnitude of the peak or maximum stress range. If a detail is subjected to a 

variable stress range spectrum whose peak stress cycle is below the true fatigue 

limit of the detail throughout the design life, then no fatigue crack propagation 

will occur. If a portion of the variable stress range spectrum exceeds the detail 

fatigue limit, cracking will occur. The maximum stress range is the only single 

parameter that determines the difference between a finite long life and infinite 

fatigue life. 

The current AASHTO fatigue design procedure uses a peak stress range 

equal to the constant amplitude fatigue limit. The design procedure minimizes 

the possibility that the welded steel will experience stress cycles that exceed the 

fatigue limit. If it can be reasonably assured that the peak stress range 

remains below the constant amplitude fatigue limit, fatigue crack propagation 

will not occur and infinite life can be expected. Designing for crack growth 
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reqmres a more adequate definition of all of the parameters that influence 

fatigue resistance. 
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7.1 Summary 

Chapter 7 
Conclusions 

This study has involved a broad-based assessment of the vanous 

parameters that influence the fatigue behavior of welded bridge details subjected 

to variable amplitude loading. Although the focus has been primarily on the 

resistance side of the design equation, it has been also shown that fatigue life is 

a function of the load (and stress range) spectrum at higher cycles lives. The 

large-scale structural components found in bridges and other similar type 

structures exhibit a uniqueness that requires their fatigue behavior to be 

analyzed within certain guidelines and limitations. 

The most dominate parameters are the tensile residual stresses that are 

present in the vicinity of the fatigue crack initiation sites and the magnitude of 

stress range. Indirect measurements of the residual tensile stresses have 

indicated that these stresses are at, or near, to the yield stress, regardless of the 

steel type. The most common procedures used to establish the residual stress 

distribution is the method of sectioning and the hole drilling method. These 

methods result in average estimations due to the finite area of the section or 

hole. It is reasonable to assume that the actual stress values are higher due to 

the constraint and strength of full size weldments that tends to elevate the 

residual stresses above the nominal yield stress of the base metal. Analysis of 

large-scale welded specimens after cyclic loading has shown that no significant 

residual stress redistribution occurs at the weld toe even after millions of load 

cycles and at a constant stress range of 20 ksi. Therefore, it can be concluded 
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that fatigue crack propagation occurs under the influence of high tensile residual 

stresses throughout much of the fatigue life. 

The loading to which bridges are subjected result in stress range spectrums 

that are usually more narrow than those that are used in fatigue testing. The 

possible combinations of dead load and live load stresses that can occur from 

bridge design considerations and constraints will always result in a relatively 

high stress ratio at a particular weld detail. This coupled with the presence of 

high tensile residual stresses results m an effective stress ratio that is high 

(greater than 0.8). This stress ratio exceeds the maximum value that can be 

obtained in fatigue crack propagation tests due to the limits on the nominal 

yield stress of the test specimen. Strain measurements on in-service bridges 

have demonstrated that extremely high load cycles do not result in high stress 

ranges but are attenuated in magnitude. Therefore, overload fatigue testing 

seldom simulates actual stress conditions. 

The loads for the full service life are not precisely defined or constant with 

time. -Bridge loadings have shown a consistent trend of increasing with time 

and there is little reason to believe that they will remain at their current level. 

Fatigue design procedures must consider this variable as it pertains to the high 

cycle fatigue life region. 

7. 2 Conclusions 

One of the consequence of fatigue crack propagation at relatively high 

stress ratios (greater than 0.8) is that growth occurs with reduced crack tip 

closure. For variabl~ amplitude loading the significance of this is two-fold. 

First, it means that the fatigue crack propagation rates for each stress range of 

the load spectrum will approach an upper bound limiting rate that corresponds 
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to the maximum possible value for crack growth. All stress cycles that exceed 

the crack growth threshold, regardless of their magnitude or time of application 

can be related to a single fatigue crack propagation curve. If cycle to cycle 

crack tip closure does not occur, then stress cycle interaction does not develop. 

As a consequence, there is no crack growth acceleration or retardation effects 

that influence the growth rate. Each cycle causes propagation along the same 

crack propagation curve. Therefore, the basic assumptions of Miner's Rule are 

satisfied. 

In the high cycle region of fatigue behavior, the contribution of the lower 

cycles of a variable stress range spectrum to fatigue crack propagation is a 

function of the fatigue limit exceedance rate of the larger stress cycles. 

However, in the fatigue design process, the value of the constant amplitude 

fatigue limit is not known for many details and in some cases may differ from 

the assumed value. Therefore, it is not known at what level it is valid to 

truncate the smaller, noncontributing stress range values. In addition, as loads 

mcrease with time, they increase the peak stress range and also shift the 

spectrum upwards, 

previously truncated. 

causmg smaller stress cycles to contribute that were 

Because of of the variability in the details' fatigue limits 

and the uncertainties of loading, the variable amplitude fatigue resistance of 

large-scale welded steel details is best defined by the straight-line extension of 

the S-N resistance curves. This curve provides a lower bound fatigue resistance 

for a given welded details. 
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7.3 Recommendations for Additional Research 

The upper bound limit on fatigue crack propagation m large-scale welded 

structures must be clearly established. Test results from compact tension crack 

growth specimens cannot simulate the stress and strain conditions that exist m 

the vicinity of a crack in a large-scale welded structure. Due to the presence of 

residual tensile stresses in the weldment, the crack tip resides within a highly 

constrained tensile stress field that is at, or near, yield stress and is surrounded 

by a large low stressed elastic body. This results in an effective stress ratio 

that is higher than the conditions simulated by small-scale speCimens. When 

this upper value of crack growth has been established, then its use m 

conjunction with Miner's Rule will provide the true lower bound for fatigue 

resistance. 

Additional work IS required to accurately determine crack growth threshold 

values and constant amplitude fatigue limits for welded steel details. The 

fatigue test database for these values continues to be sparse. The accurate 

determination of fatigue resistance under variable amplitude loading in the high 

cycle region can only be made with a precise knowledge of these limits. This 

study has indicated that fatigue life can be dramatically affected for a gtven 

stress range spectrum. ln addition, current design procedures for bridges 

subjected to high traffic densities requires the design life to be infinite. This 

can only be provided when the fatigue limit for the detail used is accurately 

known. 

The suggested research needs for the determination of the fatigue behavior 

of large-scale welded details subjected to variable amplitude loading are 

summarized as follows: 

170 

I 
I 
I 
I 
I 
I 
I 
I 
I 

'~ 



I 
I 
I 
I 
'I 
I ,, 
I 
I 
I 
I 
I 
I 
I 
I, 

I 
I 
I 
I 

• Fatigue crack propagation studies that more accurately simulate the 

high stress ratios associated with welded structures. 

• Overload/Underload fatigue crack growth studies at high stress ratios. 

• Additional fatigue tests of large-scale welded details near the fatigue 

crack growth threshold. 

• Experimental verification of the fatigue crack threshold decay under 

variable amplitude loading and it's effect on fatigue life estimates. 

• Variable amplitude fatigue tests with truncated stress range spectra 

and comparison of the data with test data obtained from full stress 

range spectrum loading. 
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