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SUM MAR Y 

The influence of small stress cycles caused by the dynamic 

response of a bridge upon the fatigue life of welded components was 

studied. Various loading waveforms were used to load a cantilever 

welded tee specimen. The fatigue life was measured and means of 

transforming the loading waveform to constant amplitude waveform 

producing the same damage were investigated. The waveforms investigated 

included actual stress histories measured on an in-service bridge loaded 

with both a single test vehicle and under normal traffic. 

The results of the study indicate that the small stress cycles 

cause considerable fatigue damage and cannot be ignored in the design 

and eval uation of steel bridges for fatigue. Based on the resul ts of 

the experimental study and an evaluation of the stress histories of 

three bridges, a simple means for estimating the damage done by these 

small cycles was developed using a fatigue factor. The design stress 

range including the normal AASHTO impact fraction for a single vehicle 

passage should be multiplied by a fatigue factor of 1.15 to include the 

fatigue damage done by these minor cycles. 

The factor of 1.15 is the best estimate for medium span girder 

bridges. Other type and span bridges may produce different values 

according to their dynamic behavior. The most accurate means of 

obtaining this value is through field stress measurements of the actual 

bridge. 
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IMP L E MEN TAT ION 

The results of this study indicate that the design of steel 

bridges for a finite life (bridges with design stress ranges greater 

than the over 2 x 106 cycles stress ranges in the AASHTO Specifications) 

needed to be designed using a deSign stress range greater than that 

calculated using the AASHTO Specification. The design stress ranges 

should be multiplied by 1.15 to account for the influence of the small 

stress cycles upon the fatigue life of a weldment. In bridge designs 

which satisfy the over 2 x 106 allowable stress ranges, the present 

AASHTO Specifications are adequate. 

The fatigue factor of 1.15 should also be used when evaluating 

in-service bridges. However, the most accurate method to determine the 

remaining life of a bridge is to perform a field stress measurement on 

the bridge to determine its actual behavior. The rainflow counting 

method and damage models developed in this study can then be used to 

evaluate the reamining life of the bridge. 
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C HAP T E R I 

INTRODUCTION 

1.1 Background 

In addition to dead loads, a highway bridge is subjected to a 

large number of cyclic live loads during its design life. The primary 

source of these cyclic live loads is vehicle traffic with truck traffic 

producing the most damaging loads. The cycl ic stresses produced by a 

truck, as shown in Fig. 1.1, contain one major stress cycle with smaller 

superimposed stress cycles. Throughout the design life of the bridge 

random truck traffic imposes a random series of cyclic loads on the 

bridge similar to the one shown in Fig. 1.1. The addition of cyclic 

live loads to the loading of a bridge introduces the problem of fatigue 

failure into highway bridge design. Therefore, present design specifi­

cations limit the allowable live load stresses to prevent premature 

fatigue failure. 

The first comprehensive fatigue design specificatin was adopted 

by AASHTO in 1973. Since that time, the specification has been revised 

in 1975, 1976 and 1977. The latest revision was made necessary by 

studies of existing highway bridges which indicated that the assumed 

fatigue limit of 2,000,000 cycles was not adequate [2]. The 

reevaluation, which produced the current AASHTO Fatigue Tables 1. 7.2A 1 

and 1.7.2B shown here in Tables 1.1 and 1.2 respectively, was based on 

the following two assumptions: 1) the minor cycles contained in a truck 

loading may be neglected, and 2) the fatigue life can be accurately 

1 



TABLE 1.1 AASHTO Fatigue Table 1.7.2A1. 

R~:DlINrlt\NT 1.0'\1) PATti STRUCTURES' 

t\Unwahk R.III!:.· .. I Slr.·~,. /·,.r 

CatC\lnrv I'or ~' "r Fur Fnr fw,'r 

(Sec Tahl~ 10n.1100 51 o.noo :?lUm,noo :? .onn,ollo 
1.1.2.'\21 <':ydu c t·t:h:~ <':~'d~~ Cyd,'! 

...... 

ksi ~IP:I ksi MP3 k~i MPa ksi MPa 
---- _ .. _. ._. 

,\ flO 413.69 36 248.21 24 161'>.47 2-1 165.-17 ._ .. ._ .... -

8 45 310.26 27.5 189.60 18 124.10 16 110.31 
_. t--.. _. - -"-"-' 

C 32 220.63 19 131.00 13 89.63 10 68.95 
12* 82.74* 

.. ~ ._. ------
IIO.:U 10 68.95 7 48.26 

-"'--'-_.. .. ---- ----

1) I 27 18fi.16 I 16 

E I 21 144.79 I 12.5 86.18 8 55.15 5 34.47 
. - ._. .... ._ . 

F I 15 103.42 I 12 82.H 9 62.05 8 55.15 
'-

NON REDUNDANT LOAn PATH STRUCTURES' 
._. 

A 36 248.21 24 165.47 24 165.47 24 165.47 

B 27.5 189.60 18 124.10 16 110.31 16 110.31 

C 19 131.00 U 89.63 10 68.95 9 62.05 
12- 82.74* 11* 75.84-

._. ----

0 16 110.31 10 68.95 7 48.26 5 '4.47 
----

E 12.5 86.18 8 55.15 5 34.47 2.5 17.24 
._. ._. ._. 

f 12 82.74 9 62.05 8 55.15 7 48.26 
._. 

* F or transv~ne stiff~ner welds on Rird~r w~bs or flanR". 
'StructlJr~ typ~s with. multi-load paths wh~re a ~inRI~ fracture in a memher cannot lead to the collap~. For eltampl~. a simply supported singl~ 
span multi·h~am brid~~ or a multi·d~m~nt ~y!: bar tru" memher hav!: redundant load paths. 
JStructur~ typ!:s with a sing1~ load path wher!: a singl!: rractur~ can I~ad to a catastrophic collap§!:. for example. nanRe and w!:b plat~s in on!: or 
two ltird~r hrid~~s. main on~·!:lem~nt truss memh!:n. hanRer plates. caps at singl~ or two column h~nts have nonredundant load paths. 
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TABLE 1.2 AASHTO Fatigue Table 1.7.2B. 

Main (Longitudinal) Load Carrying Members 
----------

Type of Road CoISe: (A [)TT)* Truck Loading Lane: Loadingt 

I're:eways. cxprruways, major I 2,~00 or morr 2,000,000" 500,000 
hilthways and streets 

II l.ess than 2500 500,000 100.000 

Other hi!Othways and stn'rts not III - 100,000 100,000 
included in Case I or II 

Transverse Members and Details Subjected 10 Wheel Loads 
-----------

Type or Road Case (,-WIT)· Truck LoadiOlt Lane Loading 

t'rrrways, cxprrssways, major I 2.500 ur more Over 2,000,000 -
highways a"d streets 

II Less than 2,500 2,000,000 -
Other highways and streets III 500,000 -

·Average daily truck traffic (one direction), 
uMe:mben shall also be investigatrd for "over 2 million" stress cycles produced by placing a ,inKit' truck on the bridge distributed to the gird· 

ers as designated in Article 1.3.1 (8) for one traffic lane loadin~. 
tLongitudinal members should also be che:cked ror truck loading, 

\.oJ 
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calculated using a linear accumulation of the fatigue damage of each 

truck as proposed by M. A. Miner [11 J. The first assumption leads to 

the concept that a truck loading can be simulated by one cycle in 

design. This assumption is questionable because the reevaluation of the 

specifications was caused by concern over the amount of fatigue damage 

caused by small stress cycles in the loading history of a bridge [2J. 

1.2 The Use of One Cycle Per Truck in Design 

The concept of one cycle per truck passage was used by the 

designer in the calculation of an applied stress range before the 

reevaluation which resulted in the 1977 specifications. It was also 

used in the determination of allowable design stress ranges in the 1977 

spec ifications. 

The bridge designer calculates an equivalent stress cycle to 

represent the design truck loading as shown schematically in Fig. 1.2. 

The stress cycl e conta ins the follo wi ng two com ponen ts: 1) a stat ic 

component whose magnitude is based on the gross vehicle weight (GVW) of 

the design truck; and 2) a dynamic component whose magnitude is based on 

the bridge span. The static component is calculated by static 

structural analysis. The dynamic component, given by the impact 

fraction I, is calculated by the following equation: 

I = (50)/(L + 125); I ~ 0.30 (1. 1) 

where L is the span length in feet. Thus, the magnitude of the equiva­

lent stress cycle is given by: 

5 
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SREQ = SRS (1.0 + I) (1.2) 

SREQ is the equivalent stress range and SRS of the stress range 

produced by the static loading. 

The relation demonstrated in Eq. (1.2) is shown graphically in 

Fig. 1.2. The application of this impact fraction to the static load is 

assumed to accurately predict the peak stresses imposed on the bridge. 

However, the impact fraction given by Eq. (1.1) does not account for the 

fatigue damage caused by the minor cycles in a truck loading. 

The allowable design stress ranges presented in the Fatigue 

Table 1. 7.2A 1 of the AASHTO specifications were derived with the use of 

a linear cumulative damage theory. The validity of this procedure is 

discussed further in the next section. However, the damage calculations 

were made on stress histories which were developed with the assumption 

of one cycle per truck. The relationship between stress range and GVW 

was considered linear. Thus, the stress range was expressed as: 

S .... = as (GVW) 
",1 

where 8 is an elastic constant based on structural analysis and rx is a 

reduction factor. The use of the reduction factor is based on results 

of measurements on actual bridges which ind icated that the actual peak 

stress ranges are always less than calculated values. As before, all 

minor cycles were neglected in the calculation of an equivalent stress 

range. Thus, the fatigue damage caused by these minor cycles is 

neglected in the determination of allowable design stress ranges. 
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The assumption that minor cycles in the truck loading can be 

neglected in fatigue design is based on the idea that the minor cycles 

are not large enough to drive a fatigue crack. This assumption has 

never been experimentally verified. Because including the minor cycles 

in testing lengthens testing times, and measuring the minor cycles in 

the field is very difficult. However, recent research by Joehnk [14], 

Tilly [28], and Fisher [21] suggest that these minor cycles may produce 

fatigue damage and neglecting them will produce unconservative results. 

1.3 Use of Miner's Theory in Design 

In developing Tables 1.7.2A1 and 1.7.2B in the AASHTO specifi­

cation, it was assumed that the fatigue damage produced by random truck 

traffic could be calculated with Miner's damage theory. This cumulative 

fatigue damage model is expressed as: 

Thi/Ni = 1.0 ( 1.l.J) 

at failure, where: 

Ni = number of cycles to failure at SRi 

ni = number of cycles applied at SRi 

Fatigue studies [19] have shown that Ni is related to SRi for steels by 

the following equation: 

(1.5) 

where A is the N axis intercept for a log-log SR-N curve for a specific 

detail. As discussed in Section 1.2, SRi was determined without 
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accounting for the fatigue effects of the minor cycles of a truck 

loading. In the AASHTO analylsis, SRi is given by Eq. (1.3). 

Combining Eqs. (1.3), (1.4), and (1.5), the AASHTO 

specification determined that the fatigue life under random traffic 

could be written as: 

3 
~ L n [S(GVW) J3 = 1.0 A i i (1.6) 

When (GVW)i is expressed in terms of a design vehicle weight (GVW)D' and 

ni is expressed as the frequency of occurrence of (GVW)i; Eq. (1.6) 

becomes: 

where: 

ADTT = average daily truck traffic 

Dt. = design 11 fe in days 

iSi = (GVW)i!(GVW)D 

Vi = frequency of occurrence of (GVW) i 

Miner's cumulative damage theory is repre sen ted by the 

summation in Eq. (1.7). The value of the summation set by AASHTO was 

influenced by two factors. First, the value of the summation was 

calculated based on the 1970 FHWA Loadometer Survey shown in Fig. 1.3. 

However, as stated earlier, there was concern over the amount of damage 

done by cycles below the fatigue limit. Research done by Tilly [28] and 

Fisher [21] indicated that if the design stress range is below the 

fatigue limit, then no fatigue damage occurs. In order to ensure an 
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adequate fatigue life for bridges subjected to a large number of truck 

passages, Eq. (1.1) was used to set a limit on the average daily truck 

traffic for a finite life design. The allowable stress ranges for 

bridges with an average daily truck traffic greater than 2500 are set in 

order to produce an infinite fatigue life. 

In Eq. (1.1), the design stress range SRd is given by the term 

(GVW)O' An addi tional expression for SR d can be derived from Eq. 

( 1 .5 ) : 

( 1 .8) 

where No is the number of constant amplitude cycles in the design life. 

By combining Eqs. (1.1) and (1.8) the following expression for NO in 

terms of ADTT is derived: 

N "" D 

(ADn) (Dr,) (a)3 
2.85 

(1. 9) 

The values of NO present in AASHTO Fatigue Table 1.1.2B are based on the 

relationship expressed in Eq. (1.9). The allowable design stress ranges 

which correspond to ND and a specific detail presented in Table 1.1.2A 1 

are defined by Eq. (1.8). 

Miner's cumulative damage theory has been supported by the 

resul ts of several experimental investigations [11,12,20]. However, 

because Miner's model has no basis in fracture mechanics, its applica-

bility is based only on available experimental data. Empirical results 

are often used as a basis of design; however, the loadings used to test 

Miner's theory have little in common with actual highway bridge 
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loadings. In addition, there is no experimental data generated using 

actual measured highway bridge loadings. 

Researchers in highway bridge fatigue have used loading 

patterns which only simulate actual bridge loadings. As mentioned in 

the previous section, all researchers have assumed that the minor cycles 

in a truck load ing could be neglected, so these stress cycles were not 

included in testing. The most commonly used loading patterns are the 1) 

block and 2) random discrete loading patterns. Reference 1 provides a 

detailed description of each loading. Two examples of block loading are 

shown in Fig. 1.4. Research done using block load ings include work done 

by Alder [20], Miner [11], Fisher [21], and Albrecht and Yamada [16]. 

An example of random discrete loading is shown in Fig. 1.5. Research 

done using random discrete loadings include NCHRP Project 12-12 [12] and 

work done by Fisher [21]. 

The ability of the two loading patterns to adequately test the 

applicability of Miner's theory in design is limited by two factors. 

First, the minor cycles in a truck loading are neglected; consequently, 

the histograms of test loadings do not resemble those of actual 

loadings. Second, both loading patterns have a constant mean or minimum 

stress unlike actual bridge loadings (see Fig. 1.1). Research done by 

Zwerneman [1] indicates that the level of the mean stress of the minor 

cycles affects the amount of fatigue damage they produce. Since a 

constant mean or minimum stress level imposes artificial stress levels 

on the minor cycles, loadings with a constant mean or minimum stress 

will not simulate loadings without a constant stress level. Measured 
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Fig. 1.4 Two examples of block loading pattern. 



14 

TIME 

Fig. 1.5 Example of random discrete loading pattern. 
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bridge loadings do not possess any constant stress levels [18]. There­

fore, block and random discrete loadings may not simulate actual bridge 

loadings adequately. 

Because past experi mental stress histories which validate the 

use of Miner's rule in design do not represent actual stress histories, 

the use of Miner's rule in design is still questionable. In addition, 

recent research by Gurney [13], Joehnk [14], and Zwerneman [1] indicates 

that Miner's cumulative damage theory produces unconservative fatigue 

life predictions for some loadings. Thus, testing using measured bridge 

loadings is necessary to determine if it is safe to use Miner's rule in 

design. 

1.4 Problem Statement 

This study is part of an ongoing investigation of variable 

amplitude fatigue in highway bridges. The main objective of the 

investigation is to determine the soundness of present AASHTO fatigue 

specifications. To fulfill this objective, the fatigue behavior of 

specimens loaded with measured highway bridge stress histories is 

compared to the behavior predicted by the analyses used in the AASHTO 

specifications. 

The first stage of the investigtion was the gathering of field 

data. This was done by Peter G. Hoadley [18] in a previous research 

project. Two types of load histories were measured. One was produced 

by the passage of a single test truck and one was produced by normal 

vehicle traffic. Hoadley developed a design method which combined 

Miner's rule and a modified rainflow cycle counting technique which 
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accounted for the minor cycles in the loading history. However, there 

was no experimental verification of this method of analysis. 

The next phase of the study was completed by John M. Joehnk 

[14]. Joehnk attempted to verify Hoadley's analysis experimentally, and 

investigate the amount of fatigue damage caused by minor cycles. Sev­

eral superimposed sine stress histories were used in this set of tests. 

The results of Joehnk's experiments indicated that the use of Miner's 

rule and modified rainflow counting produces unconservative results. In 

addition, the results showed that minor cycles produce a significant 

amount of fatigue damage. From his experimental results, Joehnk devel­

oped a nonlinear damage model to be used wi th mod ified rainflow 

counting. 

In the third phase of the investigation, Zwerneman conducted 

experiments using a measured stress history produced by the passage of a 

single test truck [1]. The results of Zwerneman's testing showed that 

Miner's rule was again unconservative, and Joehnk's model as well as one 

proposed by T. R. Gurney [13] were overly conservative. In addition, 

the results indicated that the minor cycles in the measured truck 

loading produced a significant amount of fatigue damage. Further 

testing by Zwerneman demonstrated that the amount of fatigue damage 

produced by the minor cycles is effected by their mean stress levels. 

At this point in the study two procedures in the AASHTO fatigue 

analyses have been challenged by experimental data. First is the 

assumption that highway bridge fatigue life can be calculated by Miner's 

cumulative fatigue damage theory. Second is the use of one cycle per 
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truck passage without accounting for the fatigue damage produced by the 

minor cycles in the truck loading. In addition, Zwerneman's investiga­

tion into mean stress effects indicates that a large portion of past 

research using a constant mean or minimum stress may not be applicable 

to design. 

1.4 Research Objectives 

1. Determine the applicability of Miner's cumulative damage theory 

in design using measured bridge loadings. 

2. Develop a method of representing the passage of a single truck 

in design which accounts for the fatigue damage caused by the minor 

cycles. 

3. Determine the ability of random discrete load patterns to 

simulate actual highway bridge loadings. 





C HAP T E R I I 

VARIABLE AMPLITUDE FATIGUE ANALYSIS 

Variable amplitude fatigue analysis can be divided into three 

steps: (1) development of a finite load hi story which represents the 

loads imposed on the structure; (2) calculation of an equivalent 

constant amplitude load history to replace the variable load history; 

and (3) determination of the fatigue life using a curve developed from 

constant-amplitude stress range tests. This report deals with steps (1) 

and (2). In this chapter, step (2) will be discussed in detail. 

The calculation of an equivalent constant amplitude load 

history requires two steps: (1) cycle counting and (2) calculating 

fatigue damage. In cycle counting, the variable amplitude history is 

described as a number of stress cycles. The total fatigue damage is 

calculated by summing the fatigue damage done by each stress cycle. The 

summation is based on a cumulative damage theory which relates the 

damage done by each stress cycle to the damage done by a constant 

amplitude history of the same magnitude. 

Presently, there are two ways to characterize the equivalent 

constant amplitude load history described in step (2). Use of either of 

the terms will produce the same fatigue life. However, the terminology 

can become confusing. 

In this chapter, the terms used to describe the equivalent 

con stant ampl !tude his tory w ill be defined. Then, several cycle 

19 
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counting methods and cumulative damage theories will be presented and 

evaluated. 

2.1 Terminology 

In this study, the finite load history described in step (1) of 

the variable amplitude fatigue analysis will be referred to as a "com­

plex" cycle. The load history of a structure is described by repetition 

of the "complex" cycle. Thus, the load history can be treated as a 

constant amplitude history in which each cycle is a "complex" cycle. 

This terminology has direct application in highway bridge design. The 

passage of a truck causes a variable amplitude loading which can be 

defined as one "complex" cycle. The "complex" cycle concept allows for 

the fatigue life to be described in "complex" cycles or truck passages 

while still accounting for damage done by minor cycles. However, the 

"complex" cycle concept causes some confusion when used with more tradi­

tional terminology. 

The confusion occurs in attempting to characterize the 

equivalent constant amplitude load history. The effective stress range 

is the most common method of relating a variable history and its 

equivalent constant amplitude history. The effective stress range is 

defined as the constant amplitude stress range which produces the same 

fatigue damage as the variable stress ranges in the same number of 

cycles. Thus, "n" variable stress cycles can be replaced by "n" 

constant amplitude stress cycles, as shown schematically in Fig. 2.1a. 
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This effective stress range will be referred to as the simple effective 

stress range (SRES)' as it treats each cycle of the load history as a 

simple, independent cycle. 

When using the "complex" cycle concept, there are two ways to 

relate variable load histories and their equivalent constant amplitude 

loadings. The first is with an effective stress range similar to the 

simple effective stress range. The second is using a damage factor 

which indicates the amount of fatigue damage done by the minor cycles of 

the load history. 

The effective stress range used in combination with "complex" 

cycles will be referred to as the complex effective stress range (SREC) 

since it describes complex cycles. The complex effective stress range 

is defined as the constant amplitude stress range which produces the 

same fatigue damage as the variable stress ranges in the complex cycle 

with only one cycle. Thus, "n" variable stress cycles defined as a 

"complex" cycle can be replaced by one stress cycle as shown 

schematically in Fig. 2.1b. 

The two effective stress ranges can be compared mathematically 

through a third variable known as the damage factor. The damage factor 

was used by Zwerneman [1J to describe the damage done by the minor 

cycles in a variable amplitude history. The damage factor F is defined 

as the ratio of the fatigue life of the structure under a constant 

amplitude stress history at the maximum stress range of the complex 

cycle and the fatigue life under the variable amplitude stress history. 

In general form, the damage factor can be expressed as: 
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(2.1) 

where NMAX = number of constant amplitude cycles to failure at SRMAX' Nc 

= number of complex cycles t~ failure, and F = damage factor. 

F is a fUnction of the shape of the load history. not its 

magnitude. This fact makes F an excellent way to compare the fatigue 

behavior of different types of stress histories. A high damage factor 

means the small minor cycles in the complex cycle cause much more 

fatigue damage than a constant amplitude history of the same magnitude. 

Since the addition of minor cycles to a constant amplitude loading can 

only increase the fatigue damage caused by the stress history. F is 

always greater than 1.0. 

The fact that fatigue life is proportional to stress range 

means that the damage factor can be used to determine the effective 

stress ranges. The relationship between the damage factor and the 

effective stress ranges can be expressed as follows: 

(2.2) 

(2.3) 

So, (2.4) 

where 

SRMAX = maximum stress range in the finite load history 

F = damage factor 
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nc = total number of cycles in the complex cycle 

m = slope of log N vs. log Sr curve 

A development of the effective stress range and damage factor is 

presented in Appendix A. 

Equations (2.2) and (2.3) show the difference between the 

simple effective stress range and the complex effective stress range. 

First, the simple effective stress range accounts for the length of the 

load history while the complex effective stress range does not. Since F 

is always greater than 1.0, the complex effective stress range is always 

greater than SRMAX. A minor cycle can never cause as much fatigue 

damage as a major cycle so Flnc is always less than 1.0. So, the simple 

effective stress range is always less than SRMAX. Equation (2.4) shows 

the exact relation between the simple and complex effective stress 

range. Since nc is always greater than 1.0, SREC is always greater than 

In addition, as the number of cycles in the load history 

increases, SREC increases in relation to SRES. 

2.2 Cycle Counting 

The clear definition of a stress cycle within a variable ampli­

tude stress history is obviously crucial to a variable amplitude fatigue 

analysis. However, the definition of a stress cycle is not obvious in 

most variable amplitude stress histories. For waveforms using a con­

stant minimum stress or constant mean stress, cycles are easily defined 

without a cycle counting method, as shown in Figs. 2.2a and 2.2b. The 

stress histories used in this study which are similar to those applied 

to highway bridges have variable minimum and mean stresses. In these 
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complicated stress histories, the definition of a cycle is vague as 

shown in Fig. 2.2c. Therefore, a cycle counting procedure is required 

to define the stress cycles. 

There are several methods of defining a stress cycle in a 

variable stress history. A detailed explanation of the various counting 

procedures is supplied by Dowling [3], and Wirshing and Shehata [4]. 

Only a brief discussion of the methods will be presented here. The 

methods used for cycle counting have been grouped according to their 

basic definition of a cycle. 

1. Peak counting methods--Peak counting methods define a cycle 

using the maximum and minimum peaks in the stress history. In the peak 

count method, each peak represents a cycle. This definition tends to 

magnify stress cycles. The zero crossing peak count method defines a 

cycle as a maximum or minimum peak between two zero crossings. This 

technique neglects minor cycles in the stress history. 

2. Range counting methods--In range counting, a cycle is 

defined by pairing half-cycle~ A half-cycle is the difference between 

a minimum stress peak and the next consecutive maximum stress peak. 

There are two techniques which utilize range counting methods, the range 

count and the range pair methods. Both methods yield some unpaired 

half-cycles which cannot be included in the fatigue analysis. In 

addition, the range counting methods will not account for some low 

frequency large stress cycles when high frequency small stress cycles 

are superimposed on them. 
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3. Rainflow counting method--This method defines a cycle as a 

closed hysteresis loop in the stress-strain history [5], as shown in 

Fig. 2.3. The rain flow technique defines half-cycles from a stress-time 

diagram. The half-cycles are paired to form stress cycles as with the 

range counting methods. This method produces unpaired half-cycles but 

it accounts for all parts of the stress history. 

4. Modified rainflow counting ~ethod--A mndification to the 

stress history can eliminate the unpaired half-cycles that result from 

rainflow, as well as range pair counting. The elimination of unpaired 

half-cycles is accomplished by reordering the stress history. The 

portion of the stress history occurring before the absolute maximum is 

mnved to the end of the stress history. Thus, the stress history shown 

in Fig. 2.4a will become the history in Fig. 2.4b. A rainflow or range 

pair count done on the modified history will not have unpaired half­

cycles. This modification in the stress history leads to another 

counting method known as the reservoir counting method. 

5. Reservoir counting method--The reservoir counting method is 

based on the stress-strain hysteresis loop as the rainflow counting 

method. However, this technique works only with a modified stress 

history. The load history is considered to be a "reservoir" as shown in 

Fi~ 2.5b. Stress cycles are counted by draining the "reservoir" at the 

relative minimum stresses from the lowest to the highest. Each time the 

reservoir is drained defines a stress cycle. The height of "water" 

drained determines the stress range of the cycle. 
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The modified rainflow and the reservoir counting methods 

produce the same number and size stress cycles. The rainflow counting 

technique is generally considered accurate for wide band stress 

histories similar to those produced by highway bridge traffic [6]. 

However, since both methods yield identical histograms, either may be 

used. 

It should be noted that the use of anyone of these counting 

schemes w ill scramble the order in which the stresses are applied. As 

shown in Fig. 2.6, this means that the maximum stress of a cycle may not 

be adjacent to the minimum stress of the cycle. In the waveform shown 

in Fig. 2.6a, the maximum peak (1) and minimum peak (8) define stress 

cycle 1. Intuitively, there is some question concerning the equivalence 

of cycle 1 in Fig. 2.6a and cycle 1 in Fig. 2.6b. The intermediate 

stress cycles 2 through 4 will have some effect on the crack front and 

thus will alter the fatigue damage caused by the cycle. 

Ir this report, the reservoir counting method is used for cycle 

counting. The decision to use the reservoir counting method was based 

on the following three conditions: (1) the procedure describes the 

entire stress history; (2) the procedure gives the stress range and mean 

stress of each cycle; and (3) the procedure is most easily translated 

into a computer algorithm. This report does not attempt to determine 

the validity of any counting method on its own merit. Only the accuracy 

of a combination of a counting method and a cumulative damage theory in 

the fatigue design procedure is under investigation. 
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2.3 Cumulative Damage Theories 

The fatigue damage caused by a constant amplitude stress 

cycle is easily quantified by comparing the number of cycles applied to 

the fatigue life of the structure as determined experimentally. In 

variable amplitude fatigue analysis, the variable stress history is 

defined as a group of constant amplitude stress cycles by cycle 

counting. Thus, the fatigue damage caused by the variable ampli tude 

stress history is a summation of the fatigue damage of the constant 

amplitude stress cycles. The summation of fatigue damage is done using 

a cumulative damage theory. 

Cumulative damage theories can be divided into two groups, 

depending on whether they are based on (1) fracture mechanics or (2) 

empirical constant amplitude fatigue data. The fracture mechanics 

theories typically use a cycle-by-cycle integration of the crack 

propagation over the stress history to calculate the fatigue damage. 

The "empirical" theories assume that the fatigue damage done by a cycle 

is proportional to the damage caused by the cycle in a constant 

amplitude stress ~istory. 

The fracture mechanics theories of cumulative fatigue damage 

include those developed by Willenburg [7J, Wheeler [8J, and Bell and 

Wolfman [9]. In these models, the damage caused by a cycle is a 

function of [10]: 

1. the crack geometry, 

2. the material properties at the crack tip, and 

3. the stress range of the cycle. 
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The crack propagation caused by each cycle is calculated based on the 

above variables, and then the crack growth caused by each cycle is 

summed to determine the total fatigue damage caused by the stress 

history. 

The theories based on fracture mechanics can be very accurate 

in a controlled setting. However, when they are applied to highway 

bridge fatigue design, the following three problems arise: 

1. the order of cycles which will determine the state of stress at 
the crack tip is destroyed in cycle counting; 

2. the design is usually controlled by the fatigue of a weldment, 
and the stresses in this region are very complicated due to 
residual stresses; and 

3. it is impossible to predict the load history over the life of 
the bridge, so the accuracy produced by the cycle-by-cycle 
integration of crack growth is destroyed. 

Therefore, the cumulative damage theories using fracture mechanics will 

not be investigated further as they are not presently applicable to 

design. 

The cumulative damage theories based on empirical data are 

easily applied to highway bridge fatigue design. These methods relate 

the fatigue damage caused by a stress cycle on a specific detail to the 

fatigue life of the same detail when loaded by the stress cycle alone. 

This fatigue analysis eliminates the need to know the stresses present 

in each detail to be designed. However, the resulting design is purely 

empirical and holds only for the details tested. This limits the appli-

cability of the method, but, with the limited number of details used in 

highway bridges, the empirical analysis leads to a very efficient design 

procedure. 
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Because of their applicability to fatigue design, four theories 

which incorporate the constant amplitude fatigue data will be considered 

in thi s report. 

2.3.1 Miner's Cumulative Damage Theory. M. A. Miner presented 

his theory of cumulative fatigue damage in 1945 [11]. Miner's theory is 

derived from the assumption that accumulated fatigue damage is 

proportional to the net work absorbed by the material. From this 

assumption, Miner developed a relation between the percentage of the 

total work required for failure done by a stress cycle to the fatigue 

life of the specimen under a constant amplitude stress history of the 

same magnitude. This can be presented mathematically by 

wi/W = ni/Ni (2.5) 

where wi = work done by ni cycles 

W = work required for failure 

ni = number of cycle.3 at stress range Sri 

Ni = number of cycles to failure at Sri 

[ It should be noted that Miner assumed the major stress variable in the 

fatigue analysis to be the maximum stress. Further experimentation has 

shown that stress range should be the major stress variable so it has 

been substituted for maximum stress in Miner's calculations.] With this 

notation, failure is defined by 

(2.6) 

or in another form 
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L(w i / W) = 1.0 (2.1) 

Combining Eqs. (2.1) and (2.5) yields the more familiar expression of 

Miner's theory. 

(2.8) 

This theory can be used to develop an expression for the effective 

stress ranges and damage factor for a complex cycle which were presented 

in section 2.1. 

(2.9) 

(2.10) 

(2.11) 

where Sri = stress range of a cycle 

ni = number of cycles at Sri in the complex cycle 

nc = number of cycles in complex cycle 

m = slope of the constant amplitude log-log Sr-N 
curve for the detail in question 

Pi = Sri / SRMAX 

An extensive study sponsored by the National Highway Transpor-

tation Board [12] determined that Miner's theory is sufficiently 

accurate. However, several studies have shown that Miner's theory will 

produce unconservative results [13. 14. 6]. In addition, other studies 
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have proven Miner's rule to be co~servative [15, 16]. The contradiction 

is a result of the differences in the spectrums which were used in 

testing. The contradicti0ns result from the weak theoretical basis for 

Miner's model. 

Miner's relation between the percentage of work done and the 

number of stress cycles applied assumes a linear accumulation of fatigue 

damage. This assumption is incorrect for two reasons: (1) crack growth 

is not linear. The amount of crack propagation also depends on the 

crack length. As the crack grows, the rate of crack propagation 

increases. This relationship is shown in Fig. 2.7 [17]; and (2) a 

linear summation of fatigue damage does not account for any interaction 

between stress cycles. 

These two inconsistencies in the development of Miner's 

cumulative damage theory make its general application in fatigue design 

questionable. Therefore, empirical verification of Miner's rule is 

required for each new spectrum. 

2.3.2 Non-Linear Miner's Cumulative Da~~ Theory. Joehnk 

developed this cumulative damage theory based on testing done on welded 

tees with the superimposed sine wave stress histories similar to the one 

shown in Fig. 2.8. The results of his testing indicated that minor 

cycles produce more fatigue damage than Miner's linear damage theory 

predicted. This indicated that the relation between stress range and 

fatigue damage was not linear for the minor cycles. Joehnk made a 

modification in Miner's theory according to the test results to account 
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for the non-linear behavior and labeled it non-linear Miner's damage 

theory. 

From the experimental data, Joehnk developed an effective 

stress cycle to replace a minor stress cycle in a variable stress 

history. The stress range of this effect! ve cycle can be expressed in 

the following form: 

(2.12) 

where Z = stress range of the minor cycle 

Zeff = stress range of the effective cycle 

Equation (2.12) shows that as the stress range of a minor cycle 

decreases, its relative fatigue damage increases. The relation is shown 

graphically in Fig. 2.9. As Zeff / Z increases, the relati ve damage 

done by a minor cycle, Z, increases. 

After accounting for this stress interaction, Joehnk returned 

to Miner's format by substituting the number of cycles to failure with 

the new effective stress cycle NiCeff ) for Ni in Eq. (2.5). Thus, at 

failure, 

(2.13) 

This theory can also be used to determine effect! ve stress ranges and a 

damage factor for a complex cycle. 

SRES(NLM) (2.14) 
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{ [
t 1 ) 1/2 ] m }l/m 

SREC(NLM) = L n i \ Pi SRi (2.15) 

(2.16) 

Non-linear Miner's theory is very accurate for the stress 

hi stories used in Joehnk's experiments. The theory also produced 

accurate fatigue life predictions for seven stress histor ies used in T. 

R. Gurney's research [13]. However, Joehnk's cumulative damage model 

has no basis in material behavior. The model was derived to "fit" the 

limited experimental data which was available. Recent testing by 

Zwerneman [1] showed that non-linear Miner's cumulative damage model 

produced overconservative fatigue life predictions. This illustrates 

the model's limited applicability. 

Joehnk's cumulative damage model is based on limited empirical 

data, so its application in design is also limited. Further testing on 

actual design spectrums is required before this theory can be used with 

confidence. 

2.3.3 Gurney's Cumulative Da~!J.! Theory. T. R. Gurney 

developed a cumulative damage model by investigating the fatigue damage 

caused by minor cycles at their-limiting stress ranges [13]. A minor 

cycle produces no fatigue damage as p, the ratio of the minor cycle 

stress range to SRMAX' approaches zero, so the fatigue life is not 

affected. As p approaches 1.0, the minor cycle becomes a major cycle 

and the fatigue life approaches the constant amplitude faituge life, 

accounting for the additional major cycles. 



43 

Gurney described a variable amplitude stress history as a 

constant amplitude stress history with a number of stress cycle 

excursions, z, as shown in Fig. 2.10. So, each major cycle and its 

excursions were defined as a "complex" cycle. Gurney used eight 

different "complex" cycles in his research, which are shown in Fig. 

2. 11 • 

Given the definition of the "complex" cycle, when p = 0 the 

complex cycle reduces to a single constant ampl i tude cycle. When p = 

1.0, the "complex" cycle becomes v + 1 constant amplitude cycles, where 

v is the number of excursions. This reasoning leads to a linear 

relationship between p and the fatigue life in "complex" cycles, Nc ' as 

shown in Fig. 2.12. The relation can be expressed mathematically as 

(2.17) 

where Nc = number of complex cycles to failure 

NMAX = number of constant amplitude cycles to failure when 
Pi = 0 

vi = number of excursions of magnitude zi 

Pi = zi / SRMAX 

It follows that the fatigue life for a "complex" cycle with excursions 

of k different magnitudes is expressed by 

Nc = [ 
k; P ] ( X~~_l)) i NMAX 

1 

(2.18) 



• 
• • 

+ 

I 

Fig. 2.10 Gurney's description of a variable stress history. 
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For example, when the "complex" cycle contains three excursions of 

different magnitudes, the fatigue life is given in complex cycles by 

(2.19) 

The effective stress ranges and the damage factor corresponding 

to Gurney's cumulative damage theory are given by 

K Pi -11m 

SRES(G)={[~(X(!~l») Jnc} SRMAX 
l. 

K P. 
n(X(i_l»)1 
2 x. 

1 

-11m 

SRMAX 

(2.20) 

(2.21) 

(2.22) 

Gurney's cumulative damage model predicted the fatigue life of 

the stress histories used in his research very well. The model also 

produced accurate predictions of fatigue life for the superimposed sine 

spectrums used by Joehnk. It is interesting to note that Gurney and 

Joehnk produce almost the same fatigue life predictions for Joehnk's 

stress histories, as shown in Fig. 2.13 through entirely different 

methods. However, Zwerneman's research on measured stress histories 

caused by truck traffic indicates that Gurney's, like Joehnk's, damage 

model produces overly conservative results. 

Zw erne man notic ed the si mil arit y of Joehnk's and Gurney's 

damage models, and noted that the relationship of the two theories 
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varies with v and m. The results of the study show that (1) as v 

increases, Gurney's model predicts less damage than non-linear Miner's; 

and (2) as m increases, the difference between the two models decreases. 

These trends can be seen in Figs. 2.1!4 through 2.21. 

2.3.!4 Mean Stress Cumulative Damage Theory. The mean stress 

cumulative damage theory was developed by Zwerneman [1]. Zwerneman 

investigated the effect of the stress level of the minor cycles relative 

to that of the major cycle on the fatigue life of a welded detail. 

Experiments using the stress histories in Fig. 2.22 showed that the 

fatigue damage done by a minor cycle varies with the stress level in the 

history. 

In Zwerneman's study, he introduced the damage factor F as 

discussed in section 2.2. He proposed that the damage factor may be 

written in the following form: 

(2.23) 

where a is an empirical factor which varies with the number of minor 

cycles n1 and the relative stress level of those minor cycles. 

From the limited amount of data he generated, a relationship 

was developed between the relative stress level of the minor cycles R, 

the number of minor cycles n1' and the exponent a. This relation is 

illustrated in Fig. 2.23. This curve was used to predict fatigue lives 

for Gurney's and Joehnk's, as well as Zwerneman's, stress histories. 

The accuracy of this method was comparable to Gurney's, and the non-
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Fig. 2.18 Comparison of damage factors with m = 4 and v2 = 1. 
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Fig. 2.19 Comparison of damage factors with m = 4 and v2 = 3. 
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linear Miner's theory, but it was also accurate for the mean stress test 

histories while Gurney's and Miner's non-linear theories were not. 

The mean stress cumulative damage model takes one step farther 

than the other theories by accounting for the relative stress level of 

the minor cycles, but further research is required to develop a reliable 

method of determining a. In addition, the method is very complicated 

with only a marginal increase in accuracy. This reduces the 

effectiveness of the method when applied to fatigue design. 

2.4 Variable Amplitude Fatigue Analysis Procedure 

In the first step of the analysis, development of a finite load 

history, the present AASHTO specifications use the concept of one cycle 

per truck passage. The magnitude of the applied stress cycle is calcu­

lated using Eq. (1.2) which predicts the peak stress or SRMAX. However, 

AASHTO does not account for minor cycle fatigue damage in Eq. (1.3). 

Thus, an additional factor to account for the damage caused by the minor 

cycles. The resulting stress range is equivalent to SREC. With a 

frequency distribution of GVW and the factor for the fatigue effects it 

is easy to develop a finite load histogram for use in design. One 

objective of this research is to determine the value of the factor which 

accounts for the fatigue damage of the minor cycles. 

The second part of analysis, calculation of an equivalent 

constant ampli tude or design stress range, is completed in the AASHTO 

specifications by applying Miner's rule to the histogram produced in 

Step 1. This procedure is equivalent to calculating SRES. However, 

there are several models for calculating SRES. The results of this 
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study are directed toward determining which cumulative damage theory is 

most appropriate for use with highway bridge loadings. 





C HAP T E R I I I 

EXPERIMENTAL PROGRAM 

This chapter will describe how the experimental data used in 

this study was generated. The generation of the experimental data 

consisted of several procedures: 1} development of load histories; 2) 

design and fabrication of test specimen; and 3) physical testing. An 

analysis of experimental error was also completed to aid in the 

interpretation of the data. 

3.1 Load Histories 

Six different load-time histories were used in the test 

program. These six histories can be divided into the following three 

categories: 

1. test truck history; 

2. traffic histories; and 

3. constant minimum stress histories. 

The test truck history was produced by a three-axle dump truck. The 

traffic histories tested were three load-time histories which were 

developed from a stress history produced by normal vehicle traffic. Two 

different constant minimum stress histories were tested. Both constant 

minimum stress histories are random discrete loadings with a constant 

minimum stress. One history was developed from a histogram of the test 

truck loading, the other from a histogram based on the Rayleigh function 

59 
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used in NCHRP Project 12-12 (see Ref. 12). The experimental prograrn is 

presented in Table 3.1. 

3.1.1 Test Truck History. The test truck history represents 

the passage of a three-axle dump truck over a highway bridge. This 

history was selected to provide some basic information on the amount of 

damage caused by the minor cycles in a stress history produced by 

truck traffic. A single "test" truck was used because this produced a 

relatively simply waveform of a manageable length with which to begin 

the study of fatigue damage caused by vehicle traffic. 

This test hi story was developed by Zwerneman [1] from strain 

data recorded as the test truck crossed an instrumented bridge [18]. 

The test truck was a three-axle dump truck loaded wi th sand and trav­

eling at a speed of 50 MPH. The strains were measured by strain gages 

placed at four cross sections of the bridge with four gages at each 

cross section. The history used in this study was taken from one cross 

section where all gages performed satisfactorily. The data from three 

strain gages at the cross section were used to generate the test 

history. The three strain-gage-time histories were normalized and 

averaged to eliminate any random electronic "noise" to produce a single 

stress history which is shown in Fig. 3.1. 

Once a single stress history was produced, several steps were 

required to place this data into a form which was compatible with the 

function generator used in testing. First, the stress history was 

described as a series of discrete endpoints. Then, the endpoints were 

digitized as a percentage of the maximum stress. To reduce testing 
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TABLE 3.1 Experimental Program 

~RMA~ Specimen 
Test Group Spectrum ksi Number 

Test truck Test truck 33.ij6 FD5605 

" 28.71 FD5706 

" 28.65 FD5707 

" 20.00 FD6909 

---
Traffic Traffic 35.0 TT7105 

" 35.0 TT7112 

Traffic 2 35.0 TT7207 

" 35.0 TT7208 

" 35.0 TT7211 

Traffic 3 35.0 TT7209 

" 35.0 TT7210 

----------
Constant CMS 35.0 BL6610 
Minimum 

" 35.0 BL6611 

CMS 2 35.0 USS612 

" 35.0 USS713 

--------------------
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time, a constant loading rate was adopted and used to determine the time 

to program between endpoints. The use of a constant loading rate 

accounts for the response of the testing system to the command signal 

with increasing testing speed. This alteration in loading rate does not 

significantly affect the fatigue characteristics of the stress history. 

Finally, a Haversine loading function was used to connect the endpoints 

of the stress history. The resulting stress history which was used in 

testing is shown in Fig. 3.2. 

The values of P of the stress cycles produced by a reservoir 

count on the load history used in testing are presented in Table 3.2. A 

stress range histogram is shown in Fig. 3.3. A more detailed discussion 

of the acquisition of the field data and the development of the load 

history used in testing is presented in Appendix B. 

3.1.2 Traffic Histories. The traffic histories represent the 

stress histories produced on a highway bridge by vehicle traffic. The 

traffic hi stor ies were included in the experimental program to produce 

data on the fatigue behavior of welds under highways traffic loadings. 

The loading histories included in this category were developed 

from strain data measured on the same bridge as the test truck loading. 

The strain data was recorded for a period of ten minutes while the 

bridge was loaded by normal vehicle traffic [18J. The field data was 

reduced in the same manner as the test truck data to produce a single 

stress-time history which was used to develop the load histories used in 

testing. 
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Fig. 3.1 Normalized, average strain data produced by test truck. 

TIME 

Fig. 3.2 Actual test truck stress history used in testing. 
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TABLE 3.2 P Values for Test Truck History. 

CYCLE NO. P 

1 1.000 
2 0.460 
3 0.430 
4 0.428 
5 0.367 
6 0.355 
7 0.298 
8 0.250 
9 0.235 

10 0.227 
l' 0.225 
12 0.173 
13 0.170 
14 0.166 
15 0.159 
16 0.112 
17 0.112 
18 0.066 
19 0.043 
20 0.032 
21 0.027 
22 0.023 
23 0.020 
21{ 0.014 
25 0.009 
26 0.007 
27 0.002 
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The measured strain history contained over 4900 endpoints. 

This was an unmanageable record length; therefore, the history was 

edited to produce three more efficient and manageable traffic histories 

which were used in testing. Nine "significant" events in the total 

history were defined by visual inspection of a plot of strain vs. time 

in combination with a vehicular traffic count taken in the field test. 

The nine events correspond to the passage of single truck or multiple 

trucks. During the testing period sixteen trucks crossed the bridge. 

An add itional event was designated as a "quiet" period and correspond s 

to periods when the bridge was not loaded by a truck. The three load 

histories used in testing were developed by linking these events in 

various combinations. 

A "significant" event was defined as a segment of the recorded 

strain history with larger strain cycles than the surrounding history. 

Figure 3.4 illustrates the definition by showing a portion of the total 

history containing a "significant" event. A plot of the stress-time 

history, and stress range histogram, resulting from a reservoir count 

for each event are presented in Append ix C. 

Traffic Histor 1. The first traffic load history was 

generated by arranging the nine "significant" events (2-10) in five 

random sequences. Event (1) f designated as a "quiet" period, was used 

as a transition between each "significant" event. In testing, the five 

sequences were recycled. A listing of the events used in each sequence 

is presented in Table 3.3. A stress range histogram developed by a 

reservoir count is presented in Fig. 3.5. 
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This test history was developed to simulate the stress history 

measured on the bridge. For this reason, all "significant" events were 

included in Traffic History 1. The use of Event 1 between each signifi­

cant event increased the number of small cycles, thus shifting the 

frequency distribution toward the lower stress ranges. A stress range 

histogram of the measured stress history is presented in Fig. 3.6 for 

comparison. The difference in the two histograms occurs because a large 

number of small cycles (less than 10 percent of Srmax) were not used in 

Traffic History 1 due to restrictions in testing time. The significance 

of this difference can be measured by comparing the complex effective 

stress range of each history. The complex effective stress range was 

calculated using Miner's cumulative damage rule with m = 3.0. The 

result were Srec = 11.01 ksi for the measured stress, while Srec = 

11.13 ksi for Traffic History 1. This is a negligible difference of 1.1 

percent. 

Traffic Histor 2. The second traffic history was generated in 

the same manner as Traffic History 1; however, Event 6 was not used in 

Traffic History 2. A listing of the events used in each sequence of 

Traffic History 2 is presented in Table 3.4. A stress range histogram 

generated by a reservoir count is presented in Fig. 3.1. 

The magnitude of the maximum stress range in Event 6 was twice 

as large as any other event in the history. This fact combined with the 

shape of the waveform (see Appendix C) makes it apparent that Event 6 

represents the passage of multiple trucks. Traffic history 2 was 

included in the exper imental program for the following two reasons: 1) 
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TABLE 3.3 Listing of Events in Traffic History 1 

Order Events in Sequence 

5-1-6-1-3-1-10-1-8-1-9-1-4-1-2-1 

2 3-1-8-1-4-1-5-1-2-1-7-1-6-1-9-1-10-1 

3 8-1-9-1-2-1-6-1-4-1-10-1-7-1-3-1-5-1 

4 9-1-7-1-10-1-2-1-5-1-6-1-4-1-8-1-3-1 

5 5-1-7-1-6-10-1-8-1-2-1-3-1-9-1-4-1 

TABLE 3.4 Listing of Events in Traffic History 2 

Order 

2 

3 

4 

5 

Events in Sequence 

5-1-3-1-10-1-8-1-9-1-3-1-2-1 

3-1-8-1-4-1-5-1-2-1-7-1-9-1-10-1 

8-1-9-1-2-1-4-1-10-1-7-1-3-1-5-1 

9-1-7-1-10-1-2-1-5-1-4-1-8-1-3-1 

5-1-7-1-10-1-8-1-2-1-3-1-9-1-4-1 
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to produce information on the difference in damage done by segments of 

the history individually and as a part of the stress history, and 2) to 

produce a waveform which better simulates overall vehicle traffic. The 

difference in the fatigue lives of specimens loaded with Traffic History 

1 and those of specimens loaded wi th Traffic History 2 which did not 

included Event 6 is a measure of the fatigue damage done by Event 6 as 

part of the total stress history. In Traffic History 1, Event 6 

occurred once in every ten events. This is equivalent to one multiple 

truck passage in every ten truck passings. Field studies have shown 

that this percentage is much too high [16]. Therefore, overall vehicle 

traffic was better simulated by neglecting Event 6. 

Traffic Test 1. This load history was generated by recycling 

Event 6 alone. Traffic Test 3 was included in the experimental program 

to produce information concerning the summation of fatigue damage caused 

by trucks in the life of a highway bridge. The idea being tested by use 

of this traffic history in combination with traffic histories 1 and 2 is 

that the fatigue damage caused by each individual truck passage can be 

summed to predict the fatigue damage produced by all truck passages. 

Comparison of the results of the experiments done with traffic histories 

1, 2 and 3 indicates the difference in the fatigue damage caused by 

Event 6 when applied alone and as a part of the stress history. A 

stress range histogram of Traffic Test 3 is presented in Fig. 3.8. 

~1.3 Constant Minimum Stress Histories. The constant minimum 

stress histories are random discrete loadings. A random discrete 

loading consists of discrete load cycles which are applied in a random 
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sequence. In this study, as the name of the category implies, the load 

cycles are applied with a constant minimum stress. The order in which 

the cycles were applied was determined by using a random number table. 

Two loading histories were included in this category. 

Constant Minimum Stress History 1. The stress range histogram 

of the test-truck history (see Fig. 3.3) was used to determine the 

magnitude and number of stress cycles in this history. Using a random 

number table, the cycles were arranged in five random sequences. In 

testing, the sequences were recycled. 

Constant Minimum Stress (CMS) History 1 was included in the 

experimental program to test the ability of a random discrete loading 

pattern to simulate actual traffic loadi ngs. CMS Hi story 1 was 

designed to have the same stress cycles as the test truck history. 

Thus, the fatigue lives of specimens loaded by CMS History 1 should be 

the same as those of specimens loaded with the test truck history if 

random discrete loadings are accurate models of actual loadings. 

Constant Minimum Stress History E.. This loading history was 

developed from one of the histories used by Uni ted States Steel's 

researchers in NCHRP Project 12-12 [12]. The distribution of stress 

ranges in the history is based on a probability-density curve described 

by the Rayleigh function: 

pt = 1.001 x te-1/2(x') 

where pt = nondimensional probability density 

e = Napierian base (2.7183) 
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x' (3.2) 

Sr = independent stress range 

Srmin = minimum stress range in the history 

Srm = modal stress range 

A plot of the Rayleigh function used to develop eMS 2 is shown in Fig. 

The stress history contains 500 cycles; thus, the frequency of 

occurrence of each cycle is 1/500. The value of l!{ which corresponds to 

x' of the nth cycle is calculated by integrating Eq. (3.1) from 0 to xri 

and equating the result to the desired frequency, (n - , 12)/500. This 

results in the following equation for x' • n' 

xri = J -2Ln [1 - 0.001978 (n - 0.5)] 

The stress range of the nth cycle, Srn' is then calculated from Eq. 

(3.2) with the value of xri. 

To program this history for the function generator, each stress 

range was described as a percentage of the maximum stress range, Pn• 

The following equation for Pn was developed by combining Eqs. (3.2) and 

(3.3) and the relation Srmax = Srm + 2 Srd: 

1 + [(x~ - l)(SRd/sRm)] 

1 + 2 (SRd/sRm) (3.5) 
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where x~ is given by Eq. (3.l0 and the ratio Srd/Srm = 1.0. Srd/Srm = 

1.0 was used to develop CMS History 2 because it produced a wide band 

spectrum which best represented traffic data. Once Pn was determined 

for each cycle, the 500 cycles were arranged in three random sequences. 

In testing, the sequences were recycled. 

CMS History 2 was included in the experimental program to 

correlate the results of the tests of this study done on welded tees to 

the results of the tests done by U.S. Steel on full-sized bridge girders 

[12J. 

3.2 Test Specimen 

3.2.1 Specimen Design. The specimen shape, support condi­

tions, point of load application, and location of the fatigue crack are 

shown in Fig. 3.10. The specimen used in this testing program has the 

following attributes; 

1. fatigue cracking at the weld toe; 

2. ability to be tested at high frequency; 

3. easy installation and removal of specimen; and 

4. identical weld toe geometries to minimize test scatter. 

The crack location and the direction of crack propagation are 

constant in all tests. The consistent mode of failure improves the 

repeatibility of test results, thus increasing the confidence in the 

comparison of test results between experiments using different loading 

histories. 

3.2.2 Specimen Fabrication. The specimens used in this study 

were constructed by Joehnk as part of his fatigue study [14]. The 
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specimens were taken from two groups left untested by Joehnk and 

Zwernem an [1]. 

The specimens were fabricated from 1-in. thick plates of A572 

Grade 50 steel. All plates were of the same mill plate whose chemical 

composi tion is presented in Table 3.5. A 5/16-in. double bevel was 

flame cut along one edge of the plate used as the cantilever. A manual 

shielded metal arc welding process was used to join the cantilever plate 

to the support plate. The welding sequence is shown in Fig. 3.11. 

Thirteen 3-in. wide specimens were cut from each weldment with a saw 

after 112 in. was tr immed from each end of the weldment to eliminate the 

end of the welds. Two holes were drilled in the support plate of each 

specimen to provide a method for bolting the specimen to the testing 

frame. The specimen geometry is shown in Fig. 3.12. 

To differentiate between weldments, each one was marked with a 

unique pattern painted on the edge of the support plate before cutting. 

The painted edge was used to define the loading direction so the same 

weld toe was tested within each weldment. The rolling direction is the 

same with respect to the loading direction within a weldment but not 

necessarily between weldments. 

3.3 Testing Apparatus 

The testing apparatus used in this study consists of two 

interrelated systems, 1) the support system and 2) the loading system. 

The apparatus is pictured in Fig. 3.13. 

3.3.1 Support System. The support system is a str ucturally 

determinate system which holds the specimen and hydraulic ram in 

pOSition during testing. This unit consists of 1) a load frame of 



TABLE 3.5 Base Metal Chemical Composition. 

Steel ~rade: A572-50 

Chemical Composition 

C Si Mn P S Cr Ni Mo 

Mill ladle Analysis (%): 0.19 0.23 1.12 0.019 0.019 

Mill Product Analysis (%): O.lB 0.22 1.09 O.OlB 0.016 

llaboratory Analysis (%): 0.17 0.23 1. 11 0.013 0.022 O.lB 0.02 0.01 

ASTM I/eat Analysis (Type 1) 0.23 0.40 O.BO- 0.04 0.05 
Requirements max max 1.65 max max 

1 . 
Chica~o Spectro Service laboratory, Inc. 

Mechanical Strength (Mill Test Results) 

Yield Point: 

Tens il e Test 

5B ksi 

Bl.2 ksi 

ASTM Required 

50 ksi 

Tensile Strength: 65 ksi 

V Cu 

0.007 

0.01 

Nb 

0.030 

0.029 

0.027 

0.005-
0.05 

ex> 
t-' 
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Weld Pass No. 

1 & 2 

3 - 18 

Electrode 

3/32"~7018 
Low Hydrogen 

1/8"-7018 
Low Hydrogen 

r- Weld Pass 
Sequence 

Current, Amos Voltaoe, Volts 

100 26 

150 27 

Fig. 3.11 Specimen weld sequence. 

DC 
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Fig. 3.13 Testing apparatus. 

fig. 3.14 Kn ife-edged loading attachment. 
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structural steel and 2) a knife-edged loading attachment which connects 

the ram to the specimen. The knife-edged loading, shown in Fig. 3.1~, 

eliminates the possibility of load reversals, and the transfer of 

moments. 

3.3.2 Load i ng ~-'--..;...;;.; The load on the specimen was supplied 

with a standard closed-loop servo-controlled hydraulic system. In this 

system, however, a microcomputer was used as a function generator. This 

al teration allowed the generation 0 f t he com pl ic ated stress hi stor ies 

required by the test program. 

3.~ Testing Procedure 

The testing procedure can be divided into two tasks, 1) test 

preparation and 2) test maintenance. 

3. ~. 1 Test preparation begins by 

programming the function generator to produce the desired waveform. 

This waveform is based only on percentages of maximum voltage applied. 

Then, measurements of thickness and width of the specimen are made to 

determine section properties. With the section properties, loading 

configuration and the desired maximum stress range, the required load 

was calculated to produce the desired stress range at the weld toe. The 

load is converted to a maximum voltage which is used to set the elec­

tronic servo-system. 

Next, the testing speed must be set. As discussed in Section 

3.1.1 concerning the development of the loading histories, the waveform 

possesses a constant loading rate. To provide a way to vary the actual 

testing speed, the function generator has a control which sets the 
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testing speed as a percentage of the speed originally programmed. The 

operator can set the test to run at a rate from 0 to 499 percent of the 

original testing speed. Since the hydraulic system response lags behind 

the command signal, the rate of testing was somewhat restricted by the 

response of the hydraulic system. Overprogramming of the command signal 

allowed for an increased testing rate. For most experiments, the 

testing speed was set at a rate of 200 percent. 

To begin testing, the specimen was placed in the supporting 

frame and aligned with the hydraulic ram. The desired loading was 

applied using the servo controller in combination with the microcomputer 

function generator. A lim it was then set on the feedback to stop 

testing in case of a system failure. In addition, a limit was set on 

the error i.e., difference between the command signal and the feedback 

signal, to stop testing as the specimen lost stiffness. 

3.4.2 Test Maintenance. Once the test is started, test 

maintenance consisted of 1) adjusting the command signal to ensure that 

the desired loading was maintained, and 2) restarting the test after 

system failures. The monitoring of the test continued at regular 

intervals until the specimen failed. 

Adjustments in the command signal during testing was 

necessary because the loading supplied by the hydraulic ram lags behind 

the electronic signal as the specimen fatigues. As the specimen 

fatigues, it becomes less stiff and a greater displacement is required 

to maintain the load. Thus, the hydraulic ram must move farther which 

slows the response of the hydraulic system. This condition is corrected 
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by overprogramming the servo controller which drives the ram so that the 

desired load is maintained. 

Restarting the test was required in two situations: 1) a 

system failure due to a mechanical failure, Le., hydraulic pump 

overheating, or 2) a system failure due to electrical failure. In case 

of a mechanical failure, loading was restarted from the last position in 

the load history. An electrical failure disables the function 

generator, requiring reprogramming and a restart of the loading at the 

beginning of the history. This situation results in the application of 

partial complex cycles. However, the effect of these partial cycles was 

negligible because electrical failures were infrequent. 

To ensure an accurate measurement of fatigue life, two 

conditions for failure were adopted: 1) the specimen stiffness 

decreases 10 percent, and 2) a visible crack occurs through 1/3 to 1/2 

of the specimen thickness. The first condition was used to 

automatically stop testing before absolute failure as defined by the 

second condition. Therefore, the limit set on the error was 10 percent 

greater than the error produced by the uncracked specimen. The system 

was automatically shut down at this point. From this point, the test 

was resumed and monitored more closely than previously until the second 

condition of failure was reached. Two examples of the crack lengths at 

failure are shown in Fig. 3.15. 

3.5 Experimental Error 

The experimental error in the study is defined as an error in 

determining the fatigue life of the load history used in the test. The 
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(a) Speci~en o?eneci t=~~sverse to crack 

(h) Specimen cpened in plane of cracK 

Fig. 3.15 Example of crack leng~h at failure. 
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experimental error enters the testing in two areas: 1) the application 

of the desired load history, and 2) the definition of fatigue life. 

The sources of error in the application of the load history 

are: 1) the determination of required command signals; 2) the inac­

curacy of the electronics; and 3) the lag between the electronic signal 

and the hydraulic response. Three measurements were required to deter­

mine the command signals. The thickness and width of the specimen and 

the distance from the applied load to the weld toe were used to calcu­

late the signals required. 

The inaccuracy of the electronics is defined as the difference 

between the programmed signal and the signal that is actually produced. 

The load cell and the electronic monitoring equipment were calibrated 

before testing and were accurate to within 1.6 percent. 

Due to the lag time between the electronic signal from the 

servo controller and the response of the hydraulics, some of the smaller 

minor cycles were not applied to the specimen. This occurred when the 

system was run at high speeds. A comparison of the command and feedback 

signals was made for several testing speeds using an Explorer III 

oscilloscope by Nickolet as described below. 

An example of the two signals at a loading rate of 200 is shown 

in Fig. 3.16. The global maximum and minimum points in the load history 

were set to desired levels using a peak detector, so there is no error 

in these values due to the lag in the system. The error occurs in the 

application of intermediate loads. The error is not a constant one, so 

to determine the effect of the lag in response, a reservoir count was 
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done and the damage factors for the command and feedback signals were 

calculated for the truck test history. The results of these calcula­

tions are shown in Tables 3.6 and 3.7. From comparisons of the damage 

factors and the feedback signals, it was concluded that further testing 

would be done a a rate of 200 percent of the originally programmed 

testing speed. At this testing speed the difference between the command 

waveform and the applied waveform is negligible. Use of this rate 

allowed for a decrease in testing time while assuring accurate load 

application. In addition, the errors in previous testing were compen­

sated for in the comparison of experimental to predicted data. 

Combining the sources of error in the application of the load 

his tor y , the m a x i mum err 0 r ( a s de t e r min ed by Z w ern e man [1] ) i s 

approximately 2.9 percent. 

percent. 

the more probable val ue is closer to 1.5 

The error in the definition of failure is caused by the vague­

ness of the crack length at failure. The crack length was determined by 

the naked eye. For the test histories used in this study, the variation 

of crack size used to define failure resul ted in a maximum error of 2.8 

percent. A more probable value of the error is 1.4 percent. 

The total experimental error is a combination of the errors in 

applying the load history and in defining failure. Therefore, the total 

error will be estimated by the square root of the sum of the squares of 

these two components. For the maximum errors of 2.9 and 2.8 percent, 

the total error is 4.0 percent. For the more probable errors of 1.5 and 

1.4 percent, the total error is 2.1 percent. 
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TABLE 3.6 Comparison of P Values for Test Truck History 
at Various Test Speeds 

Feedback 

Cycle Command Rate (%) 
No. 100 200 320 499 

1 1.00 1.00 1.00 1.00 1.00 
2 0.46 0.46 0.46 0.41 0.46 
3 0.43 0.43 0.43 0.44 0.43 
4 0.43 0.43 0.43 0.44 0.42 
5 0.31 0.31 0.31 0.31 0.31 
6 0.35 0.35 0.36 0.31 0.34 
1 0.30 0.30 0.31 0.31 0.28 
8 0.25 0.25 0.26 0.26 0.25 
9 0.24 0.24 0.24 0.24 0.21 

10 0.23 0.23 0.23 0.23 0.20 
11 0.22 0.22 0.23 0.22 0.20 
12 0.11 0.20 0.18 0.21 0.15 
13 0.11 0.18 0.11 0.11 0.13 
14 0.11 0.11 0.16 0.14 O. 11 
15 0.16 0.11 0.16 0.14 O. 11 
16 0.11 0.12 O. 11 O. 11 0.06 
11 O. 11 O. 11 0.10 0.09 0.04 
18 0.01 0.01 0.01 0.06 0.01 
19 0.04 0.04 0.03 0.02 
20 0.03 0.03 0.02 0.02 
21 0.03 0.02 0.01 0.01 
22 0.02 0.02 0.01 0.01 
23 0.02 0.02 0.01 
24 0.02 0.02 0.01 
25 0.01 0.01 
26 0.01 0.003 
21 0.002 0.003 

---



TABLE 3.7 Comparison of F Values for Test Truck History 
at Various Speeds 

Linear 
Model 

F (Miner) 

F (NLM) 

Command 

1.217 

2.'199 

100 

1.216 

2.509 

Feedback 

Rate (S) 

200 

1.217 

2.'199 

320 

1.23'1 

2.536 

'199 

1.219 

2.505 
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C HAP T E R I V 

ANALYSIS OF TEST RESULTS 

The results and analysis of the results of fatigue experiments 

on welded tees loaded in bending are presented in this chapter. Seven 

different loading histories were included in the test program. The 

loading histories include a constant amplitude history, the test truck 

history, three traffic histories, and two constant minimum stress 

histories. 

The constant amplitude tests were used to develp a log-log S-N 

curve for the specimen. The test truck and traffic histories tests are 

included to investigate the applicability of the cumulative damage 

models to measured loadings. The results of these tests are also used 

to study the amount of fatigue damage produced by minor cycles. A 

comparison of the results of tests using the test truck loading and CMS 

History 1 is used to demonstrate the ability of random discrete loading 

patterns to model actual loadings. The results of tests using eMS 

History 2 are compared with the results of the U.S. Steel study [12] to 

determine the applicability of the results of this study to full scale 

bridge girder design. Finally, to increase the data base of this study, 

the results of the U.S. Steel study [12] are presented in terms of SRMAX 

and experimental damage factors. 

A damage model is developed from an analysis of the test 

results. This damage model applies a correction factor based on a 

95 
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stress interaction term to Joehnk's cumulati ve damage calculation. To 

conclude this chapter, modifidations to the present design procedure 

are proposed. 

4.1 Test Results 

4.1.1 Const t Amplitude. Constant amplitude tests were 

performed on several specimens from each weldment in order to correlate 

test results across weldments. While all tests were run with a minimum 

stress of 5 ksi, stress ranges from 35 to 12.5 ksi were included in the 

experimental program. A total of thirty constant amplitude tests were 

performed. All constant amplitude testing was completed by Joehnk [14] 

and Zwerneman [1] in earlier phases of this research. 

The results of the constant amplitude tests are plotted in 

Fig. 4.1. The least squares linear regression was done to determine the 

S-N curve and the 95% confidence band which are presented on Fig. 4.1. 

It should be noted that only data from specimens tested to failure were 

included in the regression analysis. The equation of the S-N curve 

provides the values of the variable m used in Eqs. (2.2) through (2.4), 

(2.9) through (2.11), (2.14) through (2.16), (2.20) and (2.21); and the 

constant used to calculate N in Eq. (1~). The equation of the S-N 

mean curve as determined by regression is: 

Thus, A = 2.09 x 10 11 and m = 3.76. Since a fatigue failure occurred 

with SR= 12.5 ksi, the threshold stress range (SRTH) must be below this 

level. Assuming conservatively that N = 5 x 107 defines the fatigue 
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limit, then SRTH = 9.19 ksi. This should represent the minimum value of 

SRTH' Assuming that N = 3 x 101 defines the fatigue limit, then SRTH = 

10.52 ksi. Thus, the threshold stress range should exist from between 

10.5 and 9.2 ksi. 

The S-N curve derived from the regression analysis provides a 

reference from which to measure the fatigue damage produced by the minor 

cycles in a variable amplitude history. In addition, the determination 

of the damage factor is dependent on the variables produced by the S-N 

curve. Therefore, the cumulative damage models can be no more accurate 

than the initial S-N curve. If the S-N curve was perfectly accurate, 

then the values of the experimental damage factor (FEXP )' experimental 

fatigue life divided by value from mean regression line, would be 1.0 

for all constant amplitude tests. Figure 4.2 presents a histogram of 

the values of FEXP for all constant amplitude tests. The average value 

of FEXP is 1.04. The maximum and minimum values of FEXP are 1.82 and 

0.55 respectively. This range of values demonstrates the amount of 

experimental scatter inherent in fatigue testing. 

4.1.2 Test Truck History. The loading used in this series of 

tests was developed from strain data measured during the passage of a 

single test truck. A plot of the loading is presented in Fig. 3.2. All 

tests in this series were done by Zwerneman [1] except specimen FD6909. 

As with the CA tests, a minimum stress of 5 ksi was using in testing. A 

summary of test results, along with the ratio of experimental damage 

factor (FEXP ) to the predicted damage factor (FpRED ) for the respective 

damage models is provided in Table 4.1. For this relationship, a value 
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TABLE 4.1 Test Truck Test Results 

SRMAX Nc FEXP FEXP FEXP FEXP 
Specimen 

x 103 (ksi) FM FNLM FG 

FD5605 33.46 206.5 1.85 1.50 0.73 0.67 

FD5706 28.71 329.7 2.07 1.68 0.82 0.75 

FD5707 28.71 356.2 1.92 1.56 0.62 0.70 

FD6909 20.00 1581.6 1.70 1.42 0.73 0.67 
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of FEXp/FpRED greater than 1.0 is unconservative as the predicted 

fatigue damage is less than the experimental, while FEXp/FpRED less than 

1.0 is conser vati vee 

The experimental damage factor, FEXP ' is given by the ratio 

Nc/NMAX where NMAX = 2.09 x 10 11 (SRMAX)-3.76, the maximum stress range 

is set for each test, and Nc is determined experimentally. The 

predicted damage factors by Miner's (FM)' nonlinear Miner's (FNLM)' and 

Gurney's (FG) models are determined by Eqs. (2.11), (2.16). and (2.22) 

respectively. 

The values of FEXp/FpRED for this test series are plotted 

against SRMAX in Fig. 4.3. The distribution of points in Fig. 4.3 

indicates that none of the three damage models accurately predict the 

fatigue damage produced by this stress history. Miner's theory is 

unconservative in all cases and underestimates the fatigue damage by an 

average of 541. Nonlinear Miner's and Gurney's damage models were more 

accurate and produced conservative predictions of fatigue damage. but 

the average errors of 28 and 30 percent respectively are not acceptable. 

The values of FEXP presented in Table 4.1 are a measure of the 

fatigue damage produced by the minor cycles in the truck loading. The 

experimental damage factors range from 1.70 to 2.07 with an average of 

1.89. Neglecting the minor cycles would result in an FpRED of 1.0; 

therefore, neglecting the fatigue damage produced by the minor cycles 

would produce an underestimation of fatigue damage of approximately 90 

percent. This error translates into an overprediction of fatigue life 

of approximately 11 times. 
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The values of FEXP in Table 4.1 indicate that there is little 

variation of fatigue damage with the maximum stress range. In addition, 

from Fig. 4.3 it can be observed that the accuracy of the damage models 

is not affected by the maximum stress range. For this same range of 

tests, the percentage of cycles below SRTH (assumed 9.20 ksi) varies 

from 74 for SRMAX = 33.46 ksi to 96 for SRMAX = 20.00 ksi. Thus, the 

fatigue limit does not seem to have an effect on the damage caused by 

the minor cycles. The fact that FEXP and FEXp/FpRED do not vary with 

SRMAX is important because it eliminates the need to test at low stress 

ranges which significantly increase testing time. 

4.1.3 Traffic Histories. This series of tests includes 

experiments using Traffic Loading Histories 1, 2 and 3. ~rhese loading 

histories were developed from strain data measured while normal vehicle 

traffic passed over an instrumented bridge. The development as well as 

the stress range histograms of the traffic histories are presented in 

Section 3.1. As before, all tests were run with a minimum stress of 5 

ksi. In order to reduce testing time and since the test truck results 

showed that SRMAX is not a major variable, all tests in this series were 

run with SRMAX = 35 ksi. The results of this test series and the values 

of FEXp/FpRED are presented in Table 4.2. The value of FEXP is 

determined in the same manner as for the test truck history tests. A 

plot of the values of FEXp/FpRED or the three histories is presented in 

Fig. 4.4. 

Observation of Fig. 4.4 reveals that Minerts cumulative damage 

model is the most accurate for all three traffic loadings. Nonl inear 
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TABLE 4.2 Traffic Test Results 

Traffic Nc FEXP FEXP FEXP FEXP 
Specimen History 

x 103 FH FNLH FG 

TT7015 167.9 1.95 0.90 0.13 0.26 

TT7112 181.5 1.80 0.83 0.12 0.24 

TT7208 2 65.1 5.02 0.74 O. 15 0.24 

TT7207 2 114.6 2.85 0.42 0.08 0.14 

TT7211 2 37.0 8.83 1.31 0.26 0.43 

TT7209 3 183.1 1.79 1.20 0.43 0.44 

TT721 0 3 240.0 1.36 0.91 0.33 0.33 
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Miner's and Gurney's models overestimated fatigue damage by a factor of 

2.0 or more in every test. The differences in the apparent scatter in 

data between values for FEXp/FM and for FEXp/FNLM and FEXp/FG are a 

result of the properties of the variable FEXp/FpREO. Because FNLM and 

FG are several times larger than FEXP • FEXp/FpREO approaches zero 

asymptomatically so large fluctuations in FEXP do not produce large 

fluctuations in FEXp/FpREO. 

Comparisons of the test results of experiments with Traffic 

Histories 1, 2 and 3 produce information concerning the relation between 

the fatigue damage produced by a segment of loading alone and as part of 

a larger stress history. The concept being investigated is that the 

fatigue damage caused by each segment of a loading history can be summed 

to predict the fatigue damage produced by the entire history. To check 

this concept, the complex effective stress range, SREC was calculated 

for Traffic Histories 2 and 3 using their average FEXP as follows: 

( 4.1) 

as part of Traffic History 1, SRMAX for the segments representing 

Traffic Histories 2 and 3 are 16.1 and 35 ksi respecti vely. Assuming a 

linear summation of fatigue damage, SREC for Traffic History 1 was 

calculated with Eq. (4.2) is 41.79 ksi whi Ie the actual SREC from Eq. 

4.1) is 41.30 ksi. The difference between the predicted and actual 

values (1.21) is negligible. Thi s demonstrates that the interaction 

between the two segments is negligible and that summation of damage of 

individual events may be a viable analysis technique. 
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To further investigate the method of analysis by which the 

damage produced by individual segments are summed, Traffic Histories 

and 2 were studied. For both histories each event was defined as a 

segment. As before, SREC was calculated using Eq. (2.3). However, FEXP 

was not available for each individual event, so FM and FNLM were calcu­

lated and used instead of FEXP • The values of SREC for each event of 

Traffic History and Traffic History 2 are presented in Tables 4.3 and 

4.4 respectively. As before, the values of SREC were summed linearly to 

predict the damage produced by Traffic Histories 1 and 2. The results 

of this calculation are presented in Table 4.5. 

From the values of FEXp/FpRED presented in Table 4.5, it is 

apparent that the summation of damage by events using Miner's theory is 

very accurate while the same method using nonlinear Miner's theory is 

grossly overconservative. A comparison of the values of FEXp/FM in 

Table 4.5 with those in Table 4.2 indicates that the summation of damage 

by events is more accurate than summing the damage caused by each 

individual cycle using Miner' theory. This difference in accuracy is a 

result of the reservoir counting procedure. The counting method tends 

to count cycles across the boundaries of events; thus, the histograms 

produced by a reservoir cycle counting across the entire history differs 

from the sum of the histograms of the individual events. Figures 4.5 

and 4.6 illustrate the differences in the histograms produced by a 

reservoir count of the entire history (global) and of each individual 

event (summatil)n) for Traffic Histories 1 and 2 respectively. It should 

be noted that the major cycle in Traffic History 2 is superimposed 
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TABLE 1.1.3 SREC for Events in Traffic History 1 

SRMAX SREC( H) SREC(NLH) 
Event FH FNLM 
No. (ksi) (ksi) (ksi) 

1 8.77 2.36 11.02 6.39 11.1.37 

2 12.71 1.05 12.87 1.75 11.1.75 

3 15.71.1 1.71 18.15 3.90 22.60 

1.1 12.21 1.50 13.60 1.1.86 18.60 

5 16.10 2.31 20.11 7.19 27.20 

6 35.00 1.1.19 38.92 1.1.18 51.20 

7 12.29 1.17 12.82 2.27 15.29 

8 11.1.1.17 1.22 15.26 2.83 19.09 

9 13.56 1.26 11.1.1.13 3.33 18.68 

10 15.56 2.1.11 19.66 7.1.16 26.55 

-------
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TABLE 4.4 SREC for Events in Traffic History 2 

SRMAX SREC( M) SREC(NLM) 
Event FM FNLM 

No. ( ksi) (ks!) ( ks!) 

16.28 2.36 20.46 6.39 26.67 

2 23.58 1. 05 23.89 1.75 27.37 

3 29.21 1.71 33.69 3.90 41.95 

4 22.66 1.50 25.24 4.86 34.51 

5 29.88 2.31 37.33 7.19 50.49 

7 22.82 1.17 23.79 2.27 28.38 

8 26.86 1.22 28.32 2.83 35.42 

9 25.18 1. 26 26.78 3.33 34.67 

10 28.87 2.41 36.48 7.46 49.27 

"-------
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across events and is not accounted for in the analysis by summation of 

events. 

To investigate the amount of damage produced by the minor 

cycles in each event, FpRED was calculated using the method of summation 

of fatigue damage by events neglecting the minor cycles. If the minor 

cycles are neglected, SREC becomes SRMAX as F becomes unity. Repeating 

the analysis presented above with SREC = SRMAX produced the values of 

FpRED presented in Table 4.6. From the values of FEXp/FpRED presented 

in Table 4.6, it is apparent that neglecting the damage caused by minor 

cycle results in an underestimation of fatigue damage by Miner's theory 

while neglecting minor cycles improves the damage prediction by non­

linear Miner's theory. 

4.1.4 Constant Minimum Stress Histories. 

Constant ~ini~~~ Stress History 1. CMS History 1 is a 

random discrete loading pattern with the same stress range histogram as 

the test truck loading. The development of CMS History 1 is discussed 

in Section 3.1.3. Two tests were included in this test series. Both 

tests were run with a maximum stress range of 35 ksi and a constant 

minimum stress of 5 ksi. The results of these two tests along with the 

values of FEXp/FpRED are shown in Table 4.7. 

The values of FEXP for the four test truck specimens are 

plotted along with those for the tests with CMS History 1 in Fig. 4.7. 

Comparison of FEXP for the two test histories indicates that the random 

discrete loading produces less fatigue damage than the actual test truck 

loading. The average FEXP produced by the test truck history is 1.89 



TABLE 4.5 FEXp/F PRED from Summation of Fatigue Damage by Events 

Traffic FEXP FEXP FEXP 
History FM FNLM 

( avg) FM FNLM 

1.92 2.08 13.73 0.92 0.14 

2 5.57 5.94 28.59 0.94 0.19 

TABLE 4.6 F EXp/FpRED from Summation of Fatigue Damage by Events-­
Minor Cycles Neglected 

Traffic FEXP FEXP FEXP 
History FM FNLM 

(avg) FM FNLM 

-------
1.92 1.32 3.12 1.45 0.62 

2 5.57 2.99 4.87 1.86 1. 14 
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while the average FEXP produced by CMS History 1 is 1.63. This indi­

cates that the random discrete loading pattern is an unconservative 

model of the actual test truck loading. However, this conclusion must 

be qualified because there are only two replicates of CMS History 1. 

The difference in the test results of the two models could be due to by 

the mean stress effect documented by Zwerneman [1]. 

Constant Minimu~ Stress History £. CMS History 2 is a 

random discrete loading developed to model a loading used in the U.S. 

Steel study completed for NCHRP Project 12-12 [12]. CMS History 2 has 

the same stress range histogram as the loading used in the U.S. Steel 

study with SRO/SRM = 1.0. The only difference in the loadings is the 

random sequences of cycles. Two tests were completed using CMS History 2 

which is described in Section 3.1.3. Both tests were run with a maximum 

stress range of 35 ksi and a constant minimum stress of 5 ksi. The 

results of the two tests are shown in Table 4.8. 

Figure 4.8 presents a plot of FEXP CMS History 2 along with the 

values of FEXP calculated from the U.S. Steel study on full sized bridge 

girders [12]. Only data from the U.S. Steel experiments using SRO/SRM = 

1.0 are included in Fig. 4.8. Each data point from the U.S.S. study is 

the average of the results of three replicate tests. It can be observed 

from Fig. 4.8 that the values of FEXP from the present study fall well 

within the range of FEXP values from the U.S. Steel study. In fact, the 

FEXP from the present study is very close to the mean of the U.S. Steel 

data which is shown by the dotted line in Fig. 4.8. This indicates that 
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Specimen 

BL661 0 

BL6611 

TABLE 4.7 CMS 1 Test Resuls 

Nc FEXP FEXP 

x 103 
FEXP 

FM FNLM 

200.2 1.63 1.35 0.65 

202.3 1.62 1.33 0.65 

TABLE 4.8 CMS 2 Test Results 

Specimen 

USS612 

USS713 

5.3 

5.9 

62.3 

55.5 

FEXP 

FG 

0.60 

0.60 
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the welded tee specimen can be used to predict the fatigue damage 

produced by a certain loading on full sized bridge gi rders. 

4.2 U.S. Steel Stud 

To expand the data on which to base the conclusions of this 

study, the results of fatigue experiments done by U.S. Steel 

laboratories for NCHRP Project 12-12 were reanalyzed for comparison with 

the results of the present study. The analysis of the U.S. Steel data 

consisted of calculating 1) the slope and intercept of the log-log S-N 

curve for each specimen type, 2) FM and FNLM for each specimen type and 

loading, and 3) FEXP based on the experimental fatigue life of each 

specimen. 

The research program of the U.S. Steel study included 

experiments on 156 welded beams with partial length cover plates and 60 

welded beams without cover plates. The variable amplitude loadings used 

were random discrete loadings based on a Rayleigh spectrum which is 

described in Section 3.1.4. Three basic forms of the Rayleigh spectrum 

with SRd/SRM values of 0.25,0.50, and 1.00 were included in the 

exper imental program. Figure 4.9 illustrates the respecti ve shapes of 

the three spectrums. It should be noted that all loadings were applied 

with a constant minimum stress, but the level of the minimum stress was 

varied between tests. A more detailed description of the specimens, 

experimental procedure and individual test results is given in Ref. 12. 

Table 4.9 presents the results of the first two steps of the 

analysis, the values of m, A, FM, and FNLM for each specimen type and 

loading history. The specimens with detail type "A" are not included in 
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TABLE 4.9 Pred icted Damage Factors for U.S.S. Study 

A SRd 
Specimen Steel m FM FNLM 
Type- Grade x 109 SRM 

0.50 116.7 224.9 
CPS A514 2.817 3.534 

1.00 69.0 153.5 

0.50 123.0 232.3 
WBC-B&C A514 2.692 0.734 

1.00 73.3 160.2 

0.50 90.2 191.4 
WBP-D A514 3.459 99.28 

1.00 51.8 124.7 

0.25 180.7 292.9 
WBC-C A36 3.121 1.667 

0.50 103.7 208.2 

0.25 175.9 288.5 
WBP-D A36 3.214 52.86 

0.50 99.2 203.4 

- CPS - cover plate specimen 

WBC-B&C - welded seam with either cover plate detail "B" or "C" 

WBP-D - welded beams without cover plates 

WBC-C - welded beam with cover plate detail "c" 
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this analysis because the fabrication technique used in the detail 

produced results which do not correlate with other studies [12]. Tables 

4.10 through 4.12 contain the results of the analysis of the 

experimental data for SRd/SRM = 0.25, 0.50, and 1.00 respectively. Each 

table presents the specimen type, SRMAX' minimum stress (SMIN)' ; 

maximum, minimum and average FEXP ; FEXp/F M• and FEXp/FNLM for each set 

of tests. The value of FEXP used in FEXp/FM and FEXp/FNLM is the 

average FEXP for each set of tests. The values of FEXp/FM and FEXp/FNLM 

are plotted against the specimen type for SRd/SRM = 0.25, 0.50 and 1.00 

in Figs. 4.10 through 4.12 respectively. 

Two general observations can be made from the results shown in 

Figs. 4.10 through 4.12. First, Miner's cumulative damage rule predicts 

the fatigue damage caused by the loadings better than nonlinear Miner's. 

Second, Miner's rule is not very accurate in predicting FEXP ' The 

value of FEXp/FM ranges from 0.48 (52% conservative) to 1.37 <37l 

unconservative). Part of this inaccuracy is a result of the scatter 

which can be expected in a fatigue study of this magnitude. A plot of 

the average values of FEXp/FpRED for each SRd/SRM (Fig. 4.13) indicates 

that Miner's rule on the average produces good predictions of fatigue 

damage and is Slightly conservative (FEXp/FM average = 0.94). 

The results of the U.S. Steel study are useful in studying the 

applicability of various damage models. However, the application of any 

conclusion based on these results in design must be qualified because 

all tests were run with a constant minimum stress. The comparison of a 

constant minimum stress and an actual test truck loading presented in 
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TABLE 4.10 U.S.S. Study Results ~ith SRd/SRM = 0.25 

Spcmn. Steel 
SRHAX ~IN FEXP FEXP FEXP FEXp(avg) FEXP( avg) 

Type Grade (ksi) (ksi) (max) (min) ( avg) FH FNl.M 

WBC-C A36 15.0 0.0 244.0 191.0 214.3 1 • 19 0.13 

WBC-C A36 30.0 0.0 110.4 145.1 159.1 0.88 0.54 

WBP-D A36 30.0 0.0 211.1 104.1 180.8 1.03 0.63 

WBP-D A36 30.0 0.0 220.9 119.9 , 86.3 1.06 0.65 

\;PB-;) A36 40.0 0.0 193.1 115.0 1814.14 1.05 0.64 

WPB-D A36 45.0 10.0 230.9 163.1 192.0 1.09 0.61 



1.4 

1.2 

1.0 

~ 
G) 
~ 0.8 0-

LI-
..... 

Co 
0.6 )0( 

LLJ 
LI-

0.4 

0.2 

0 

----- i _UNCONSERVATIVE 

0 

• 
• 

WBC-C 
(A36) 

• 

WBP-D 
(A36) 

SPEelMAN TYPE 

CONSERVAT I VE 

123 



124 

TABLE q. 11 U.S.S. Study Results with SRdl SRt1 = 0.50 

SRMAX ~IN FEXP FEXP FEXP FEXP ( avg) FEXP( avg) 
Spcmn. Steel 
Type Grade (ksi) (ksi) (max) (min) (avg) rM FNLM 

WBC-C A36 10.0 0.0 160.9 66.8 112.7 1.09 0.5Q 

CPS A51Q 20.0 0.0 120.1 76.2 98.5 0.84 0.44 

WBC-C A36 20.0 0.0 127.3 113.5 118.4 1.15 0.57 

CPS A514 20.0 10.0 156.0 70.5 113.0 0.97 0.50 

WBC-C A514 20.0 10.0 114.8 80.6 99.5 0.85 0.43 

WBC-C A36 20.0 10.0 143.4 , 25.1 136.8 1.33 0.66 

CPS A514 20.0 40.0 187.5 109.1 159.5 1.37 0.71 

WBP-D A36 40.0 0.0 162.5 92.6 120.6 1.34 0.63 

WBC-C A36 40.0 0.0 116.8 59.2 86.4 0.84 0.41 

WBP-D A36 40.0 0.0 177.5 68.6 112.9 1.14 0.59 

WBP-C A514 40.0 10.0 134.5 87.0 108.5 0.88 0.47 

WBP-D A36 40.0 10.0 127.5 107.1 119.3 1.20 0.59 

CPS A514 60.0 0.0 107.1 86.5 95.2 0.82 0.42 

WBP-D A514 60.0 0.0 59.2 58.8 59.0 0.65 0.31 

. CPS A514 60.0 10.0 101. 4 84.9 94.0 0.81 0.42 

WBC-C A514 60.0 10.0 94.8 68.5 79.2 0.64 0.34 

CPS A514 60.0 40.0 158.0 106.9 126.4 1.08 0.56 

WBP-D A514 80.0 0.0 50.0 42.4 45.3 0.50 0.24 
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TABLE 4.12 U.S.S. Study Results with SRd/SRM = 1.00 

Spc:nn. Steel 
SRMAX ~IN FEXP FEXP FEXP FEXP( avg) FEXP(avg) 

Type Grade (ksi) (ksi) (max) (min) (avg) FM FNL.~ 

WBC-C A514 6.0 10.0 49.0 28.4 35.3 0.48 0.22 

WBC-C A514 9.0 15.0 58.3 45.1 49.7 0.68 0.34 

CPS A514 30.0 0.0 53.1 49.8 50.9 0.74 0.33 

WBC-C A514 30.0 0.0 59.2 46.5 52.9 0.72 0.33 

WBC-B A514 30.0 0.0 45.2 35.9 41.9 0.57 0.26 

WBP-D A514 30.0 0.0 67.5 38.3 55.4 1.07 0.44 

CPS A514 30.0 10.0 63.9 52.7 58.9 0.85 0.38 

WBc-a A514 30.0 10.0 115.4 69.7 85.0 1.16 0.53 

WBP-D A514 60.0 0.0 72.4 58.0 65.2 1.26 0.52 

WBc-a A514 60.0 10.0 81.6 32.3 62.9 0.86 0.39 

CPS A514 90.0 0.0 68.5 33.0 49.5 0.72 0.32 

WBP-D A514 90.0 0.0 29.0 25.3 26.7 0.52 0.21 

CPS A514 90.0 10.0 46.5 43.1 44.8 0.65 0.28 
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Section 4.14 indicates that a constant minimum stress history is an 

unconservative model of actual bridge loadings. 

4.3 Stress Interaction Effects 

The comparisons of nonlinear Miner's and Miner's fatigue damage 

models presented in Figs. 2. 'J.1 through 2.21 illustrate that nonlinear 

Miner's theory assumes that the minor cycles are more damaging then 

Miner's theory assumes. Thus, the accuracy of each model in predicting 

the damage factor is a measure of the fatigue damage produced by the 

minor cycles. 

The experimental results of this study as well as the studies 

done by Gurney [13], Joehnk [14], Zwerneman [1], and U.S. Steel [12] 

presented in Table 4.13 indicate a trend in the accuracy of the two 

models. In general, the stress histories which are simulated correctly 

by Joehnk's (NLM) model are short and the average mean stress of the 

minor cycles is equal to the mean stress of the major cycle. The 

histories which follow Miner's assumption of linearity are generally 

long histories with the average mean stress of the minor cycles below 

that of the major cycle. The effect of the average mean stresses is 

explained well by Zwerneman's mean stress tests [1]. The results of the 

mean stress tests indicate that the damage caused by the minor cycles 

decreases with the ratio of SMEAN(minor)/SMEAN (major) as shown in Fig. 

4.14. 

This linear relationship between the effectiveness of the minor 

cycles and their mean stresses predicts the general trends in data, but 

it is inaccurate for several loadings. Table 4.14 presents the ratio of 
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TABLE 4.13 Summary of Results 

Study Waveform 
FEXP FEXP 

Comments 
FM FNLM 

Gurney Fig. 2.12 1.25 1. 00 1 • Short history (nc=2.16) 
[14] 2. St-tEAN(minor) :: 

St~EAN (major) 

Joehnk Superimposed 2.04 1.09 1. Short history (nc =3. 16) 
[13 ] sine 2. ~EAN(minor) = 

St-tEAN (major) 

Zwerneman Mean stress 1.69 0.90 1 • Short history ( nc =10) 
[1] 2. SMEAN(minor) varies 

U.S.S. Rayleigh 0.92 0.47 1 • Long history ( nc=500) 
[ 12] 2. SMEAN(minor) < 

St-tEAN(major) 

Present Test truck 1.56 0.76 1. Short history (nc=27) 
2. SMEAN(minor) < 

SMEAN(major) 

Traffic 1 0.87 0.12 1 • Long history (nc=850) 
2. SMEAN (minor) < 

~EAN(major) 

Traffic 2 0.82 0.16 1. Long history (nc=710) 
2. SMEAN(minor) < 

SMEAN(major) 

Traffic 3 1.06 0.38 1 • Medium history (nc =99 ) 
2. SMEAN(minor) < 

St-tEAN(major) 

CMS 1 1.33 0.65 1. Short history (nc =27) 
2. SMEAN(minor) < 

~EAN(major) 

eMS 2 1.29 0.52 1 • Long history (nc=50) 
2. SMEAN(minor) < 

~EAN(major) 
~----------.----------- ---~--
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TABLE 4.14 FEXp/FpRED for Tests on Welded Tee Specimen 

Waveform 
SMEAN(minor) FEXP FEXP 

SMEAN(major) FM FNLM 

Mean Stress 1 1.50 2.25 1. 19 

Super imposed 
Sine· 1.00 2.04 1. 09 

Mean Stress 2 1.00 1.68 0.89 

Test Truck 0.92 1.56 0.76 

Traffic 2 0.90 0.82 0.16 

Traffic 3 0.81 1.06 0.38 

CMS 2 0.54 1.29 0.52 

Mean Stress 3 0.50 1. 39 0.69 

CMS 1 0.36 1. 33 0.65 

------------
• average of 8 tests 
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the average mean stress of the minor cycles to the mean stress of the 

major cycle and the corresponding values of FEXp/FM and FEXp/FNLM' 

Since the values of FEXp/FM and FEXp/FNLM are a measure of the 

effectiveness of the minor cycles, these values should vary with 

SMEAN(minor)/SMEAN(major)' Only the experiments on the welded tee 

specimen are included in Table 4.14 to eliminate any variables due to 

material properties or weld geometry. From Fig. 4.15, which is a plot 

of the data in Table 4.14, the exceptions to the mean stress relation 

are the traffic histories. These exceptions to the mean stress relation 

indicate that other properties of the stress history playa role in 

fatigue damage. 

The variation in fatigue damage caused by the minor cycles is 

probably a result of stress interaction effects. In order to predict 

how the stress interactions alter the fatigue damage produced by the 

minor cycles, the variables which are involved in stress interactions 

must be identified. Research by Jacoby [23] on stress interaction 

effects caused by variations in mean stress and by overloads provides 

some inSight. Jacoby proposed that the crack growth rate at any point 

in a loading is determined by the deformations caused by previous 

fatigue damage. The deformations influence the crack growth rate by 

producing residual stresses and by altering the material properties at 

the crack tip. Jacoby determined that the deformations caused by a 

propagating crack and thus the crack growth rate depend on the following 

factors: 
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1. maximum stress intensity factor; 

2. variation in stress intensity during a cycle; 

3. stress intensity history; and 

4. monotonic and cyclic deformation characteristics of the 

materi al. 

From comparisons of the tests on the welded tee specimen, the 

major variables appear to be the relative level (mean stress), magnitude 

and number of the minor cycles. The minor cycles cause more damage as 

the level of the minor cycles increases relative to the major cycle. 

This relation is shown in Fig. 4.14.. Nonlinear Miner's theory, which 

assumes the minor cycles produce a large amount of fatigue damage, 

becomes more accurate (FEXp/FNLM = 1.0) as SMEAN(minor)/SMEAN(major) 

approaches 1.0. Miner's theory, which assumes minor cycles produces 

little fatigue damage, is accurate (FEXp/F M = 1.0) as SMEAN(minor)1 

SMEAN(major) approaches 0.0. The exception to this relation is 

presented by the traffic tests. The difference between the traffic 

histories and the other histories under investigation is their large 

number of small minor cycles (Pi < 0.25). The results presented in Fig. 

4.15 indicate that Miner's rule accurately predicts the damage produced 

by these cycles without accounting for their relative mean stress level. 

In addition, nonlinear Miner's model grossly overpredicts the damage 

produced by these smaller minor cycles. 

4.4 Damage Model Development 

Since the accuracy of the damage models is altered by stress 

interaction effects, the proposed damage model wi 11 consist of one of 
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the damage models already presented modified by a correction factor. 

This correction factor will be based on the characteristics of a stress 

hi story which affect the stress interactions. The correction wi 11 be 

known as the stress interaction correction and will be denoted as CF. 

In order to keep the analysis simple, each term used will be based on 

the entire stress hi story, not on the relationship between individual 

cycles. Thus, the proposed stress interaction damage model would pro­

duce a damage factor, Fsi ' which may be represented by 

Fsi = F(CF) ( 4.1) 

where F is given by FM, FNLM' or FG• 

At this point, it is not known which damage factor FNLM , FG, or 

FM used in Eq. (4.1) will produce the best result. Thus, a CF will be 

deter mined for each case. The proposed model will be chosen from the 

three resulting equations. 

4.4.1 Correction Factor. Because a correction factor is based 

on empirical data, the choice of which data to use in the development of 

the correction is crucial. In deciding which test results to use in 

determining CF, the main criterion was that the stress histories 

included in the calculation have some similarity with measured stress 

histories. Based on this criterion, the stress histories included were 

the superimposed sine histories developed by Joehnk, Gurney's stress 

histories 1 and 2, and test truck stress history, and the traffic stress 

histories. The reason for including the histories developed by Joehnk 
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and Gurney is that the superimposed sine type histories are very similar 

to actual truck loadings. 

Based on the conclusions presented in Jacoby's report [23] and 

observations of the results of the present study, the effect of the 

following variables was investigated in the developemtn of CF. 

1. SMEAN(minor)/SMEAN(major) 

2. SMAX(minor)/SMEAN(major) 

3. SMAX(minor)/SMEAN(minor) 

4. SRES/SRMAX = PEFF 

5. SR(AVG)/SRMAX = PAVG 

The first three variables were included in the study to account 

for the effect of the mean stress level as described by Zwerneman, and 

the effect of the maximum stress described by Jacoby. It should be 

noted that the values of SMAX and SMEAN for the minor cycles are deter­

mined by the arithmatic average for all the minor cycles in the history. 

In addition, the values of SMAX and SMEAN are based on the actual 

applied stress; therefore, variables 1, 2 and 3 will vary depending on 

the minimum stress of the applied stress history. The fourth and fifth 

variables were included to account for the effect of the magnitude of 

the minor cycles as shown in the traffic test results. PEFF which is 

defined as the ratio of the simple effective stress range, SRES' and 

SRMAX' provides a measure of the magnitude of the minor cycles based on 

their fatigue behavior. It also includes the fatigue behavior of the 

material through m. SRES can be determined using Miner's, nonlinear 

Miner's or Gurney's fatigue model. SR(AVG)/SRMAX' or PAVG' is the 
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arithmatic average of the magnitudes of the stress cycles in the stress 

history. 

Given the definition of CF in the proposed damage model (Eq. 

(4.1)), the value of CF can be determined from experimental results with 

the following expression: 

CF = FEXp/F ( 4.2) 

where F is given by FM, FNLM , and FG" To minimize confusion, the terms 

CF(M), CF(NLM) and CF(G) will denote the correction factor to be used 

with FM, FNLM' and FG respectively. 

The following observations concerning stress interaction 

effects were presented in the previous section: 1) the damage caused by 

minor cycles varies with the relative mean stress level of the minor 

cycles, and 2) the damage caused by small minor cycles is predicted well 

by a linear damage model (Miners') and overpredicted by nonlinear 

Miner's model. From these observations, it follows that CF(NLt~) and 

CF(G) should vary with a term accounting for minor cycle stress level 

and approach zero as the variable accounting for the minor cycle magni­

tude approaches zero. In addition, CF(M) should vary with a variable 

accounting for the minor cycle stress level and approach 1.0 as the 

variable accounting for the magnitude of the minor cycle approaches 0.0. 

Because the effects of the mean stress level and magnitude of 

the minor cycle were not understood before testing, the experimental 

program was not designed to determine the statistical significance of 

each parameter presented earlier " Thus, the development of an 
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expression for CF was a combination of intuition and trial and error in 

order to match experimental results. The values of each of the five 

variables presented earlier along with the corresponding values of 

FEXp/FM and FEXp/FG are presented in Table 4.15. In addition, the 

values of m used in all calculations are presented in Table 4.16. 

First, trial and error was used to develop a term A(NLM) which 

varied with CF(NLM) to use in an expression for CF(NLM). After experi-

menting with several combinations of the variables presented, the fol-

lowing term was found to have the best agreement with experimental 

values of CF(NLM): 

A(NLM) = ( SMAX ) [1.0 ] 
SMEAN MINOR PEFF(M) (4.3) 

where PEFF(M) is determined using Miner's cumulative damage theory. The 

limits of A(NLM) are difficult to define as (SMAX/SMEAN)minor is depen-

dent on the minimum stress used in each application. However, (SMAXI 

SMEAN)minor can be no less than 1.0 as the maximum stress of any cycle 

is always larger than its mean stress. In addition, (SMAX/SMEAN)minor 

can never be greater than 2.0 as the maximum stress of any cycle can 

never be more than twice its mean stress. assuming all loadings are in 

tension. Thus, the range of PEFF is from a maximum of 1.0. as SRES 

cannot be larger than SRMAX' to a minimum of 0.0. Therefore. the term 

(1.0/PEFF ) has a range of from 1.0 to infinity. Given these ranges for 

(SMAX/SMEAN)minor and (1.0/PEFF)' A(NLM) can range from 1.0 to infinity. 

To give the variable A(NLM) some physical significance. the 

limits of MNLM) must be described in terms of the properties of a 



TABLE 4.15 Stress Interaction Variables to-' 
P-
o 

SMEAN(min) SMAX(min) SMAX PEFF PEFF PEFF FEXP FEXP 
Stress PAVG 
History SMEAN(maj) SMEAN(maj) SMEAN min (NLM) (M) (G) FM FNLM 

SS1 1.00 1. 12 1. 12 0.24 0.58 0.54 0.60 1.63 1.30 
SS2 1.00 1. 33 1. 33 0.46 0.69 0.54 0.66 2.7 1.71 
SS3 1.00 1.44 1.44 0.62 0.80 0.68 0.79 1.38 0.74 
SS4 1.00 1.25 1.25 0.40 0.66 0.56 0.66 2.87 1.53 
SS5 1.00 1. 37 1.37 0.55 0.75 0.62 0.74 2.20 1.60 
SS6 1.00 1.49 1.49 0.70 0.84 0.73 0.82 1.62 0.93 
SS7 1.00 1.39 1.39 0.60 0.78 0.65 0.76 1.55 0.76 
SS8 1.00 1.42 1.42 0.68 0.84 0.74 0.84 2.14 1. 33 
Test Truck 0.92 1.09 1. 18 0.24 0.53 0.45 0.54 1.56 0.76 
Traf. 1 0.80 0.88 1.10 0.09 0.35 0.21 0.28 0.87 0.12 
Traf. 2 0.90 1.03 1. 14 O. 16 0.45 0.29 0.39 0.82 0.16 
Traf. 3 0.81 0.91 1. 12 0.14 0.42 0.35 1.06 0.38 
G11 1.00 1.75 1.75 0.83 0.92 0.85 0.91 1.27 1.03 
G12 1.00 1.50 1.50 0.67 0.32 0.74 0.82 1. 33 0.97 
G13 1.00 1.33 1.33 0.66 0.77 0.70 0.77 1. 33 1.01 
G14 1.00 1.08 1. 08 0.39 0.69 0.68 0.70 1.26 1. 19 
G15 1.00 1.38 1.38 0.58 0.78 0.70 0.78 1.02 0.76 
G16 1.00 1.60 1.60 0.73 0.87 0.78 0.86 1. 13 0,84 
G17 1.00 1.75 1. 75 0.83 0.92 0.85 0.91 1.03 0.84 
G21 1.00 1.75 1. 'l5 0.80 0.89 0.81 0.87 1. 16 0.88 
G22 1.00 1.50 1.50 0.60 0.78 0.66 0.75 1.33 0.83 
G23 1.00 1.33 1.33 0.46 0.71 0.59 0.68 1.48 0.95 
G24 1.00 1. 13 1. 13 0.30 0.60 0.57 0.61 1.26 1.03 
G25 1. 00 1.40 1.40 0.52 0.73 0.62 0.71 1.27 0.79 
G26 1.00 1.67 1.67 0.73 0.86 0.75 0.83 1. 13 0.79 
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TABLE ll.16 Values of m for Each Specimen 

Specimen Study m 

Present, 
Welded Zwerneman, 3.76 
Tee Joehnk 

Plate with 
Longitudinal Gurney 2.83 
Fillet Weld 

CPS U.S.S. 2.83 
(A51ll) 

WBC-B&C U.S.S. 2.69 
(A51ll) 

WBP-D U.S.S. 3.ll6 
(A51ll) 

WBC-C U.S.S. 3.12 
(A36) 

WBP-D U.S.S. 3.21 
(A36) 
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stress history. Assuming all stresses are tensile, as the minimum 

stress decreases the value of (SMAX/SMEAN)minor increases from 1.0 to 

2.0. In addition, if the minor cycles were near the maximum stress of a 

stress history, (SMAX/SMEAN)minor would be closer to 1.0. If the minor 

cycles were near the minimum stress of a stress history, (SMAX I 

SMEAN)minor would be closer to 2.0. Thus, the term (SMAX/SMEAN)minor is 

a measure of the mean stress of the entire stress history, and the level 

of the minor cycles. As the magni tude of the minor cycles approaches 

the magnitude of the major cycles, PEFF approaches 1.0 and (SMAX I 

SMEAN)minor moves closer to 2.0. As the magnitude of the minor cycles 

approaches 0.0, PEFF approaches 0.0 and (1/PEFF) approaches infinity. 

Therefore, a value of A(NLM) of 1.0 results from a stress history with 

large minor cycles and a high mean stress. A value of A(NLM) of infin­

ity results from any stress history with a large number of small minor 

cycles, as in traffic histories. From this description of A (NLM) it 

follows that CF(NLM) should approach 0.0 as A(NLM) approaches infinity. 

The next step in the development of CF(NLM) based on A(NLM) is 

to fit a curve to the experimental data. Figures 4.16 and 4.17 present 

plots of F EXp/FNLM and FEXp/FG against A(NLM). As expected, the plots 

are very similary. Thus, the same expression for CF can be used with 

both FNLM and FG. The only difference between CF(NLM) and CF(G) occurs 

as A(NLM) becomes large. As the number of cycles increases, FG becomes 

less corservative than F NLM • This occurrence is shown in the 

comparisons of the three damage models presented in Figs. 2.14 through 
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2.21. Assuming a linear relation between CF and )"(NLM), the following 

expressions produce good predictions of experimental data: 

CF(NLM) = 1.8 - 0.4 ).(NLM) > 0.15 (4.4) 

CF ( G) = 1.8 - 0.4 A( NLM ) > 0.25 (4.5) 

Next, CF for use with FM was developed. Using the same 

procedure, )..(M) was developed for use in an expression for CF(M): 

(4.6) 

where PEFF(NLM) is determined using nonlinear Miner's cumulative damage 

theory. (SMAX/SMEAN)minor varies from 1.0 to 2.0 so the term 

(SMAX/SMEAN)~~NOR will vary from 0.25 to 1.0. PEFF(NLM) varies from 

0.0 to 1.0. Therefore, )..(M) varies from a minimum of 0.0 to a maximum 

of 1.0. 

The physical significance of the ratio (SMAX/SMEAN)minor was 

discussed in the development of CF(NLM). From that discussion, it 

folbws that (SMAX/S MEAN)M1NOR will approach 0.25 in stress histories 

where 1) the level of the minor cycles is at a minimum and 2) the mean 

stress of the entire history is at a minimum. When the mean stress 

level of the minor cycles and the entire history are at a maximum, 

will approach 1.0. The value of PEFF(NLM) will 

approach 1.0 as the magnitude of the minor cycles approaches a maximum. 

PEFF(NLM) will approach 0.0 as the magnitude of the minor cycles 

approaches 0.0. Therefore, a value of )..(M) of 0.0 results from a stress 

history in which the magnitude of the minor cycles approaches 0.0. A 
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value of )..(M) of 1.0 results from a stress hist:>ry in which 1) the level 

of the minor cycles and the mean stress of the entire history are at a 

maximum and 2) the magnitude of the minor cycles is at a maximum. Based 

on observations of experimental data, CF(M) should be 1.0 when A (M) = 

0.0 and should increase from 1.0 as ).. (M) approaches 1.0. 

Figure 4.18 presents a plot of FEXp/FM against )..(M). Assuming 

a linear relation between CF(M) and )"(M), the following expression 

represents a best fit to the experimental data: 

CF (M) = -0. 8 + 5. 9 )..( M) = 1. 0 (4.7) 

The minimum value of 1.0 is not based on experimental data because there 

is no data below A(M) = 0.29. The minimum value of CF(M) is based on 

the assumption that Miner's cumulative damage rule is accurate as 

PEFF(NLM) appr3aches 0.0 

4.4.2 Proposed Da!!!.~ !i0del. At thi s point, three equations 

for the damage factor have been developed using the correction factor 

CF. These equations will be known as stress interaction damage models. 

The damage factor calculated using a stress interaction damage model 

will be designated as Fsr and: 

Fsr(M) = FM [CF(M)] 

Fsr(NLM) = FNLM [CF(NLM)] 

Fsr(G} = FG [CF(G»] 
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A comparison of the damage models using CF are presented in 

Table 4.11. This comparison indicates that the use of FNLM with CF(NLM) 

in the proposed damage model will produce the best results. The 

accuracy of all three models is comparable with average values of 

FEXp/FpRED of 1.02, 1.00, and 1.05 for Fsr(M), Fsr(NLM), and Fsr(G) 

respectively. However, Fsr(M) produces more scatter. Fsr(NLM) and 

Fsr(G) produce almost equi valent pred ictions of fatigue damage. Since 

FNLM is simpler to calculate, Fsr(NLM) is recommended. Therefore, from 

this point FSI shall be taken as FSI(NLM), CF : CF(NLM) and A: A(NLM). 

4.4.3 Evaluation of Proposed !:!.odel. In order to investigate 

the overall applicability of the pr~posed model, CF was calculated for 

the stress histories used by Gurney, Joehnk, Zwerneman, U.S. Steel and 

the present study. Figure 4.19 presents a plot of the experimental 

values of CF vs. A with the predicted values of CF represented by the 

solid line. Points above the predicted value of CF represent unconser-

vative predictions, while points below the line represent conservative 

results. The results shown in Fig. 4.19 represent more than 115 experi-

ments using 21 different stress histories on 1 different specimens. 

One major exception was found to the relationship between CF 

and A. These test results are indicated by a plus sign (+) on Fig. 

4.19. The common factor between these tests is that the mean stress of 

the history was higher in relation to the maximum stress range than in 

the other tests. The increase in the mean stress causes the ratio of 

(S IS ) to approach 1.0 as discussed in the previous section. MAX MEAN minor 

As the ratio of SMAX to SMEAN of the minor cycles approaches 1.0, the 
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TABLE 4.17 Comparison of Proposed Damage Models 

Stress 
FEXP FEXP FEXP 

History FSI(M) FSI(NLM) FSI(G) 

SS1 0.86 1. 39 1.24 
SS2 1.85 1.34 1.66 
SS3 0.93 0.78 0.82 
SS4 1.73 1.67 1.67 
SS5 1. 41 1. 16 1. 18 
SS6 1.12 0.94 1.05 
SS7 0.99 0.82 0.91 
SS8 1.28 1.33 1.25 

Test 
Truck , .08 1. 05 0.97 
Traf. 1 0.87 0.89 1.00 
Traf. 2 0.65 0.76 1. 08 
Traf. 3 0.92 0.88 0.91 

G 11 1.27 1.05 1.07 
G12 1.00 0.98 0.99 
G13 0.75 0.98 0.97 
G14 0.47 0.90 0.86 
G15 0.63 0.75 0.74 
G16 0.94 0.86 0.88 
Gl7 1.03 0.86 0.88 

G21 1.16 0.94 1.02 
G22 1.05 0.92 1.03 
G23 0.95 1.04 1. 12 
G24 0.64 1. 04 1.03 
G25 0.92 0.88 0.97 
G26 1.10 0.86 0.96 

Avg 1.02 1.00 1.05 

Max 1.85 1.67 1.67 

Min 0.47 0.75 0.74 
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value of 'A. decreases. A decrease in 'A. produces an increase in CF. 

However, these test results indicate that CF should not vary in this 

case. Therefore, the effect of the mean stress level of the stress 

history on CF may be exaggerated in the variable (SMAX/SMEAN)MINOR. It 

should be noted that all of these tests were part of the U.S. Steel 

study and were run at a constant minimum stress. 

A comparison of the predicti~ns made by Miner's, nonlinear 

Miner's, Gurney's and the pr:)posed stress interaction model for all the 

stress histories is presented in Table 4.18. The average values of 

FEXp/FpRED for each set of fatigue tests are plotted in Fig. 4.20. The 

proposed stress interaction model is applicable in almost all the stress 

histories tested. The stress interaction m~del produced fatigue damage 

predictions which were on average grossly unconservative () 20~) when 

applied to three stress hist:>ries (Gurney's waveform 8, Mean Stress 1, 

U.S.S. with SR d/SRM = 1.0). 

From Fig. 2.11 Gurney's waveform 8 has only 5 cycles; however, 

the experimental damage factor was greater than 5.0 which is the maximum 

theoretical value of F. Since only three tests were conducted with this 

stress history and the behavior is very unexpected, the results are 

attributed to experimental scatter. Mean Stress History 1 is the only 

stress history in which the mean stress of the minor cycles was above 

the mean stress of the major cycle. Thus, the error in FSI may result 

from an error in the use of the (SMAX/SMEAN>minor term in 'A.. The U.S. 

Steel history using SRdISRM was different from all other histories being 

investigated because it contained a continuous spectrum of stress cycles 



TABLE 4.18 Comparison of Damage Models t-' 
VI 
N 

FEXP I FM FEXP I FG 
Stress History 

FEXP I FNLM FEXP I FSI 

Max Min Avg Max Min Avg Max Min Avg Max Min Avg 

Gurney 1 1. 33 1.02 1.22 1. 14 0.75 0.98 1. 19 0.76 0.98 1.05 0.75 0.91 
Gurney 2 1.48 1. 13 1.29 1.03 0.87 0.97 1.04 0.79 0.91 1.04 0.86 0.95 
Gurney 3 1.50 1.03 1.23 1.24 0.85 1.06 1. 29 0.88 1.09 1. 14 0.81 0.93 
Gurney 4 1.38 1.09 1. 16 1.33 0.89 1.02 1.35 0.93 1.05 1.07 0.33 0.92 
Gurney 5 1.66 1.42 1.54 1.08 0.93 1.01 0.65 0.65 0.61 1. 14 0.98 1. 06 
Gurney 6 1.47 1.02 1.27 1.22 0.81 0.99 1.26 0.80 0.98 1.27 0.83 1.02 
Gurney 7 1.66 1 • 13 1.32 1. 15 0.88 0.98 1. 14 0.87 0.98 1.22 0.92 1.02 
Gurney 8 1.48 1. 17 1.36 1.37 1. 10 1.27 1.40 1. 12 1.30 1.40 1. 13 1.29 

Superimposed 
Sine 3.01 1. 14 2.04 1.60 0.72 1. 14 1.69 0.68 1.09 1.67 0.78 1. 18 

t~S 1 2.25 1. 19 1. 19 1.23 
MS2 1.68 0.89 0.89 0.97 
MS3 1.29 0.69 0.69 0.94 

USS-S RD /SRM =0.25 1. 19 0.88 1.05 0.73 0.54 0.64 1.06 0.74 0.89 
USS-S RD /S RM =0.50 1.37 0.50 0.97 0.71 0.24 0.49 1.29 0.47 0.83 
USS-SRD /SRM =1.0 1.26 0.48 0.79 0.53 0.21 0.35 2.00 0.56 1.22 

Test Truck 1.71 1.40 1.56 0.77 0.63 0.70 0.83 0.68 0.76 1.05 
CMS1 1.34 0.60 0.65 1.60 
CMS2 1.34 0.60 0.65 1.00 
Traffic 1 1.28 0.52 0.87 
Traffic 2 0.87 0.25 0.12 0.88 
Traffic 3 1.06 0.39 0.38 0.89 
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from P = 0.0 to P = 1.0. Therefore, the error may result from under­

estimating the fatigue damage caused by the minor cycles with P values 

close to 1.0. In addition, the values of A for this stress history fall 

very close to the break in the curve for CF. Thus, more experimental 

data is required for values of A of 4.0 and greater to better define 

the values of CF. 

4.5 Proposed Highway Bridge Fatigue Analysis 

At the beginning of Chapter II variable amplitude fatigue 

design was di vid ed into the following three procedures: 1) development 

of a finite load history which represents the loads imposed on the 

structure, 2) calculation of an equivalent constant amplitude load 

history, and 3) determination of the fatigue life based on constant 

amplitude fatigue tests. The results of this study are directly 

applicable to procedures 1 and 2. 

Presently, the finite load histories used in highway bridge 

fatigue analysis are based on the assumption of one stress cycle per 

truck passage. The fatigue damage caused by the minor cycles is 

neglected. The results of the tests using the test truck and traffic 

histories indicate that the minor cycles produced by a truck passage 

cause a significant amount of fatigue damage. Neglecting the minor 

cycles resulted in an overprediction of the fatigue life of between 40 

and 50 percent. Therefore, the finite load histories used in highway 

bridge fatigue analysis should include the effect of the minor cycles. 

Comparisons of the fatigue damage done by Traffic Histories 1, 

2 and 3 demonstrate that fatigue damage of a stress history can be 
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predicted by linearly summing the fatigue damage caused by each segment. 

Therefore, it follows that the fatigue life of a bridge detail can be 

determined by simply summing the damage caused by each individual truck 

passage. However, the effectiveness of the minor cycles varies with 

properties of the stress history. Thus, even though nonlinear Miner's 

theory fairly accurately mudels an individual truck passsage, it pro­

duces grossly overconservative fatigue life predictions for a series of 

truck passages. Miner's cumulative damage model, on the other hand, 

accurately predicted the fatigue damage caused by the minor cycles when 

applied t:) all three traffic histories. In addition, the trends in the 

experimental results indicate that Miner's rule accurately simulates the 

fatigue behavi:)r of stress histories with a large percentage of small 

minor cycles « 20% of SRMAX)' as is found in most bridge traffic stress 

histories. Therefore, the equivalent constant amplitude load history 

can be calculated using Miner's cumulative damage theory. 

In the proposed analysis technique, the finite load history is 

developed by calculating an effective stress cycle to represent each 

truck passage and placing these cycles in series. The magnitude of the 

effecti ve stress cycle is determined by the GVW of the truck, the 

geometry of the bridge, and the fatigue damage caused by the minor 

cycles. The maximum stresses in the stress cycle can be determined, as 

described in Eq. (1.2), by applying an impact fraction to the static 

component of the stress cycle. However, the impact fraction does not 

account for the fatigue damage caused by the minor cycles. Therefore, 

an additional factor is required to account for the fatigue damage 
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produced by the minor cycles. Since the effective stress cycle can be 

described as the complex effective stress range for the complex cycle 

produced by a truck passsage, the effective stress cycle can be 

calculated using Eq. (2.3): 

where SRMAX is given by Eq. (1.2) and (F) 11m is the additional factor 

used to account for the fatigue damage produced by the minor cycles. 

Thus, the effective stress cycle produced by a truck passage can be 

expressed as: 

SREFF = 8(GVW) (1.0 + I) (IF) (4.8) 

where I is the impact fraction given by Eq. (1.1) and IF is the fatigue 

factor given by (F) 11m. Since Miner's rule most accurately m<:>dels the 

fatigue behavior of the minor cycles in highway bridge loadings, F will 

be taken as FM• 

At this point, the bridge loading history can be simulated by a 

distribution of SREFF based on Eq. (4.8) and a GVW distribution of 

trucks which will cross the bridge. Finally, an equivalent constant 

amplitude history can be calculated by applying Miner's cumulative 

damage model to determine the simple effective stress range (SRES) (Eq. 

(2.9» for the loading distribution. This SRES would represent the 

design stress range of the loading history. 

The only difference between the proposed analysis and the 

analysis used in the AASHTO Specifications (see Chapter I) is the 



157 

addition of a factor to account for the fatigue damage produced by the 

minor cycles. This difference can be easily assimilated into present 

design by requiring the designer to increase the calculated design 

stress range by IF. 

4.5.1 Fatigue Factor. Given the definition of F M presented by 

Eq. (2.11), IF is calculated for a given truck loading using the 

following equation: 

(4.9) 

Because no two truck passages will produce the exact same stress 

history, it is inefficient to calculate IF for every truck loading. 

A representative stress history can be developed using a superimposed 

sine waveform, as shown in Fig. 1.2, with minor cycles of a single 

magnitude. In this way, Eq. (4.9) can be simplified to: 

(4.10) 

where PE is the single magnitude of the minor cycles in a superimposed 

sine loading which replace the minor cycles in the truck loading. PE is 

gi ven in terms of Ft~ by: 
11m 

) (4.11) 

The variable nc is primarily determined by the natural frequency of the 

individual bridge, the length of the span, and the speed of the truck. 

PE is pri~arily dependent on the bridge's structural response to load. 

The sensitivity of IF to nc ' PE and m is shown in Fig. 4.21 

which is a plot of IF against PE for three values of nc (10, 25, 50) and 
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two values of m (3.0, 4.0). The curves are terminated at PE :: 0.50 

because values of PE larger than 0.50 are not likely in bridge loadings. 

From Fig. 4.26 it can be observed that the sensitivity of IF to nc and 

PE are interrelated. IF is more sensitive to changes in PE as nc 

increases from 10 to 50, and IF becomes more sensitive to changes in nc 

as PE increases from 0.0 to 0.5. A shift in m from 3.0 to 4.0 decreases 

IF approximately 15, 20, and 25 percent for nc :: 10, 25, and 50 

respectively. 

To obtain an estimate of IF for use in design, an average PE 

was calculated for the ten events used in the traffic histories and the 

test truck using Eq. (4.11). The average value of PE was 0.31. The 

other variables required to determine IF are nc and m. Because all 

design details presented in the AASHTO specifications are given an m :: 

3.0, this value will be used to determine IF" From Hoadley's measure­

ments of four test truck loadings at 50 mph, the average number of 

cycles in a truck loading was 16.5. Therefore, nc will be assumed as 

17. Given these values of nc ' m and PE' IF:: 1.15. 

As a comparison, IF was estimated using FNLM instead of FM' 

The average value of PE for the ten events used in the traffic histories 

and the test truck history using Eq. (4.11) with FNLM instead of FM was 

0.47. Assuming m = 3.0 and nc :: 17 as before, IF :: 1.40. This 

represents a 22 percent increase in the value of the fatigue factor 

calculated using FM• Thus, using FNLM instead of FM in Eq. (4.11) will 

result in a conservative estimation of the fatigue damage caused by the 

minor cycles. 
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It should be noted at this point that this 15 percent increase 

in the calculated stress range represented by IF = 1.15 is very depen­

dent on the dynamic qualities of the bridge used in this study. On 

other types of bridges, the number and magnitude of the minor cycles in 

each truck loading will vary with the span length and type of construc­

tion. Because the construction of this bridge tends to amplify stress 

fluctuations as it had a low level of redundancy, the 1.15 value of IF 

should be an upper bound. 

4.5.2 Evaluation of Proposed Analysis. The use of the fatigue 

factor is supported well by the experimental results of this research; 

however, the true test of the proposed analysis is in its application t~ 

actual bridges. Two different case studies were chosen on which to test 

the use of the proposed analysis in design. In the first there was no 

detectable cracking, while in the second there was considerable 

cracking. 

The first bridge was the one on which the measurements used in 

this study were taken. The bridge is located near downtown Dallas, 

Texas. It is composed of two large steel girders which support a con­

crete deck. A more detailed description of the bridge is presented in 

Appendix B and Reference 18. The second case dealt with the Yellow Mill 

Pond Bridge which has been the subject of sevral studies which were 

concluded in research done by Fisher and Slockbower at Lehigh University 

[30]. The Yellow Mill Pond Bridge was located on a heavily traveled 

section of the Connecticut Turnpike. The bridge was constructed of 
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rolled wide flange steel girders with cover plates. A more detailed 

description of the bridge is given in Reference 30. 

The analysis procedure is composed of three steps: 1) 

determination of the maximum stress range applied by the heaviest truck 

passasge; 2) calculation of an equivalent design stress range using 

Miner's theory based on a loading distribution and accounting for the 

fatigue factor; and 3) calculation of the fatigue life of a specific 

detail based on its constant amplitude S-N curve. From the definition 

of SRES given in Eq. (2.9) and assuming IF will remain constant for the 

range of truck loadings, the fatigue factor can be applied directly to 

the design stress range calculated neglecting IF. 

Test loadings of the Dallas Bridge completed by Hoadley [18J 

with a test truck weighing 52 kips at 50 mph produces a maximum stress 

range of 2.8 ksi in the tension flange. Because no loading distribution 

was constructed for this bridge, one had to be assumed. From the 1970 

FHWA Loadometer Survey, the maximum GVW = 100 kips. Thus, the maximum 

stress range in the distribution is given by: 

SRMAX = (2.9 ksi) (100 kips/52 kips) = 5.38 ksi 

This value of SRMAX correlates well with data collected by Hoadley 

during normal traffic load ings. From the GVW distri bution developed 

from the 1970 FHWA Loadometer Survey, the ratio of the simple effective 

stress range to the maximum strss range (SRES/SRHAX) is 0.70. Another 

probable distribution of loadings was developed as part of NCHRP Project 

12-12 [12J. This is a Rayleigh distribution which produces a value of 
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SRES/ S RMAX :: 0.50. Gi ven t hat IF:: 1.15 the design stress range, SRD' 

is 4.33 ksi based on the distribution given by the FHWA Load~meter 

Survey and is 3.09 ksi based on the Rayleigh distribution. All stress 

ranges are given at the tension flange. 

The critical detail in the Dallas bridge was at the 

intersection of a longitudinal and a transverse stiffener (LTSI detail). 

This intersection was located 15 in. above the bottom flange. 

Therefore, assuming a linear stress distribution, SRD at the detail is 

2.53 ksi and 1.80 ksi f~r the FHWA and Rayleigh distribution 

respectively. The S-N curve for the LTSI detail which was developed by 

Platten [31] and experimentally veri fied in constant amplitude testing 

[32], has m = 3.0 and A = 1.66 x 108• Based on this S-N curve the 

predicted number of trucks required to produce cracking is 10 million 

and 28 million for the FHWA and Rayleigh distribution respectively. 

From average daily traffic data, the number of truck passages 

experienced by the bridge at the time of the study was approximately 4 

million. If IF based on FNLM had been assumed, the predicted life would 

have been 6 million and 15 million respectively. Since no cracking had 

occurred in the detail, the predicted fatigue lives (using IF) based on 

FM and for both loading distributions seem reasonable. 

From the stress history studies completed on the Yellow Mill 

Pond Bridge in 1971, 1973 and 1976, Fisher determined that the maximum 

truck load produced a stress range of 5.4 ksi [30]. Since the Dallas 

bridge and the Yellow Mill Pond Bridge are of comprable span length and 

construction, IF will be assumed as 1.15 as with the Dallas bridge. 
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With SRD calculated as before, SRD is 4.35 ksi and 3.11 ksi based on the 

FHWA and Rayleigh distributions. 

Several cracks in the structured were detected in welds at the 

end of the cover plates on the tension flanges. This detail has been 

designated as a category E' in the AASHTO Specifications and A = 4.24 x 

108• Based on this S-N curve, the predicted number of truck passages to 

failure are 5 million and 14 million using the FHWA and Rayleigh 

distribution respectively. 

The first crack in the structure was discovered after 

approximately 21 million truck loadings. The prediction made using the 

FHWA distribution seems overly conservative as the detail would have 

survived four times its predicted life before detection. Even without 

applying IF' the predicted life using the FHWA distribution would be 8 

million truck passages, which also appears conservative. The prediction 

made based on the Rayleigh distribution with the fatigue factor seems 

more reasonable. The predicted life based on the Rayleigh distribution 

without the fatigue factor applied is 22 mi 11ion truck passages. This 

analysis would not predict the cracks which occurred. However, if the 

fatigue damage caused by the minor cycles is accounted for through IF' 

the fatigue cracks would have been predicted. 

To further investigate how IF will vary with bridge type, 

loading study done on the Silver Memorial Bridge [33] was used to calcu-

late IFI The Silver Memorial Bridge is a long span (approximately 700 

ft) truss bridge which crosses the Ohio River at Point Pleasant, West 

Virginia. In the study, several truss members were instrumented with 
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strain gages and strains were measured as a loaded test truck crossed 

the bridge. From these strain histories, the average size of the super­

imposed stress cycles was P = 0.31. The frequency of these cycles was 

approximately 6.0 cps. With a test truck veloci ty of 35 mph, the 

instrumented member was loaded for 1.0 secs. Thus, nc can be estimated 

as 42. Assuming m = 3.0, IF for this member is 1.46. This analysis 

indicates that IF is sensitive to the span length of the bridge and 

truck velocity. 

From the analyses of the Dallas and Yellow Mill Pond bridges, 

the value of IF = 1.15 seems reasonable for medium span girder bridges. 

However, the variation in predictions between the two assumed GVW 

distributions indicates that the distribution of traffic may be a more 

important factor. The investigation of the Silver Memorial Bridge, a 

long-span truss bridge, showed that IF is sensitive to the span length 

and truck velocity. 



C HAP T E R V 

SUMMARY AND CONCLUSIONS 

This research project had three main objectives: 1) determine 

the ability of random discrete loadings to simulate actual bridge 

loadings; 2) determine the applicability of Miner's comulative fatigue 

damage model to the design of highway bridges; and 3) develop a design 

method which accounts for the fatigue damage produced by the minor 

cycles in a truck loading. The experimental program used to obtain 

these objectives included fatigue tests on welded tee specimens with six 

different loading histories. Four of these histories were developed 

from strain data measured on an in service highway bridge. 

The results of testing with a random discrete loading pattern 

indicate that this loading produces unconservative estimates of fatigue 

damage produced by actual loadings. This result may be explained by the 

effect which the mean stress level of the minor cycles has on the damage 

these cycles produce. Only two replicate tests were completed in this 

test series, and only one stress range distribution was utiized in the 

testing of this hypothesis. However, the stress level effect was also 

documented by Zwerneman [1 J. Thus, the conclusion has some justifica­

tion, but more research on this question is needed. 

The abiilty of Miner's cumulative damage theory, as well as two 

others proposed by Joehnk and Gurney, to predict fatigue damage varied 

wi th each load history tested. Joehnk's and Gurney's theories produced 

165 
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good results on short stress histories where the average mean stress of 

the minor cycles was the same as the major cycle. For these histories, 

Miner's theory produced unconservative predictions. Miner's theory 

worked well with the measured traffic loadings, while Gurney's and 

Joehnk's models were grossly overconservative. The traffic loadings 

contained large numbers of small minor cycles CP < 0.25) and the average 

mean stress of these cycles was below that of the major cycle. From 

these results, it was concluded that Miner's damage theory is accurate 

and applicable in highway bridge fatigue design. 

Research by Joehnk [14], Gurney [13], and the present study 

indicate the minor cycles in a stress history produce a significant 

amount of fatigue damage. Specific experimentation in this study using 

measured loadings indicate the minor cycles present in truck loadings 

produce significant damage even if they are below the threshold stress 

range. Thus, this addi tional fatigue damage must be accounted for in 

design. The proposed design method is similar to present analysis 

except for the addition of a fatigue factor, IF' in the calculation of 

the stress cycle produced by a truck passage. IF is dependent on the 

number and size of the minor cycles present in a truck loading. 

Therefore, IF is affected by the span, and the dynamic and structural 

response of the bridge as well as the speed of the truck loading the 

bridge. From analyses of the bridge used in this study, IF has been 

estimated at 1.15. This represents a 15 percent increase in the calcu­

lated stress cycle due to fatigue damage of the minor cycles. Applica­

tion of this design method in two field cases produced reasonable 
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results. However, the assumed distributions of loadings proved to be as 

important as the fatigue factor in the analysis. 

In addition to the objectives stated above, an additional 

fatigue damage model was proposed. The proposed damage model applies a 

correction factor to Joehnk's theory based on the properties of the 

loading being analyzed. The stress interaction correction factor, eF, 

is based on the average level, magnitude, and number of minor cycles as 

well as the fatigue characteristics of the detail. The proposed stress 

interaction damage model produces good results for a wide range of 

stress histories and specimen types. The exception to the model occurs 

for load ings with a high mean stress. In thi s case, the mod el becomes 

overly conservative. 

The most important findings of this research are that 1) the 

minor cycles in a truck loading produce a significant amount of fatigue 

damage, and 2) the damage produced by the minor cycles varies with the 

stress histories which surround them. Further research is required to 

quantify the amount of fatigue damage produced by minor cycles. The 

research should use strain data measured in the field on various bridge 

types. In addition, basic fracture mechanics research on loadings which 

more closely resemble actual loadings is required to determine how 

stress interaction affects the fatigue life of highway bridges. An 

extension of this project which is being done by Dr. K. H. Frank and 

Farrel Zwerneman at The University of Texas at Austin deals with this 

basic fracture mechanics problem. The results of this research should 

be enl ightening. 





A P PEN D I X A 

DERIVATION OF EFFECTIVE STRESS RANGES AND DAMAGE FACTOR 





A P PEN D I X A 

DERIVATION OF EFFECTIVE STRESS RANGES AND DAMAGE FACTOR 

Any variable amplitude stress history can be converted to an 

equivalent constant amplitude stress history by a cumulative damage 

theory and cycle counting technique. The equivalent constant amplitude 

stress history is important in design because it allows the use of the 

vast amount of constant amplitude test data. The equivalent constant 

stress history is characterized by an effective stress range or damage 

factor. 

Combining a cumulative damage rule and the linear relationship 

between Log N and Log SR yields expressions for the effective stress 

ranges and the damage factor. The development of these expressions is 

shown below. 

Given 

Log Ni :: A - m Log SRi (A.1) 

where SRi :: constant ampl1 tude stress range 

Ni :: number of cycles to failure at SRI 

A :: N axis intercept on Log SR-Log N curve 

m :: slope of Log SR - Log N curve 

Rearranging (A.1) yields 

(A.2) 
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The simple effective stress range, SRES' is defined as the 

constant amplitude stress range which causes the same fatigue damage as 

the variable history in the same number of cycles. The fatigue damage 

done by the variable history or complex cycle can be expressed as: 

where 

(A.3) 

Nc = number of variable cycles in the complex cycle 

N = total number of variable cycles to failure 

Wc = fatigue damage or work done by a complex cycle. 

From the relation shown in Eq. (A.2) and the definition of a simple 

effective stress range, it follows that 

(A.4) 

Combining Eqs. (A.3) and (A.4) yields an expression for the fatigue 

damage done by a complex cycle as a function of SRES. 

(A.5) 

The complex effective stress range, SREC' is defined as the 

constant amplitude stress range which causes the same fatigue damage as 

the variable history in one cycle. Using this defintion of SRECt the 

fatigue damage done by one complex cycle can be expressed as 

(A.6) 

where Nc = number of complex cycles at failure. 
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From the relation shown in Eq. (A.2) and the definition of a 

complex effective stress range, it follows that: 

(A.7) 

Combining Eqs. (A.6) and (A.7) yields 

(A.8) 

The damage factor as developed by Zwerneman [1] is defined by 

the following expression: 

where NMAX :: number of cycles to failure at the maximum stress 
range in the complex cycle 

Using the relation in Eq. (A.2), F can be expressed as 

(A.10) 

where SRMAX :: maximum stress range in the complex cycle 

Combining Eqs. (A.6) and (A.10) results in the following 

expression for Wc in terms of F: 

(A.11) 

Since Nc :: N/nci' F can be related to the simple effective stress range 

by the expression 

(A.13) 
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or (A.14) 

Replacing Nc in Eq. (A.10) with the expression for Nc in Eq. (A.7) 

yields the following relation between F and SREC: 

(A.15) 

or (A.16) 

In this study three cumulative damage models are investigated. 

The developments of the effective stress ranges and damage factor based 

on each theory follow. 

1. Minerts Cumulative Damage Model: 

Using Minerts damage model, the fatigue damage caused by a 

complex cycle is given by 

n 
c 

I 
1 

-.....=..-= W 
N. c 

1. 

(A.17) 

Replacing Ni in Eq. (A.l7) with the expression for Ni given by Eq. (A.2) 

yields 
n 

c 
'I""" n. 

1. = W (A.1B) 
t -m c 

AS Ri 

The following expressions for SRES and SREC are given by equating Ea. 

(A.1B) with Eqs. (A.15) and (A.B) respectively: 
n 

c 

SRES 
=(_1 \" niS Ri 

m) 11m (A. 19) 
n t....-

c 

SREC = ( = S m) 11m 
n i Ri 

(A.20) 



175 

Equating Eqs. (A.l1) and (A.18) yields the following expression for F: 

n ( SRi) c 
F =I n i SRMAX 

(A.21) 

n 
c 

=I P. m 
or F n

i 1 
( A.22) 

2. Nonlinear Miner's Cumulative Damage Model 

Nonlinear Miner's theory replaces SRi in Eq. (A.18) with an 

increased stress range given by 

(A.23) 

Thus, nonlinear Miner's theory produces the following expression for Wc: 

= W c (A.24) 

Equating Eq. (A.24) with Eqs. (A.15) and (A.8) yields the following 

expressions for SRES and SREC respectively: 

(A. 25) 

(A.26) 
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Equating Eqs. (A.11) and (A.24) yields the following equation for the 

damage factor F: 

F = (A.27) 

3. Gurney's Cumulative Damage Model 

Gurney's cumulative damage model predicts fatigue life in 

complex cycles using the following equation: 

(A.28) 

Combining Eqs. (A.6) and (A.28) yields the expression for Wc based on 

Gurney's model: 

Wc = [~ (X(i_l») PiJ __ 1_ 
2 xi 10A-m 

SRMAX 

(A.29) 

Equating Eq. (A.28) with Eqs. (A.S) and (A.8) yields the following 

expressions for SRES and SREC respectively: 

-Po 11m 

{ [K (XC 1») 1

J 
} 

SRES= ; ~: nc SRMAX ( A. 30) 

11m 

SRMAX (A. 31 ) 
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Rearranging Eq. (A.28) yields the expression for F 

F = (A.32) 
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ACQUISITION AND REDUCTION OF THE TEST TRUCK 
AND TRAFFIC STRAIN DATA 

B.l Acquisition of Strain Data 

The test truck and traffic load histories were generated from 

strain data measured on an in-service highway bridge in Dallas, Texas. 

The bridge is composed of two longitudinal steel girders supporting 

transverse floor beams which, in turn, support a post-tensioned concrete 

deck. The basic bridge dimensions and geometry are shown in Fig. B.l. 

The strains were measured with 3/8 in. long, 120 ohm strain gages 

attached to the steel girder flanges at the four locations ind icated in 

Figs. B.2 and B.3. The strain readings were collected and stored on 

magnetic tape with a high speed Vidar data acquisition system. A more 

detailed description of the bridge and the instrumentation used in the 

study is provided by Hoadley [18]. 

Because more traffic passed over the east girder, and because 

strains in the west girder were not measured during the passage of the 

test truck, only strains from the east girder are used in this study. 

This girder was instrumented at sections A and D. During passage of the 

test truck, three gages at section D malfunctioned [18]. At section A, 

all gages performed well. The strain-time history used to develop the 

test truck history was taken from section A. During measurements of 

normal traffic, the gages at section D performed well, and the strain 

history at section D contained much larger minor cycles. Thus, the load 
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history for the traffic tests was developed from measurements taken at 

section D. 

B.2 Reduction of Strain Data 

The data reduction began by selecting the most appropriate 

strain-time histories from Hoadley's field data [18]. Hoadley collected 

two types of strain histories: 1) the passage of a single truck, and 2) 

normal traffic flow. Both types of strain histories are used in this 

study. 

Three histories were generated by the test truck at speeds of 

5, 35, and 50 mph. The 50 mph truck passage caused much larger 

secondary strain cycles than the 5 and 35 mph passages. This reduces 

the relative importance of random electronic noise in the strain 

readings, and the 50 mph speed more accurately models highway speeds. 

Therefore, the 50 mph strain data was used to generate the test truck 

load history. A comparison of the strain data histories from the 5 pmh 

and 50 mph passings is shown in Fig. B.4. 

Measurements on normal traffic were taken during eight tests 

over a period of two days. Hoadley's study of the effect of record 

length showed that the histograms tend to remain constant after 

approximately 10 minutes. Thus, a test of 10-minute duration is 

suffucient to model highway traffic. Three of Hoadley's tests had a 

duration of 10 minutes. Of these three tests, measurements taken during 

test number 8 were of higher quality than the other two. Therefore, 

test number 8 was used to generate the traffic test histories used in 

thi s study. 
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Reducing the data from the test truck and traffic test into a 

single strain time history required four steps: 

1. Change sign of all values from the strain gage on the top 

flange. 

2. Normalization of the data so that each set of strain data began 

with a zero reading. 

3. Eliminate grossly incorrect strain values by visual inspection 

of a strain-time plot. 

4. Average the three strain-time histories to eliminate random 

signal noise. 

Figure B.5 illustrates the four steps required in producing a single 

strain-time history. 

To produce a manageable load history from the traffic data, a 

visual inspection of the strain-time plot was made to determine which 

sections were significant. Ten "significant" segments of the history 

were retained to use in testing. An example of a significant segment is 

shown in Fig. 3.4. A full description of the traffic load histories 

used in testing can be found in Section 3.1.2. This procedure was not 

required for the test truck data because record length was already 

manageable. 

To reduce the number of points required to produce the desired 

strain-time history, only peaks in the history were counted as 

endpoints. A peak is defined as a relative maximum or relative minimum 

in the strain-time history. The definition is illustrated by Fig. B.6. 

Omission of non-peaks does not affect the magnitude or number of load 
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cycles in the history, as shown by comparing Figs. B.6 and B.7. Thus, 

it is assumed in this study that omission of non-peak endpoints does not 

affect fatigue behavior. 

At this point, the strain-time history was transformed into a 

program for use in the microcomputer-based function generator. The 

function generator allowed the use of 512 unique endpoint values and 

3715 program steps. This presented a problem because if each endpoint 

or peak is given a unique value, only 512 program steps may be used. To 

eliminate this problem, the range of available endpoint values from -

100% to 100% of full load was divided into 510 intervals. The mean 

values of each interval was defined as the endpoint value. The value of 

any peak which fell in an interval was changed to the endpoint value of 

the interval. Since each interval accounted for only 0.392 percent of 

the maximum load, the greatest possible difference between the actual 

and assigned value of a peak 1s 0.1 96S of maximum load. This difference 

1s negligible. 

A Haversine loading function was used to connect the endpoints 

of the load hi story. The Haversine was used for two reasons: 1) 

hydraulic equipment produces continuous Haversines better than the 

discontinuous curves caused by ramping, and 2) a Haversine curve repre­

sents the actual loading better than ramping. 

A final step was included in the data reduction to reduce 

testing time. The lag of the hydraulic response behind the command 

signal tends to limit the testing speed as discussed in Section 3.3. 

However, if the command load and the load rate are adjusted such that 
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the difference between the command and desired loads is equal to the lag 

in response, testing speed can be increased. This type of adjustment in 

the command load is only accurate if the loading rate is constant 

throughout the history. Therefore, a constant loading rate was deter­

mined and the elapsed time between endpoints in the history was altered 

to produce the desired loading rate. The loading rate was much greater 

than any which would occur in service; however, the change in loading 

rate should not significantly affect the fatigue life of the specimen. 
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DESCRIPTIONS OF SIGNIFICANT EVENTS 

Figures C.1 through C.19 (odd) present the stress histories for 

each event used in the construction of traffic histories 1, 2, and 3. 

The use of these events is described more fully in Section 3.1.2. The 

scale used for the stress term in the stress history plots is based on 

the maximum stress recorded at 100 percent. This maximum stress 

occurred in Event 6. All other stresses in all events are scaled to 

this maximum. The time scale used in the stress history plots has no 

physical significance. The time scale was determined so that all events 

could be presented on the same scale to make comparisons easier. 

Figures C.2 through C.20 (even) present the stress range 

histograms for each event. These histograms were developed from the 

results of a reservoir cycle count on each individual event. The 

maximum stress range in each event is given the value of 100 percent in 

that histogram. Included in each histogram is the record length in 

number of cycles, N, and the simple effective stress range calculated 

using Miner's and nonlinear Miner's theories. 
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