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A B S T R A C T 

The fatigue performance of flange transition butt-welded splices 

has been evaluated. Analytical solutions for the stress gradient cor

rection, FG, are generated using a finite element method. The 1 to 

2-1/2 slope transition recommended by the AASHTO Specifications is com

pared with the 1 to 5 slope transition used in the bridge being investi

gated. The 1 to 5 slope increases the estimated fatigue by a factor of 

2 and is recommended for future construction. 

The data generated under normal speed traffic in the field study 

of the bridge shows the significance of the induced-vibration cycles 

superimposed to each major cycle due to a single truck. The dynamic 

vibrations have amplitudes of the same order of magnitude as the static 

stress range. 

Solutions for the fatigue life of surface, corner, and interior 

cracks are presented in tabular form. These solutions can be applied 

to any desired stress range and initial flaw size. 

The ref~ults of the analytical fracture mechanics study and the 

field study of the bridge indicate that quite large initial flaw sizes 

would be required to produce a fatigue failure in the butt welds of the 

bridge. Such large initial flaws would be unlikely in the welds due to 

the radiographic inspection required in fabrication. Therefore, no 

fatigue cracking is likely to occur at the flange butt welds used in 

the bridge. 
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I M P L E M E N T A T I 0 N 

The results of the analytical study of the fatigue performance 

of butt welded joints indicate that the use of a lower slope in thick

ness transition butt welds than the 2-1/2 to 1 slope in the AASHTO 

Specification can greatly increase fatigue performance. The 5 to 1 

slope (measured slope) employed on the bridge studied increases the 

fatigue life by a factor of 2 over the steeper 2-1/2 to 1 slope. The 

present Texas Standard Specification for Construction of Highways, 

Streets, and Bridges in Sec. 448.4 states that the slope of such a 

transition should be no greater than a 1 in 4 slope. This is a good 

requirement. The gradual slope found on the bridge, 1 in 5, in con

junction with the radiographic inspection and low measured stresses, 

alleviated fatigue cracking as a cause for concern in the butt welds 

in the bridge. 
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C H A P T E R 1 

INTRODUCTION 

1.1 Objectives 

The fracture mechanics approach to designing of structures 

is now being used as a quantitative method of controlling fztigue 

failures in bridges. 

The great majority of steel highway and railroad br~dges 

has been performing satisfactorily. The few failures reported in 

the literature did not encourage a better understanding of the 

possibility of brittle fracture until the catastrophic collapse of 

the Point Pleasant Bridge. In 1967, that eye-bar suspension bridge 

failed without warning, claiming 46 lives [1] .* 

Since then, an extensive research effort has been undertaken 

to understand the effects of repetitive loads on cracking oj steel 

bridges. Using the concepts of fracture mechanics, the relctionship 

of material behavior (resistance to fracture), design (actual stress 

range on a particular detail), and fabrication (built-in flaws, weld 

defects, detail geometry, etc.) upon fatigue can be quantifjed. 

The 1974 AASHTO Fatigue Specifications [2] represent the 

new approach to the problem and are a result of the research carried 

out in the past decade [3-6). 

Many steel bridges which were designed prior to use of 

current specifications may have details with potentially low fatigue 

resistance. A research study is now being conducted at The 

*Numbers in brackets refer to the References. 
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University of Texas at Austin, sponsored by the Texas State 

Department of Highways and Public Transportation. The steel bridges 

that are being investigated include part of IH 345, a major complex 

in the Dallas, Texas, area. 

The objective of this report, as part of the research 

study, is to predict the fatigue life of the field flange and web 

splices and the shop flange splice detailso The flange splices 

are full penetration butt welds, with the reinforcement removed. 

This is a very common detail in a welded steel bridge; consequently, 

its performance is of major concern to other bridges. 

Analytical stress intensity factor solutions for the crack

like defects in the flange thickness transition details have been 

generated. The measured stress ranges are used in the analytical 

solutions to predict the crack growth rate and number of cycles to 

failure. Before introducing the aspects of the research, a brief 

review of fatigue and fracture in steel will be presented. 

1.2 Fatigue Behavior of Weldments 

The life of structural components subjected to repetitive, 

cyclic loading, is governed by the rate of crack propagation. The 

possible existence of welding imperfections or defects undetected 

during fabrication inspections requires the designer to disregard 

the crack initiation portion of the fatigue life and to assume the 

presence of the largest crack-like flaw that can be missed by the 

nondestructive inspection method used. In Fig. 1.1, the effect of 

flaw size on the fatigue life is schematically shown. That typical 

fatigue crack propagation curve is for a detail under constant ampli

tude cyclic loading. Most of the fatigue life of cracked specimens 

is spent when the crack is relatively small, as is inferred from 

the flat portion, or low growth rate, da/dN, of the fatigue crack 

growth curve. A decrease in the initial crack size, a., from 
1 

improved fabrication methods and reliability of inspection procedures 
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will represent a much greater increase in the number of cycles, N, 

than an equivalent increase in the critical flaw size, a , from 
cr 

improved material toughness. 

The effect of the stress range, S , is reflected on the 
r 

variation of the crack growth rate, da/dN. Figure 1.2(b) shows a 

family of curves that can be measured for the same initial crack 

size and geometry under various stress ranges, where stress range, 

S , is defined as S = S - S . and is represented in Fig. 1.2(a) 
r r max m1n 

with other stress parameters. 

The geometry of the detail introduces a state of stresses 

compatible with that geometry. A stress concentration factor, ), 

occurring on a particular detail directly affects the local stress 

range, S , and the previous discussion can be interpreted in terms 
r 

of a fac~ored stress range, )S • 
r 

The change in critical crack size, acr' is directly propor

tional to the material toughness, Kic" The relative trade-offs 

among critical crack size, a , initial crack size, a., and stress 
cr 1 

range, S , is represented in Fig. 1.3. The improvement in life 
r 

from a larger critical crack size is accomplished through an 

increase in material toughness. The loading conditions factored 

by the local stress concentration directly affects the improvement 

in life due to a lower stress range and the fabrication procedures 

and reliability of nondestructive inspection determines the improve

ment in the life from a smaller initial flaw size. The relative 

improvements are shown schematically in Fig. 1.3 as I, II, and III, 

in decreasing effectiveness. The greatest increase in fatigue 

occurs by decreasing the initial flaw size. Reducing the stress 

range produces the next best improvement in life and if it yields 

6K values less than 6KTH (refer to Fig. 1.11) crack growth will not 

occur. The critical crack size produces very little increase in 

1 if e. 
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1.3 Fracture Toughness 

Linear-elastic fracture mechanics is based on analytical 

studies that relate the stress intensity factor, K
1

, to the nominal 

stress, a, applied to the structure and the crack or crack-Jike 

defect, a. The stress intensity factor, K
1

, is the dominant term 

on the elastic stress field distribution at the crack tip [7]. The 

equations in Fig. 1.4 show that the distribution of the elastic 

stress field at the crack tip is invariant of material propErties 

and the intensity of the stress field is a function of a single 

parameter, K
1

. The basic relationship can be described as 

= c a J;;;. (1) 

where Kr is in units of ksi ~. 
3/2 

(MN/m ), for Mode I displace-

ments, in which the fracture surfaces are displaced symmetrically 

with respect to the x-y and x-z planes, as shown in Fig. 1.5. Cis 

a nondimensional correction function for the crack size, shape, 

orientation, and specimen geometry (typical values of C are shown 

in Fig. 1.6). ry is the nominal applied ~c:tress in units of k;i 

(MPa); and a is the crack size in inches (m). These three basic 

factors establish the conditions for crack instability or fracture 

which occurs ~1en the stress intensity factor, K
1

, equals the 

material fracture toughness, Kic" 

TI'le material toughness or critical stress intensity factor, 

Kic' is a material property that can ~e described as the ability to 

carry load in the presence of a crack. TI1e effect of the material 

toughness on the critical crack size, a , is shown in Fig. 1. 7. 
cr 

A reduction in toughness decreases the critical crack size and its 

effect on the fatigue life is indicated in Fig. 1.3. 

Tlle major factors influencing the fracture toughness of 

structural steels are the loading rate, the plate thickness, and 

the temperature. The material toughness, Kic' refers to a static 
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Fig. 1. 6 
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loading rate and a state of plane strain in a Mode I displacement 

for a given temperature. 

There is a significant decrease in fracture toughness from 

a static or slow loading rate, Kic' to a dynamic loading rate 

fracture toughness, Kid, as is shown in Fig. 1. 8. Actual bridge 

test results [8] indicate that the maximum loading rates observed 

in bridges are closer to slow loading rates than to dynamic loading 

rates. 

The lateral constraint at the crack tip increases with 

plate thickness and produces a state of plane strain for thick 

plates with a triaxial state of stress at the crack tip. The tri

axial state of stress at the crack tip reduces the material's frac

ture toughness. The effect of plate thickness on the fracture 

toughness is shown in Fig. 1.9. The limiting thickness to ensure 

a plane strain behavior established by the ASTM standard fracture 

toughness test method [10] is given by t? 2.5(KI Ia ) 2 , where t 
c ys 

is the plate thickness and ays is the static tensile yield strength. 

The fracture toughness of structural stee~ increases with 

increasing temperatures. The effect of increasing temperatures and 

decreasing loading rates on the Kic behavior has been determined to 

be directly related to the Charpy V-notch (CVN) impact test results. 

That is shown in Fig. 1.10 from various fracture toughness tests. 

The cost of a Kic test under ASTM Standard test methods 

makes it impractical as a quality control test for bridge steels. 

One of the tests most widely used is the Charpy V-notch (CVN) impact 

test. For the same temperature, the dynamic fracture toughness, 

Kid' can be calculated from CVN test results by 

Kid= 12.5 JcVN (2) 

where CVN is in ft-lb and Kid is in ksi Jin. for structural steels 

with Young's modulus of 29000 ksi. The temperature shift from the 



tl 
II 
;1 

Kic 

I 
I 
I 
I 
I 
I 

I 
I 

I 
I I 

'DYNAMIC ISLDW I INTERMEDIATE 

I I I 
LOADING RATE 

Fig. 1.8 Change in material toughness due to loading 
rate 

13 



14 

I in. = 25.4 mm. 
I Ksi .jln. = 1.1 MN/m3/2 

PLANE STRESS .,.411(t---r----')lo• PLANE STRAIN 

I oo 
I 

Krc I -------~ ---- -- i -8- ---- -0~--- - --
1 0 

0 

Fig. 1. 9 

I 0 
I 
I 

I 
I 
I 
I 
I 
1._ THICKNESS AT THE BEGINNING 
: OF PLANE STRAIN IS: 
I 

' (Krc )2 
t= 2.5 -

rr ys 
0.20 0.30 0.50 0.75 1.0 2.0 3.0 5.0 

THICKNESS, in. 

Effect of thickness on K behavior 
c 

(From Ref. 9) 



0 ---SLOW- .02 in./min. 

0 DYNAMIC 

D 

0 

Fig. 1. 10 Effect of temperature on fracture toughness 
(From Ref. _r)) 

15 



16 

Kid to the Kic curve can be estimated by 

T h"f = 215 - 1.5 a s ~ t ys 

for 36 ksi < a < 140 ksi and the temperature in degrees 
ys 

Fahrenheit (°F) [9]. 

1.4 Crack Growth under Cyclic Loading 

(3) 

The curves in Fig. 1.2(b) can be reduced to a single 

curve representing the crack growth rate per cycle of loading, 

da/dN, as a function of the stress intensity factor range, 6K where 

6K = C S j;;;_ 
r 

(4) 

In the log da/dN versus log 6KI plot, Fig. 1.11, there are 

three distinct regions of crack growth behavior. Region I is char

acterized by a fatigue threshold stress intensity factor rangL~, 

DKTH' below which cracks do not propagate. For structural steels, 

where the ratio of minimum stress to maximum stress, R = S . /S , 
m1.n max 

is greater than +0.1, a lower bound estimate of 6KTH can be predicted 

from [ 9] 

DKTH = 6.4(1- 0.85R) (5) 

where DKTH is in ksi Jin. 

Region II in Fig. 1.11 represents the fatigue crack pcopaga

tion behavior and it is defined as 

(6) 

where A and n are constants and function of the material properties. 

Region II defines the useful life of the structure. For positive 

stress ratios, the fatigue crack propagation can be modeled by 

Eq. ( 7) [ 9] : 
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Fig. 1.11 Fatigue crack propagation behavior 

17 



18 

da/dN : (7) 

The increase in the crack propagation rate with increasing R is 

indicated in this equation. However, the influence of R is 

usually small and can be disregarded. 

Region III corresponds to the onset of acceleration in 

fatigue crack growth rates as K in the fatigue cycle approaches 
max 

the fracture toughness of the materials. For large initial flaws, 

the corresponding large values of ~K from Eq. (4) will yield very 

short fatigue life when we are in Region III. Such a large defect 

would not be acceptable under the bridge fatigue specifications. 

For small initial defects, the difference in life is negligible 

if we disregard the Region III contribution to fatigue life. 

The constants A and n for various yield strength structural 

steels have been estimated experimentally [11] and are compared 

with the crack growth rate material constants for E70 weld metal [12] 

in Table 1.1. The crack growth rate for the weld metal gives an 

upper bound band to the base metal. The usual practice of using 

the base metal constants is conservative and a simple approach. 

The heat affected zones also show fatigue crack growth rates less 

than or equal to the base metal; therefore, the base metal material 

properties will be used in this study. 

Those residual stress zones due to the welding often are 

equal to the yield stresses of the material. They affect the magni

tude of 6KTH and also of 6K , but the effect on Region II is 
max 

significant only due to a major change in R. 



TABLE 1.1 CRACK GROWTH RATE PARAMETERS 
(for 6K in ksi ~ and da/dN 
in in. I cycle) 

Material n A 

E70 Weld Metal 5.8 0.27Xl0-l3 

Martensitic Steels 2. 28 0.66Xl0- 8 

Ferrite-Pearlite Steels 3.0 0.36Xl0 
-9 

Austenitic Stainless 
3.25 0.30Xl0- 9 

Steels 
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1.5 Application of Fracture Mechanics 
to the Flange Splice Details 

For a given material and a constant C, Eq. (6) and Eq. (4) 

can be combined and solved for dN as 

I dN = 6N = A s-n(a. -a - a -a) (8) 
. n 1 f 

where 6N is the elapsed fatigue crack growth life in cycles, A
1 

is 

a function of the material constants A and n and geometry correction 
-a 

C, and a = (n/2) - 1. For large crack sizes at failure af will be 
-a 

negligible compared to a. for a> 0 (a is equal to 0.5 for struc-
1 

tural steels with n = 3). For materials with low fracture toughness, 

the final crack size may be relevant in Eq. (8) and can be calculated 

from Eq. (4) using the proper C correct ion for the particular detail 

and the appropriate value of the material's fracture toughness. 

The initial flaw size present in the structural detail can 

be assumed conservatively to be the greatest size that could be 

missed by the nondestructive inspection procedure used. This is a 

conservative assumption in the design, but as we have seen in 

Figs. 1.1 and 1.3, the importance of a. cannot be overemphasized. 
1 

The stress range is another major factor as it is raised 

to a third power for structural steels and inversely proportional 

to the fatigue life. The usual fatigue tests are performed under 

constant amplitude loading, but the bridge structures are subjected 

to variable amplitude random-stress loading. 

Based on a cumulative damage theory, the effective stress 

range, S , from a variable amplitude random-stress loading can be 
re· 

calculated and used in place of S in Eq. (8). A detailed examina
r 

tion of the effective stress range estimation will be presented 

later. 

Assuming conservative values of a., using analytical and 
1 

measured S , and with available 6K
1 

relationships, the fatigue 
re 

life of the butt-welded flange splices can be estimated. 



C H A P T E R 2 

ASSESSMENT OF STRESS RANGE AND INITIAL FLAW SIZE 

ON FATIGUE LIFE 

The flange splice is one of the most common welded details 

found in bridge girders. When the reinforcement is removed, the 

detail is considered as Category B in the AASHTO Fatigue Specifica

tion [2]. This is the same category as plain welded beams which 

fail in fatigue from the web to flange fillet weld. If the 

reinforcement is left in place, the resulting stress concentration 

at the weld toe due to the abrupt change in geometry causes a more 

severe detail. The stress concentration and the coupled internal 

discontinuities in the transverse butt weld decrease the fatigue 

life. This detail is classified as a Category C detail. The 

width or thickness transition in the AASHTO Specification is 

limited to a 1 to 2-1/2 slope in order to provide a gradual stress 

flow, minimizing the stress concentration at the weld toe. The 

1 to 2-1/2 slope is a requirement to place the thickness or width 

transition under the Category B provisions if the reinforcement is 

also removed. 

2.1 Experimental Results 

2.1.1 Flange Splice Width Transition. As part of an 

extensive research program directed to a better understanding of 

welded details' fatigue performance, 84 beams with width transition 

flange splices were tested at Lehigh University and Drexel Insti

tute of Technology [3]. 
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Details of the test beams are shown in Fig. 2.1. One of 

the splices in each beam was a 2 ft-0 in. (609. 6-mm) radius 

transition and the other was a 1 to 2-1/2 straight transition. 

The flange welds were ground flush in both transition details. 

Three types of steel were tested: A36 steel, with 36 ksi (248.2 MPa) 

yield point; A441 steel, with 50 ksi (344. 7 MPa) yield point; and 

A514 steel, with yield point of 100 ksi (689.4 MPa). The depth of 

the beams was selected in such a way to give a representative depth

to-span ratio of beams used in highway bridges. The stress vari

ables were the minimum stress, the maximum stress, and the stress 

range. 

The longitudinal fillet weld used to join the web to the 

flange in the width transition was the same used for plain welded 

beams with constant width. 1be results from the plain welded 

beams and the flange splice beams yielded similar lives, but the 

failure locations for the splice beams were concentrated in a 

small region close to the splices where for the plain welded beams 

they were distributed over all the applied constant moment region. 

Both the plain welded beams and the flange splice beams were grouped 

together as Category B under the proposed specification. 

The fatigue failures observed in the flange splice beams 

were caused by the change in geometry and consequent change in 

moment resistance of the section coupled with the stress concentra

tion at the fusion line, by the flaws caused by the mechanical 

grinding process and also by the flaws within the longitudinal 

fillet weld connecting the web to the flange, which were usually 

gas pockets caused by gas trapped in the weldment. No failures 

caused by internal flaw within the butt weld splices were reported. 

Two distinct types of fatigue failures were reported in 

Ref. 3. The Type 1 refers to the failures caused by porosity flaws 

within the longitudinal fillet welds. These flaws had round 
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or wormhole shapes formed from gas trapped in the weldment. They 

propagated as a penny-shape flaw, as shown schematically in Fig. 2.2. 

It is worth mentioning that Type 1 failures accounted for 80 percent 

of all the failures observed in the plain welded and flange spliced 

beams. The Type 2 failures initiated in the butt weld surface and 

were caused by notches from the grinding operationo Those defects 

which were located on the edge of the flange grew as corner 

quarter-circular cracks and those on the flange surface grew as 

semi-elliptical cracks. The fatigue failures which initiated from 

surface flaws generally yielded shorter lives than those failing 

from the web-to-flange fillet weld defects. 

When a surface crack propagated through the flange thick

ness, most of the fatigue life had been exhausted. The remaining 

life to final failure accounted for 10 to 20 percent of the total 

life of the specimen. 

The only significant variable to predict the fatigue 

failure was found to be the stress range, S • In Fig. 2.3, all 
r 

the spliced beam and the plain welded beam test results are plotted 

with the mean regression curve for plain welded beams and the 

95 percent confidence limits for 95 percent survival. The scatter 

of the data can be attributed to the variation in the initial 

flaw size. The majority of the data points falling below the 

95 percent confidence limit curve of Fig. 2.3 were from the A514 

steel beams with manual straight tapered transition butt welds. 

Curved transition is specified for this high strength steel, due 

to the lower fatigue life exhibited by the straight tapered 

transition. 

The 95 percent confidence limit for 95 percent survival 

was approximately equal to twice the standard deviation from the 

mean regression line. This level was reconnnended for design of 
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plain welded and flange spliced beams, the Category B of the fatigue 

specifications [2]. 

Constant stress cycles were used throughout the tests 

reported in Ref. 3. The variable amplitude cyclic loading can be 

correlated using Miner's linear cumulative fatigue damage theory 

[13]. Miner's theory implies the variable stress cycle damage is 

accumulated in proportion to the relative frequency of occurrence 

of each level of stress range. The effective stress range, S , 
re 

calculated from variable amplitude cyclic loading can be used to 

predict fatigue life from a constant cycle S-N plot. 

2.1.2 Flange Splice Thickness Transition--Full Size Beam 

Tests. Full size beams with welded details conforming to various 

categories given in the AASHTO Fatigue Specification were tested 

[5]. Six of the twenty-four beams tested were welded beams with a 

1 to 2-1/2 slope flange thickness transition. The geometrical 

details of the flange spliced beams are shown in Fig. 2.4. The 

steels tested were A36, A588, and A514. 

The outside facffiof the thinner flanges were tested under 

a maximum stress of 0.55 cr and a stress range of 18 ksi (124.1 
ys 

MPa), the Category B design stress range for a fatigue life of 

2 million cycles. 

The fatigue cracks at the flange transition details started 

as corner cracks at the flange tip that grew into edge cracks. The 

final crack sizes for the beams at fracture are shown in Fig. 2. 5, 

with the respective number of cycles shown in the lower right corner. 

Figure 2.6 shows the mean S-N curve and its 95 percent 

confidence limit for 95 percent survival for the Category B details. 

The test results for the full size beams are shown on the same 

figure as open figures for the elapsed cycles, N, at which the 

fatigue cracks were first observed, and as closed figures for N at 
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fracture. Beams B8A and Bl2 did not fracture and the tests were 

interrupted after 4 million cycles. The lower bound S-N curve 

used as AASHTO Category B for fatigue life prediction gives a con

servative estimate for the full size flange splice beams. At frac

ture, the points fall within the mean S-N line and its lower bound 

95 percent confidence limit. 

2.2 Computation of the Effects of Initial 
Flaw Size on Fatigue Life for Various 
Flaw Shapes, Sizes, and Locations 

The fatigue-crack-propagation behavior was defined by 

Eq. (6) as 

da 
dN 

(6) 

where A and n are constants and function of the material. Substi-

tuting the value of the stress intensity factor, M<-
1

, given by 

Eq. (4) and rearranging Eq. (6), yields 

Nf a 
f 

6N J dN 
1 J da 
A cs Jim N. a. r 

(8a) 

~ ~ 

where the subscripts i and f stand for initial and final and 6N 

is the elapsed fatigue life in cycles. C is a function of the 

geometric detail, crack shape, size, and location. Assuming the 

function C is known for a particular detail, the solution for the 

right-hand side of Eq. (8a) has the form of 

6N (8b) 

For large crack sizes at failure, the term ai/af vanishes, since 

a is equal to 1/2 for most structural steels. Equation (8b) could 

then be written as 
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.6N (8c) 

2.2.1 Analytical Solutions for C. The fluctuation of 

the stress intensity factor .6K
1 

for a central through crack of 

length 2a in an infinite width sheet under uniaxial tension is 

given by 

.6K = S JTI;. 
I r 

(4a) 

The value of C for this geometry is a constant and equal to one. 

For typical finite dimension details and various crack shapes, 

locations, or sizes, the value of C can be subdivided into a 

series of correction factors. The approximation involved assumes 

the factors are independent of one another and are superimposed as 

appropriate [14]. We can write Eq. (4) as 

(4b) 

where 

c (a) 

F
8

, the front free surface, is the correction associated with a 

free surface as in Fig. 1.6b. FW' the finite width correction, is 

associated with the free surface away from the crack tip, as in 

Fig. 1.6c. FE is the flaw shape correction, FG is the stress 

gradient correction which models the stress gradient caused by 

bending or the stress concentration caused by detail geometry 

along the crack path, and Fp is the plastic zone correction which 

accounts for the plastic zone ahead of the crack tip. 

2. 2. 1. 1 Semi-elliptical Surface Cracks. The surface 

fatigue cracks usually encountered in the first stages of crack 

growth have a semi-elliptical shape. A schematic view of such 



a crack on the plate thickness transition being studied is shown 

in Fig. 2. 7. 
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Irwin's solution for an edge crack on a semi-infinite plate 

yields a front free surface correction, F
8

, equal to 1.12, as shown 

in Fig. 1.6. For a semi-elliptic crack on a semi-infinite plate, 

the approximate solution suggested by Paris and Sih [15] yields 

F
8 

= 1 + 0.12(1- a/c) (9) 

where a is the crack length and the semi-ellipse semiminor diameter 

and c is the semimajor diameter. There are better approximations 

reported in the literature [16], but that yield results within 

5 percent of Eq. (9). F is shown in Fig. 2.8 as a function of ale, 
s 

so we can graphically visualize its linear variation, changing 

from 1.12 for ale equal to zero or an edge crack, to 1.00 for ale 

equal to 1 or a circular crack. 

For a plate that is not subjected to bending, as the flange 

can be modeled, the finite width correction for a through edge 

crack can be approximated by [17] 

(10) 

where a is the crack length and t is the plate thickness. A plot 

of FW versus a/tis given in Fig. 2.9. The "secant" solution is 

known to be accurate for an edge crack, or a semi-elliptical crack 

with a/c tending to zero. The elliptical shape correction is an 

additional reduction factor that should then be applied with the 

finite width correction, FW' for other ale values. 

The solution for an elliptical crack in an infinite body 

subjected to uniform tension was obtained by Irwin [18J and it is 

given by 
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Fig. 2. 7 Semi-elliptical surface crack and corner crack 
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(11) 

where the angle B describes the desired location anywhere on the 

crack border and EK is the complete elliptical integral of the 

second kind given by 

(12) 
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As it has been defined before, c and a are the semimajor and the 

semiminor diameters, respectively. Solutions for the above inte

gral can be found in many mathematical tables. 

From Eq. (11), we conclude that our main concern will be 

for a value of S equal to n/2, where the stress intensity factor, 

K
1

, will be greatest. Equation (11) for that particular location 

will be 

where the elliptical shape correction, FE' is defined from 

Eq. (13) as 

(13) 

(14) 

with EK defined by Eq. (12). The variation of FE as a function of 

ale is given in Fig. 2.10. 

Abrupt changes in geometry cause severe local stress 

gradients which have a significant effect on the stress intensity 

factor. This effect is properly accounted for by the stress 

gradient correction FG. The value FG can be calculated using a 
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procedure proposed by Albretcht, et al. [14]. This approach was 

used to determine the value of F for the flange thickness transition 
G 

weldment. The stresses along the line where the crack shall be 

inserted are computed using a finite element program [19] and the 

stress gradient as derived in Ref. 14 from the closed form integral 

solution is 

F 
G 

2 n 

L 
n i=l 

(arc sin 
a 

b. 
- arc sin _!) 

a 
(15) 

where ab Ia comes from the finite element solution, a is the crack 
i 

length, and bi and bi+l are dimensions defined in Fig. 2.11. The 

approximation involved in using the summation in place of the 

closed form integral solution yields sufficient accuracy when the 

value of b is sufficiently small. 

A typical model used in the finite element analysis of the 

flange thickness transition detail is presented in Fig. 2.12. 

The section of interest is the one at the beginning of the thick

ness transition where the stress gradient and the stress concentra-

tion factor, SCF, will be highest. This location is shown by the 

arrow in Fig. 2. 12. The accuracy of the stress concentration factor 

at that point depends on the mesh size and also on the type of ele

ment used in the finite element model. The triangular element does 

not yield the same precision as the two quadrilateral ones that are 

connected at that node. The meshes used had values of element size, 

t, over flange thickness, t, varying from 0.1250 to 0.0214 at the 

location shown by the arrow in Fig. 2.12. The quadrilateral ele

ments at the neighborhood of the point of interest were subdivided 

using a built-in program feature. The node displacements from the 

coarse solution are used to interpolate imposed displacements at the 

finer mesh exterior boundaries of specified elements and the program 

gives automatically the solution for the finer mesh along with the 
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coarse mesh solution. The elements at the neighborhood of the 

highest SCF had each dimension subdivided five times to give the 

desired resolution. A more detailed discussion of the finite ele-

ment solution and F determination is given in Appendix A. 
G 

FG was calculated from Eq. (15) for all the mesh size solu

tions in order to establish the convergence and the desired level 

of refinement. The SCF did not converge for the refined mesh sizes 

but the F decay did converge for acceptable values of crack size 
G 

over plate thickness, alt. The value of FG is shown in Fig. 2.13 

for various mesh sizes. The values of FG for alt equal to 0.01 

for the two finer meshes were within 5 percent of each other. This 

level of accuracy was considered to be acceptable. The ~It mesh 

size equal to 0.0043 was used to calculate the FG function. A 

larger horizontal scale was used in the Fig. 2.13 detail to dis

tinguish the rapid convergence of FG for values of alt of the order 

of 0.01 to 0.05. The dashed area represents the difference from 

the two finite element solutions which converge from a 5 percent 

difference to about 0 percent in the range of alt from 0.01 to 0.05. 

The calculated value of FG is compared in Fig. 2.14 with 

similar solutions reported in the literature. For the full size 

beams reported in Ref. 5, the stress gradient correction was pre

dicted using an empirical correlation derived primarily for attach

ment details and adapted to the flange thickness transition. An 

assumed value of r of 0.50 (see Fig. 2. 14) is used in Ref. 5 to get 

a SCF equal to 2.15. When the reinforcement is removed, the grind

ing operation will not leave a sharp edge as it was modeled in the 

finite element solution, but that is the most critical situation 

and its solution an upper bound. The SCF from the finite element 

solution was equal to 2.24. The maximum value for the stress con

centration factor from photoelastic analysis [20] for the same r 

used in Ref. 5 was found to be 2.10, which compares very well with 



43 

2.10 

2.00 1.97 
11
FINAL' F G 

1.90 
/l/tlmin=.0043 FG 

1.80 1.79 (1/t) min= .0071 

{1/t) min= . 0113 

1.60 1/t)min = .0225 

-------:.-1.30 
/0.00 0.02 0.05 0.10 0.15 

/ a/t 
/ 

/ 

1.10 

1.00 / 

0.90~ 
/ 

/ 
/ 

I / / 
0.80/ 

0.00 0.20 0.40 0.60 0.80 1.00 

a/t 

Fig. 2.13 Stress gradient correction decay - 1 to 
2-l/2 slope 



44 

2.24 

1.50 

I 

(C) (b) AND (c) 
\ 

} t ! f~ ~:v I 

~ 
.. 
t + 

I t 
! 

______-(a) FG DECAY FROM FINITE ELEMENT ANALYSIS 

------- (b) FG DECAY FROM REF. 5 (FOR r = 0.50) 

" 

(c) ASSUMED FG DECAY (FOR SCF = 2.10 8 r=0.50) 

FROM REF. 19 

~ 
""-~. -.............-- . 

............... --. -- --·----
I.OOL------L------'-------l...----L..-------

0.00 0.05 0.10 0.15 0.20 

a/t 

Fig. 2.14 Stress gradient correction solutions-
1 to 2-1/2 slope 

I 
I 

1 



45 

the value of 2.15 reported in that study. The FG decay for the 

SCF of 2.10 was assumed to follow the trend shown in Fig. 2.14 and 

it should give a lower bound estimate of the F decay. 
G 

The same procedure described above for the AASHTO 1 to 2-1/2 

slope was used to provide a solution for the l to 5 transition slope 

in the bridge studied in this investigation. A value of F was 
G 

also established for the 1 to 5 transition slope using the same 

5 percent convergence tolerance. The solution is presented in 

Fig. 2.15. The convergence for the 1 to 5 transition slope is sbown 

in Fig. 2.15 to be more rapid and it was only necessary to use two 

mesh refinements to reach the established convergence tolerance. 

The plasticity near the crack tip has significance only 

for large a/t values, when the crack length approaches the plate 

thickness. For the region of interest, the stress field near the 

maximum K
1 

is of triaxial restrain, or plain strain, and the 

plastic zone should then be small. In the fatigue crack subjected 

to cyclic loading, the reversed plastic flow at the crack tip 

increases the effective yield stress and the value of the plastic 

zone correction is given by 

(16) 

As we can see, the value of Fp for fatigue crack growth will gen

erally be small and can be disregarded. 

For the semi-elliptical surface cracks, the total correc

tion C, from the superposition of the various correction factors, 

is plotted as a function of the crack length to plate thickness 

ratio, a/t, in Figs. 2.16 and 2.17. Figure 2.16 shows the family 

of curves for the 1 to 2-1/2 slope for various semiminor diameter 

to semirnajor diameter ratios, ale, varying from zero to 1.0. The 

correction C for a/t tending to zero ranges from 1.43 to 2.51. 
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The ale ratio from observed cracks is usually close to 0.6. For 

that ale curve the C correction value is 1.83 for a/t equal to zero. 

It decreases rapidly to 1.07 for alt equal to 0.1, and stays close 

to 1.0 for values of alt up to 0.6 when the back surface correction 

makes C increase rapidly for higher values of alt. Figure 2.17 shows 

a family of curves for the 1 to 5 transition slope. For a/t equal 

to zero, C ranges from 0. 92 to 1. 60, a considerable improvement 

compared to the 1 to 2-112 transition slope. For ale equal :o 0.6, 

the C correction is 1.17 for alt equal to zero and decreases to 

1.03 for alt equal to 0.05. It stays close to 1.0 for most of the 

thickness and for alt greater than 0.6 it starts to increase due 

to FW. The values of the various correction factors as a function 

of ale or alt and the values of the total correction C are given 

in Tables 2. 1, 2.2, 2.3, 2.4, and 2.5. 

2.2.1.2 Semi-circular Corner Cracks. Cracks emanating 

from a 90° external corner of the flange usually result from 

notches during the grinding operation, but may be due to other sur

face weld defects. Exact closed form soluti8ns for these cracks 

are not available, but the approximate solutions which will be 

used correlate very well with measured stress intensity factors [21]. 

The crack can be considered as a corner crack in a quarter 

infinite solid, as shown in Fig. 2.18. For this case, the finite 

width correction, F , becomes unity. The flaw can be considered w 
as a surface flaw having two front free surfaces, one at 8 equal to 

0° and the other at e equal to 90°. It is often observed that 

corner cracks have a semi-circular shape which gives a value of FE 

equal to 2ln from Eqs. (12) and (14). The semi-circular shape of 

corner cracks was observed in the full size tests from Ref. 5 and 

and the corner cracks will be treated as semi-circular in this 

study. 
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ale 

TABLE 2.1 FRONT FREE SURFACE CORRECTION AND 
ELLIPTICAL CORRECTION 

0.0 0.2 0.4 o. 6 0.8 

1. 12 1. 10 1. 07 1. 05 1. 02 

1. 00 0. 95 0.87 o. 78 o. 71 

TABLE 2.2 FINITE WIDTH CORRECTION AND STRESS GRADIENT 
CORRECTION - 1 to 2-1/2 SLOPE 

a/t Fw FG 

0 1. 00 2. 2!-1-

0.05 1. 00 1. 46 

o. 1 1. 01 1. 29 

0.2 1. 03 1. 17 

0.3 1. 06 1. 11 
0.4 1. 11 1. 06 

0.5 1. 19 1. 03 

0.6 l. 30 1. 01 

o. 7 1. 48 0.98 

o. 8 1. 80 o. 97 

1.0 

1. 00 

0.64 
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TABLE 2.3 SURFACE FLAW CORRECTION FACTOR C - 1 TO 2-1/2 
SLOPE, SEMI-ELLIPTICAL CRACK 

~c 0.0 0.2 0.4 0.6 0.8 1.0 

0 2.51 2.34 2.09 1. 83 1. 12 1. 43 

0.05 1. 64 1. 53 1. 36 1. 20 l. 06 0.93 

o. 1 1.46 1. 36 1. 21 1. 07 o. 94 o. 83 

0.2 1. 35 1. 26 1. 12 0.99 0.87 0. 77 

0.3 1. 32 1. 23 1.10 0.96 o. 85 o. 75 

0.4 1. 32 1. 23 1. 10 0.96 0.85 o. 75 

0.5 1. 37 1. 28 1. 14 1. 00 0.89 o. 78 

0.6 1. 47 1. 37 1. 22 1. 08 0.95 o. 84 

0. 7 1. 62 1. 52 1. 35 1. 19 1. 05 o. 93 

o. 8 1. 96 1. 82 l. 63 1. 43 1. 26 1. 12 
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TABLE 2.4 STRESS GRADIENT CORRECTION -
1 TO 5 SLOPE 

a/t FG 

0 1. 43 

0.05 l. 26 

0. l 1. 19 

0.2 1. 10 

0.3 1. 07 

0.4 1. 04 

0.5 1. 02 

0.6 1. 01 

o. 7 1. 00 

0.8 0.99 
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TABLE 2.5 SURFACE FLAW CORRECTION FACTOR C - 1 TO 5 
SLOPE, SEMI-ELLIPTICAL CRACK 

~c 0.0 0.2 0.4 0.6 0.8 1.0 

0 1. 60 1. 49 1. 33 1. 17 1. 04 0.92 

0.05 1. 41 1. 32 1. 17 1. 03 0.91 0.81 

o. 1 1. 35 1. 26 1. 12 0.98 0.87 o. 77 

0.2 1. 27 1. 18 1. 05 0.93 o. 82 o. 73 

0.3 1. 2 7 1. 19 1. 06 0.93 o. 82 0. 73 

0.4 1. 29 1. 21 1. 07 o. 95 0.84 0. 74 

0.5 1. 36 1. 27 1. 13 0.99 o. 88 o. 78 

0.6 1. 47 1. 37 1. 22 1. 08 o. 95 o. 84 

o. 7 1. 66 1. 55 1. 38 1. 21 1. 07 0.95 

0.8 2.00 1. 86 1. 66 1. 46 1. 29 1.14 
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Adopting Smith, et al. [16] front free surface solution 

for a semi-circular surface flaw, we have Fs(0°) equal to 1.03 

and F
5

(90°) equal to 1.22. These are shown in Fig. 2. 19. The 

stress gradient correction will be the same used for the surface 

semi-elliptical crack. The final expression for the stress 

intensity factor is 

(17) 
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where the values of FE, F
3

(0°), and FS(90°) have been defined and 

the values ofF can be obtained from Figs. 2.13 and 2. 15. The 
G 

semi-circular corner cracks correction C for 1 to 2-1/2 an~ l tc 5 

transition slopes is plotted in Figs. 2.20 and 2.21. The ch2nge 

in slope gives a change in the value of C from 1. 79 for the 1 to 

2-1/2 slope to 1.14 for the 1 to 5 slope for a/t equal to zero. 

It decreases rapidly for both slopes and is less than one for a/t 

from about 0.15 to 1.0. 

If we consider a semi-circular crack embedded in an infinite 

solid, the exact solution given by Sneddon [22] is 

(18) 

Cutting the circle twice and applying the front free surface correc

tion of 1. 12 for each cut, we get approximately the same values as 

Eq. (17) when "tve superimpose F _..... 
'7 

2.2.1.3 Internal Penny-Shaped Cracks. The most common 

failures reported in Ref. 3 were caused by cracks originated from 

a flaw in the web-flange fillet weld. Those flaws were caused by 

entrapped gas in the weldment and they could be present in the 

butt weld splices as well as in the web-flange fillet welds. The 

gas pocket may have elliptical or wormhole shape, but the crack 

generated from those discontinuities will have almost no deviation 
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from a circular shape. Two examples of such a crack are shown in 

Fig. 2.2 and a schematic view of crack growth stages for such a 

crack is presented in Fig. 2.22. 

The analytical model used to compute the stress intensity 

factor for such a penny-shaped crack is based on the solution for 

a circular crack embedded in an infinite body. The actual penny

shaped crack seems not influenced by the free surfaces. The front 

free surface and the finite width correction become unity and the 

elliptical shape correction for a circular crack becomes 2/n as 

presented before from Eqs. (12) and (14). 

In the regions likely to have internal defects, the stress 

gradient gives values lower than the nominal stress and the corre

sponding FG correction can be disregarded. Stress gradients for 

the 1 to 2-1/2 and 1 to 5 transition slopes from the final finite 

element solution and used to calculate FG for the surface cracks 

are plotted in Figs. 2.23 and 2.24. For internal defects over 

almost anywhere within the thickness of the plate, F~ calculated 
\J 

from the stress gradient would yield values less than one. For 

internal defects closer to the surface the FG would be applicable 

but those defects would probably develop as surface cracks and 

will be treated as such. 

For the penny-shaped internal crack, the solution for the 

stress intensity factor will be Eq. (18) 

2 
n 

s J;;;. 
r 

(18a) 

where C is a constant and assume the value of 2/n and S replaces cr. 
r 
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C H A P T E R 3 

ESTIMATION OF STRESS RANGES 

The stress range along with the initial flaw size and the 

material fracture toughness are the designer's first concern in 

the fatigue behavior of structures. The increase in fatigue life 

due to an increased material toughness has been shown not to be of 

major significance compared to proportional decreases in the ini

tial flaw size or stress range. The initial flaw size is a param

eter dependent upon fabrication procedures, workmanship, etc.~ and 

it is quantified through the level of reliability of the nondestruc

tive inspection method used. The approach adopted in this study 

assumes the presence of the biggest flaw that can be missed by the 

inspection method being used. Hopefully, this will build in an 

extra conservatism in the estimation of the initial crack size. 

On the other hand, there is a much greater control by the designer 

in the analytical evaluation of the stress range for a specified 

moving load. Since most of the fatigue damage is caused by the 

heavier trucks, the sections should be checked against these 

heavier loads. 

When the stress range is close to the allowable stress 

range for a certain category (Ref. 2, Tables 1.7.2Al and 1.7.2A2), 

a better knowledge of the probable number of load cycles is 

required to establish the inspection interval. The importance of 

the stress range upon the allowable flaw sizes and inspection 

intervals will be shown in the next chapter. 
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3.1 Analytical Stress Range 

The choice of the bridge to be investigated was based upon 

two primary factors. The first was related to a well-defined 

structural system, without curved members, nonaligned piers, or 

any other feature that could cause secondary effects on the bridge 

response. In that first phase of the investigation, the relia-

bility of the data acquisition system was established. The 

special details were studied later. The second factor was to com

bine a well-defined structural system bridge with a short span 

bridge with a corresponding high live load to dead load ratio in 

order to yield significant fatigue stress. 

Bridge unit 18S, of the interchange being studied, was 

selected for field testing. It is a five-span bridge with four 

lanes of traffic and two extra lanes for disabled vehicles. The 

two exterior end spans instrumented have span lengths of 70 ft 

(~ 21 m) and 100 ft (~ 30 m). The structural system of the bridge 

as well as for most of the IH 345 interchange bridges consists of 

a 10-1/2-in. (266. 7-mrn) thick post-tensioned slab supported on 

transverse steel beams usually spaced 20 ft (6. 10 m) apart. The 

transverse steel beams are then supported on two plate girders 

forming a nonredundant load path to transmit the loads to the piers. 

The main girders rest on elastomeric pads on the interior supports 

and on hangers on the exterior ones. The girders do not have any 

direct contact with the post-tensioned slab and the transverse 

floor beams are designed noncompositely. Each side of the con

crete deck supported by the floor beams overhangs the main girders 

approximately 15 ft (~ 5 m). A schematic of the structure is 

shown in Fig. 3.1 and the photos in Fig. 3.2 show the structural 

system. 

Various truck lengths, axle spacings and axle loads were 

investigated to determine what type of loading would present the 
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highest stress ranges. The results showed that the shorter 

distance between axles yielded higher stress ranges, as would be 

expected for the short span length of the bridge. The loading 

used in the actual field measurement and reproduced in the analyti

cal study was a dump truck loaded with sand with a distance 

between axles of 15 ft, 7 in. (4. 75 m). The total load of the 

truck was approximately 55 kips (244.6 MN), with 15 kips (66. 7MN) 

on the front axle and 40 kips (177.9 MN) on the dual rear axles. 

In order to calculate the stress envelopes for the lollgi

tudinal girder sections, the total load was placed on one single 

girder assuming no redistribution. The load was placed directly 

on the girder and not through the slab and floor beams. Based 

on the stress envelopes, two sections at 28ft (8.5 m) and 40 ft 

(12.2 m) away from the end support of the last span, were chosen 

to be investigated. The sections FLl and FL2 are shown schemati

cally in Fig. 3.1 with the splice section, SP3, 56 ft (17. 1 m) 

away from the exterior support. A more precise analytical deter

mination of the stress influence lines for any section of the 

girder needs to consider the load positioned on the slab and not 

directly over the girder. If we cut a free body diagram at any 

section, the total moment will be the resultant from the moment 

in the girder and in the slab. When the load is applied close to 

the midspan of the slab between the floor beams, the slab moment 

generated may amount to as much as 20 percent of the total moment 

acting on the section. 

The bridge girder-slab system was modeled using a frame 

analysis program where the load was applied at various slab 

locations. The transverse floor beams were modeled as pin-ended 

vertical members transmitting the load from the slab to the main 

girder. The computer program was used to solve for the girder and 
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slab moments for successive load positions. A node was located at 

each of the sections of interest to give directly the moment values. 

3.1. 1 Member Properties. The welded girder is formed by 

two 24 in. X 1-1 I 4 in. (609. 6 rrnn X 31. 8 rrnn) flange plates welded 

to a 72 in. X 3/8 in. (1828. 8 rrnn X 9. 5 rrnn) web plate in the posi

tive moment region. The flange thickness is increased to 1-3/4 in. 

(44. 5 rrnn) and to 2 in. (50. 8 rrnn) over the interior pier supports .. 

The moment of inertia for the positive moment region was calculated 

to be 92,160 in~ (3.836 X 10
10 

mm
4

). For the negative moment 

regions, the moments of inertia were 125,900 in~ (5.240 X 10
10 

rnm4 ) 

and 143,120 in~ (5.957 X 10
10 

mm
4

), respectively, for the 1-3/4-in. 

(44. 5-mm) flange section and for the 2-in. (50. 8-mm) flange section. 

The girder dimensions and respective geometricproperties are shown 

in Fig. 3.3. The longitudinal stiffeners used throughout all spans 

were not taken into account in the calculation of the geometric 

properties of the sections. The 10.5-in. (266. 7-mm) slab was 

assumed to have an effective width in bending of 10 times its thick

ness, which provided a moment of inertia of 10,000 in~ (4.162 X 

109 nnn4 ). When half of the bridge deck was considered to act as 

the slab's effective width, the moment of inertia increased 4 times, 

but the change in the girder moments was not significant. The 

smaller slab thickness was felt to be more realistic. The Young's 

modulus, E , was considered to be equal to 4,000 ksi (27,560 MPa). 
c 

3.1.2 Calculated Influence Lines. The influence line for 

section FLl is plotted in Fig. 3.4 for the 55-kip (244.6 MN) 

dump truck. The truck front axle load was always placed facing the 

exterior hanger support, as sketched in Fig. 3.4. The largest 

positive stress occurs when the resultant of truck load was posi

tioned at a distance of 30ft (9.1 m) from the exterior hanger 

support, 2 ft (0.61 m) away from the section FLl. It has a value 

of 2.68 ksi (18.26 MPa). Placing the truck on the second span at 

a distance of 110ft (37.5 m) from the exterior hanger support 
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produces the largest negative stress of 0.92 ksi (6.34 MPa). The 

resulting maximum stress range is 3.60 ksi (24.60 MPa) for this 

section. Placing the load on the other spans farther from the 

section did not produce higher stresses. As our main interest is 

the maximum stress range, only the loading in the gaged end span 

and the adjacent span are relevant. 

The bottom flange stress influence line for section FL2 

is plotted in Fig. 3.5. For section FL2, the highest tension stress 

occurred for the resultant load placed at 35 ft (10. 7 m) from the 

exterior hanger support, 5 ft (1.5 m) away from the section FL2; 

this stress was 2.41 ksi (16.60 MPa). The highest absolute com

pression stress was equal to 1.31 ksi (9.03 MPa) and occurred when 

the resultant load was 105ft (32.0 m) from the left hanger support. 

The resulting stress range was equal to 3. 72 ksi (25.63 MPa). 

At the flange thickness transition, section SP3, the bottom 

stress influence line was calculated for the 1-1/4-in. (31.8-rnm)

thick flange which yields the highest nominal stresses. The maxi

mum absolute stress value for this section occurs when the resultant 

load is on the second span, 105 ft (32.0 m) from the left support. 

This bottom flange compression stress for this load location equals 

1.84 ksi (12.68 MPa). The highest tension stress is equal to 

1.19 ksi (8.20 MPa) when the load is 48ft (16.4 m) from the left 

hanger support. The resulting stress range is 3. 03 ksi (28. 88 MPa). 

The botto~ flange stress influence line for the section SP3 is 

plotted in Fig. 3.6 and all the stress values used for the sections~ 

under discussion can be found in Table 3. 1. 

3.2 Measured Stress Range 

The field test data were recorded on a VIDAR high speed 

digital data acquisition system. The system is capable of scanning 

up to 40 channels of information at a frequency of 10,000 channels 



72 

X(m) 
0.00 12.19 21.34 51.82 

3.00.--------r-----r----------------,-..,20.67 

2.41 

2.00 

~1.00 

~ I 
C/) ' 
C/) 
LLJ a:: 
1-
C/) 

0.00 

-I.OOf-+---X--~ 

I in. = 25.4 mm. 

I ft. = 304.8mm. 
I kip.= 4.45 MN 

16.60 

13.79 

6.898!. 
~ 

0.00 

~ 
w a:: 
1-
C/) 

-6.89 

-9.03 

- 3.00 L-------:-::L:------=-:-'---------------=--L:--:-'-20.67 
0.00 40.00 70.00 !70.00 

X (ft) 

Fig. 3.5 Stress influence line for section FL2-
analytical solution 



0.00 17.07 21.34 

1.19-----

(/') 
en w 
0:: 
.... i 
(/') ' 

o.oo' 

I 

\ 
.._ __ x •I 

13.9 KIPS r15'-7-J 38.5 KIPS 

SECTION SP3 

X(m) 

I in. = 25.4 mm. 

! ft. = 304.8 mm. 
I kip.= 4.45 MN 

51.82 
120.67 

I 
I 
I 
! 

~13.79 

8.20_ 
6.89e_ 

6 

0.00 

en en w 
0:: .... en 

-6.89 

- 3.oo
0 

...... 00-----.---1--=-~-------------1-70....l._.Joo -20.67 
56.00 70.00 

X (ft) 

Fig. 3.6 Stress influence line for section SP3 -
analytical solution 

73 



74 

TABLE 3.1 STRESS INFLUENCE LINE FROM ANALYTICAL SOLUTION 

x* Stresses ~ksi) 
(ft) Section FL1 Section FL2 Section SP3 

6 0.93 o. 4 7 0.02 
12 1.45 0.84 0.02 
17 1. 97 1. 28 0.04 
21 2.38 1. 74 0.08 
27 2.63 2.12 0.18 
30 2.68 2.29 0.29 
35 2.57 2.41 0.56 
40 2.27 2.36 o. 86 
45 1. 87 2. 15 1. 10 
48 1. 60 1. 95 1. 19 
53 1. 18 1. 56 1.16 
58 0. 78 1. 11 0.95 
63 0.44 0.65 0.61 
66 0.26 0.39 0.36 
71 -0.01 -0.01 -0.07 
76 -0.25 -0.36 -0.51 
81 -0.45 -0.65 -0.91 
85 -0.60 -0.87 -1.21 
90 -0. 73 -1.05 -1.48 
95 -0.83 -1. 19 -1.66 

100 -0. 89 -1.2 7 -1. 78 
105 -0. 92 -1. 31 -1. 84 
110 -0. 92 -1.31 -1. 84 
115 -0. 89 -1.28 -1. 79 
120 -0.85 -1.21 -1. 70 
125 -0. 79 -1. 13 -1.59 
130 -0. 72 -1.02 -1.43 
135 -0.63 -0.90 -1.26 
140 -0.53 -0. 76 -1.07 
144 -0.44 -0.63 -0.89 
149 -0.34 -0.49 -0.69 
154 -0.25 -0.35 -0.49 
159 -0.15 -0.22 -0.31 
164 -0.07 -0.11 -0.15 

*Distance from load CG to support as in Fig. 3. 3. 

1 ft = 0. 3048 m 
1 ksi = 6.89 Mra 
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per second, converting analog data into binary codes for recording 

on magnetic tape. The system is capable of operating in either of 

two modes. In Mode I a single scan of all channels is performed 

each time the system is started manually. In Mode II, the system 

scans all channels continuously. An electronic timing device is 

utilized to establish the time interval between scans. Computer 

programs were developed to reduce the recorded binary code to 

engineering units. 

In a first stage of obtaining field data, the reliabiiity 

of the system was checked using statics. The gage sections FLl 

and FL2, and the girder reaction on the hanger supports allow this 

static check. Both girders had sections FLl and FL2 monitored 

and also the respective hanger reactions. The sections FLl and 

FL2 are defined in Figs. 3.4 and 3.5 and in Fig. 3.7 the girder 

sections and hanger are also shown. A dump truck with 14.24 kips 

(63.34 MN) front axle load and 40.38 kips (179.61 MN) rear axle 

load was positioned at 3 locations, 147ft (44.8 m), 39ft (11.9 m), 

and 29ft (8.8 m), respectively., from the hanger support. The 

system was operated in Mode I and five different readings were 

taken for the truck in each of the above locations. The bridge 

had two lanes blocked, as shown in Fig. 3.8a, and the load truck 

was placed directly over the girder. The traffic was opened on the 

two opposite lanes over the "unloaded" girder but the static read

ings were taken only when light vehicles were crossing the bridge 

or when these lanes were clear of vehicles. Due to the vibration 

of the bridge, the static tests were reproducible only within a 

range. The dynamic tests with a single truck moving over one 

girder gave more complete and reliable information and the test 

results are presented in the next sections. 

3. 2. 1 5 MPH_ Dyn~mic Test. The first dynamic test was per

formed with the truck going from North to South at a speed of 
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(a) Girder gage location 

(b) Hanger support 

Fig. 3. 7 Monitored girder locations 
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(a) Two lanes blocked for testing 

(b) Dump truck 

Fig. 3.8 Typical test and load truck 
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5 mph (8 Km/h). The North to South direction is the same direction 

used to plot the influence lines of Figs. 3.4, 3.5, and 3.6. A 

bottom flange gage at section FLl showed the stress response pre

sented in Fig. 3.9. The maximum measured tensile stress amounts 

to 1.66 ksi (11.44 MPa) compared to the calculated 2.68 ksi 

(18.26 MPa), and the maximum measured compression stress is 0.80 ksi 

(5.51 MPa) compared to the calculated 0.92 ksi (6.34 MPa). It 

should be noticed that the calculated stresses assumed the total 

truck load was carried by one girder. In Fig. 3.9 the measured 

stresses from a smooth curve connecting the midpoint of the vibra

tion wave is defined as static stress range and the maximum vibra

tion stress range is also defined. A sketch of the bridge girder 

is also shown, with the measured influence line. In Fig. 3.10 the 

same gage section of the unloaded girder shows a higher amplitude 

vibration due to the presence of normal speed light vehicle traffic 

on the two open lanes~ When the plots from Figs. 3.9 and 3.10 are 

superimposed, the general trend of the influence line pattern is 

apparent on the unloaded girder. When the truck is on the 100-ft 

(30.5-m) span, the maximum static compression stress on the loaded 

girder is approximately 0.60 ksi (3. 79 MPa), 65 percent of the 

calculated 0.92 ksi (6.34 MPa) with no redistribution. The 

remaining 35 percent is carried by the unloaded girder and that is 

the trend shown in Fig. 3.10. 

Figure 3.11 shows the stress response for the bottom flange 

gage at the section FL2. The maximum stresses are 2.28 ksi 

(15.67 MPa) tension and 1.10 ksi (7.58 MPa) compression, compared 

to the calculated 2.41 ksi (16.60 MPa) and 1.31 ksi (9.03 MPa), 

respectively. The measured static stress range was equal to 3.13 ksi 

(21.57 MPa) corresponding to 84 percent of the calculated stress 

range. The unloaded girder stress at the same section FL2 in 

Fig. 3. 12 also shows the same influence line trend with again a 

higher amplitude vibration due to the light vehicles in the open 
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lanes traffic. At this section, however, the percentage of the 

load shared by the unloaded girder is the remaining 16 percent 

compared to the remaining 35 percent shared by the unloaded girder 

at section FLl. When the plots in Figs. 3.11 and 3.12 at section 

FL2 are superimposed and compared to the superimposed measured 

stresses at Section FLl, the respective percentages in each section 

give excellent agreement and they establish the reliability of the 

data acquisition system used. At sections FLl and FL2 there were 

strain gages on both sides of each flange to monitor out-of-plane 

movement and the neutral axis location. In Fig. 3. 13 the stresses 

on the bottom flange at the B locations, across the web from gage 

FL2A shown in Fig. 3.10,are within 10 percent of the measured FL2A 

stresses. This is within the limits of accuracy of the measure

ments and indicates no significant out-of-plane bending. The 

neutral axis location is determined by looking at the stress 

response from two opposite flange gages, as in Fig. 3.14. For 

the load on the gage location span, the maximum stresses differ 

by 22 percent, indicating the neutral axis is close to the middepth 

of the section. A higher vibration was recorded on the top flange 

gage when the load was over the 100-ft (30.5-m) span; however, 

that behavior was not reproduced on the other speed tests. 

3.2.2 35 MPH Dynamic Test. The 35 MPH (56 Krn/h) speed 

test was performed with the truck moving from North to South, the 

normal traffic direction, opposite to the direction used in Figs. 

3.4, 3.5, and 3.6, the influence line plots. In Fig. 3.15, the 

bottom flange stress response at section FLl is presented. The 

influence line is now opposite to the calculated influence line 

shown in Fig. 3.4. A schematic of the bridge is also shown in 

Fig. 3.15 for the 35 MPH measured stresses. The load is over the 

monitored section span just before it leaves the bridge at about 

the 13.20 sec mark in Fig. 3. 15. The maximum stresses are 
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1.85 ksi (12. 75 MPa) tension and 0.93 ksi (6.37 MPa) compression, 

respectively, 13 percent higher than the maximum stresses reported 

in the 5 MPH test. The measured static stresses are 1. 70 ksi 

(11. 71 MPa) tension and 0.60 ksi (4.13 MPa) compression, reproducing 

almost exactly the same values from the 5 MPH measured static 

stresses. The induced vibration cycles in the 35 MPH test had 

stress range amplitudes up to 0.85 ksi (5.86 MPa), 30 percent of 

the maximum stress range reported in the same test. The induced 

vibration cycles for the 5 MPH test usually had stress range 

amplitudes of 0.30 ksi (2.07 MPa) and they did not seem signifi

cant at that stage of the study. The unloaded girder in Fig. 3.16 

stress response follows the same pattern reported in the 5 MPH test. 

The induced vibrations are of the same magnitude as those on the 

loaded girder. When both stress responses are superimposed, it is 

found that the induced stresses on both girders are due primarily 

to the test truck. No vehicles were present on the open lanes 

during the time the data were recorded. 

The stress responsefor section FL2 is given in Figs. 3.17 

and 3.18 from strain measurements at opposite sides of the bottom 

flange. The maximum stresses for gage FL2A are 2.13 ksi (14.64 MPa) 

tension and 1.35 ksi (9.30 MPa) compression. The measured static 

stresses give a stress range of 3.11 ksi (21.39 MPa), again repro

ducing almost exactly the measured static stress range in the 

5 MPH test. The unloaded girder stress response is shown in 

Fig. 3.19 for the same FL2 section. In Figs. 3.20 and 3.21, top 

and bottom flange gages are plotted together for sections FLl and 

FL2. The plots are almost mirror images of each other in terms of 

induced vibrations and also total response. Again, the data 

indicate that the neutral axis is located very close to the mid

depth of the girder section. 
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3.2.3 55 MPH Dynamic Test. The normal speed test results 

gave an insight in bridge response that had not been found in the 

available literature. For this test,only the loaded girder was 

monitored. '.Che splice section SP3 with the calculated influence 

line plotted in Fig. 3.6 was monitored at five distinct points in 

order to measure the stress field due to the change in geometry. 

Details of the gaged section, SP3, are shown in Fig. 3.22. 

The stress response at section FLl is presented in Fig. 3.23. 

The maximum measured stresses are 2.50 ksi (17.23 MPa) tension anG 

1. 70 ksi (11. 71 MPa) compression, representing a 60 percent increase 

in maximum stress range from the 5 MPH test. It should be empha

sized that this increase is due solely to the induced vibration 

which reaches stress range amplitudes of up to 2.30 ksi (15.85 MPa), 

55 percent of the maximum stress range and 93 percent of the 

measured static 5 MPH stress range. That is to say, from the mid

point vibration cycles, a plot can be drawn that will be approxi

mately equal for any of the test speeds. The induced vibration 

does not damp out for a considerable amount of cycles after the 

truck has left the bridge. In Fig. 3.23, after the truck has crossed 

the last span at about the 6.50-second mark, up to 6 cycles can be 

counted until the recording system was turned off. Some of the 

last recorded cycles had stress ranges of the order of 1.70 ksi 

(11. 71 MPa), 70 percent of the measured static 5 MPH stress range. 

In Fig. 3.24, the top and bottom flange strain gage responses are 

shown. They are seen to yield practically the same strains with 

opposite signs. The compression and tension dynamic stresses for 

the gages are always opposite, as they cross each other many times. 

The section FL2 response is presented in Fig. 3o25. It 

shows a maximum stress range of 4.93 ksi (33.93 MPa) that is 50 per

cent higher than the measured 5MPH maximum stress range. The 
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induced vibration cycles had showed a maximum stress range of 

2. 73 ksi (18. 78 MPa), 55 percent of the maximum stress range and 

10 percent higher than the measured static 5 MPH total stress range. 

The induced vibrations behavior is consistent for both sections FLl 

and FL2 showing the stress response as a superposition of a con

stant cycle, a percentage of the calculated influence line values, 

and a dynamic induced vibration at the bridge's natural frequency. 

Those induced vibrations are proportional to the vehicle speed and 

amount to 55 percent of the maximum stress range for the 55 MFI 

test. Significant induced cycles are also present in Fig. 3.25 

after the truck has left the bridge. 

The SP3 section strain gage response at locations SP3. 1 

through SP3.5 are presented in Figs. 3.26 through 3.30. The loca

tions are defined in Fig. 3.22. The strain gages were placed on 

the outside face of the bottom flange where the change in geometry 

actually is located. The maximum stress ranges recorded were 

3.65 ksi (25. 15 MPa), 3.63 ksi (24.98 MPa), 4.60 ksi (31.69 MPa), 

1.40 ksi (9.65 MPa), and 1.65 ksi (11.37 MPa), respectively, for 

locations SP3.1 through SP3.5. The various locations show the 

same overall stress response with the difference in amplitude due 

to the stress ~oncentration at the geometry change, 1 in. (25.4 mm) 

from SP3.3, and the reduced amplitude at the thicker flange loca

tions SP3.4 and SP3.5. 

The dynamic test responses are highly reproducible and the 

measured stress for two other 55 MPH tests at location SP3.3 are 

presented in Figs. 3.31 and 3.32. They give almost exactly the 

same cycles and respective amplitudes for the three different tests 

reported in Figs. 3.28, 3.31, and 3.32. The 55 MPH test in Fig. 3.33 

was performed with the truck on one interior lane adjacent to the 

loaded girder lane. The maximum recorded stress range had a value 

of 3.15 ksi (21. 70 MPa) compared to 4.30 ksi (29.63 MPa) recorded 
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in Fig. 3.32 for the truck over the girder. Figure 3.33 also 

shows a very large amount of significant induced cycles after the 

truck has actually left the bridge. Up to twenty cycles can be 

counted before the system was turned off. They do not appear to 

damp out. 

For the three distinct 55 MPH tests, there are available 

the stress responses for all the sectio~presented above. They 

show the tests are reproducible. An important insight into the 

actual field behavior under normal traffic, the measured stress 

responses introduce a very important variable that has not been 

properly accounted for; the large number of significant cycles 

induced by the moving load that are superimposed on the static 

influence line stress cycle. 

A summary of the calculated stress ranges and the 5 MPH, 

35 MPH, and 55 MPH measured stress ranges for section FLl are 

presented in Table 3.2. The values in Table 3.2 show the 

significance of the induced vibrations superimposed to the static 

stress range. 



108 

0 
tO 

0 
co 

ci 

0 
0 

ci 

:: I 

~~j 
en I en 
w 
a:::o 
1-c.o 
en. -I 

N 
I 

0 
N 

(T') 
I 

0 
0 

2.00 4. 00 6. 00 8. 00 10.00 12. 00 
TIME (SEC(jNOS) 

Fig. 3.33 Gauge SP3.3B period = .06HZ 55 MPH N-S 



TABLE 3.2 SECTION FLl STRESS RANGES 

Stress Range (ksi) 

Static Max. Vibration 

Calculated-1<" 3.60 3.60 

5 MPH 2.26 2.46 0.30 

35 MPH 2.30 2. 78 o. 85 

55 MPH 2.85 4.20 2.30 

-J'All the load placed on the single girder 

1 ksi = 6.89 MPa 
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C H A P T E R 4 

ESTIMATION OF FATIGUE BEHAVIOR 

4.1 Effective Stress Range 

Bridge structures are subjected to variable amplitude 

random stress loading due to traffic. In many specifications, the 

number of cycles to failure is computed based on the high stress 

levels caused by heavy design trucks. An estimated traffic survey 

is used to extrapolate the load history for the desired lifetime 

of the structural detail in question. The effective stress range 

and the number of cycles for the desired fatigue life will define a 

point that has to be over or above the appropriate S-N curve in 

order to be a safe design. 

When the maximum stress range yields a 6KI value less than 

the material's threshold stress intensity factor, 6KTH' no fatigue 

crack growth will occur. That stress range establishes the limit 

for infinite life design. 

Recently it has been seen that fatigue damage in bridges 

can occur from many cycles of low stress range. For a bridge with 

high volume of traffic, the low cyclic stresses produced by traffic 

can represent a significant portion of the fatigue damage. This is 

true even when the high stress cycles are responsible for the major 

portion of damage. That is the case for transverse members which 

are subjected to many stress cycles from the various axle loadings 

for each truck. 

Many relationships between the design stress range and the 

actual stress from random traffic load have been studied [6]. A 
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cumulative damage theory can be used to compare the damage from 

laboratory constant cycle loadings to variable cycle loadings. 

The simplest of these procedures is known as Miner's theory 

[13] and it assumes the damage is accumulated linearly as 

n. 
1 

~N. 
1 

1 (19) 

where n. is the number of cycles at a certain stress range, S , 
1 r. 

and N. is the corresponding constant stress range fatigue life
1
at 

1 

S From Eqs. (4) and (6), it can be seen that the fatigue life, 
r. 

N,
1
is proportional to the stress range, S-n, or 

r 

N.a 
1 

(20) 

If we call the frequency of occurrence of S , y., by definition 
r. 1 

L:n. 
1 

;::y.N 
1 

1 

Combining Eqs. (19), (20), and (21) yields the relationship 

8
re(Miner) 

[I:y.Sn ]1/n 
1 r. 

1 

(21) 

(22) 

where S (M' ) is the effective stress range using Miner's linear 
re 1ner 

cumulative damage theory. The value of n may be taken as 3 for 

most structural steels used in bridge construction. Alternatively, 

the root mean square stress range, RMS, is defined as 

s 
re(RMS) 

(23) 

In Reference 6, the Miner's effective stress range using 

n equal to 3 and the RMS effective stress range are used to calcu

late the mean regression and the 95 percent confidence limit S-N 
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lines for coverplated beams. The variable amplitude random 

loadings conform to a Rayleigh distribution which is shown schemati

cally as Fig. 4.1. On Figs. 4.2 and 4.3 the S-N lines for the same 

coverplated beams under constant and variable amplitude loading 

are presented. The results compare very well within the limits of 

the experimental uncertainties. Either the S (M. ) or S (RMS) re 1ner re 
yields close agreements. Therefore, the effective stress range can 

be used to predict the total life, N, of a bridge subjected to 

random stress cycles from constant amplitude cyclic loading fro~ 

laboratory generated data. 

4.2 Stress Range due to Normal Traffic 

Using the linear cumulative damage equation and the propor

tionality of fatigue life to stress range, Eqs. (19) and (20) 

respectively, a relationship between vehicle weight and fatigue 

life can be obtained. Reference 24 gives an equation of the form 

1 (24) 

where ~ = ratio of actual stress range due to the passage of a 
design vehicle and the design stress range 

(GVW)D 

(ADTT) 

DL 
¢. 

l 

y. 
l 

elastic constant relating load and stress at a particu
lar location on the structure 

function of crack size and fatigue behavior of the 
detail 

design gross vehicle weight 

average daily truck traffic 

design life in days 

ratio of actual vehicle weight to design vehicle weight, 
(GVW)i/(GVW)D 

fraction of (ADTT) for (GVW) .. 
l 
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From a loadmeter survey, the summation in Eq. (24) can be 

estimated. Using a gross vehicle weight frequency distribution 

from the 1970 FHWA Nationwide Loadmeter Survey, the summation 
3 

yi¢i was obtained as a function of the gross vehicle weight. This 

is shown in Fig. 4.4. The shape of the curve in Fig. 4.4b indi

cates that most of the fatigue damage is caused by trucks near the 

design vehicle weight and the areaunder the curve gives a value of 

the summation y.¢~ equal to 0.35. Using this value in Eq. (24), 
~ ~ 

the relationship between the total number of trucks and stresP 

cycles becomes [24] 

(ADTT)DL 

N 
2. 85 

3 
a 

(25) 

For an estimated (ADTT) value and a desired life expectancy, DL, 

the value of N can be determined. The result is highly dependent 

upon the value assumed for o .. 

It has been assumed the factor a is always less than one. 

Field tests of bridges have show~ that the measured stress range 

would be less than the design stress range, due to differences in 

load distribution not accounted for in design, impact, and other 

factors. When we measure the stresses in a particular location of 

the structure, we are actually determining the value of a. From the 

previous chapter, the 5 MPH test shows values of a equal to 0.55 for 

section FLl and 0.73 for section FL2 when the measured stress range 

is divided by the calculated stress range incremented by the value 

of impact factor. To derive the (ADTT) of the AASHTO Fatigue Speci

fication, values of a of 0.8 for transverse members and 0. 7 for 

longitudinal members were used. Those values were assumed to be 

conservative estimates of a and they give good correlation with the 

measured 5 MPH. The 55 MPH measured stress ranges, however, show 

values of a equal to 0.93, 1.06, and 1.23 for sections FLl, FL2, 
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and SP3, respectively. The ratio between the measured value of 

a equal to 1.23 and the assumed value of 0. 7 when raised to the 

3rd power as in Eq. [25] represents a decrease in fatigue life of 

about 5.4 for the same (ADTT). Notice the values of a in this 

study represent the ratio between the measured maximum or effec

tive stress range and the calculated static stress range from one 

single trt:.ck incremented by the impact load and assuming no lateral 

load distribution. 

If Miner's linear comulative damage theory is then used 

and Eq. (22) applied to the 55 MPH static stress range superimposed 

by the vibration cycles, an effective stress range can be predicted. 

Following this procedure, effective stress range values 10 percent 

higher than the maximum stress range are obtained. The effective 

value of 0 for the section SP3 will be equal to 1.35 and that 

represents a decrease in fatigue life by a factor of 7. The values 

of a for the various tests are presented in Table 4. 1. 

4.3 Defect Characterization 

It is accepted that flaws exist in every welded detail. 

Those defects can be incomplete fusion, inadequate penetration, 

porosity, slag inclusion, undercutting or cracks caused by shrinkage 

in the weld and/or heat-affected zoneo With the application of 

the fracture mechanics principles, the idea of removing the defects 

is replaced by a fatigue control plan in which the effective stress 

range due to cyclic loading, the fracture toughness of the material, 

and the inspection interval, all play a role in establishing the 

necessity or not of removing the defect. 

The nondestructive inspection techniques are employed 

specifically to the type of flaws: expected to be found from a 

certain welding procedure. The size of the defect present in the 



120 

Section 

FLl 

FL2 

SP3 

TABLE 4.1 MEASURED VALUES OF a 

Calculated* 
s ** 

r 

4.50 

4.63 

3.74 

5 MPH 
s ** a 

r 

2.46 0.55 

3.38 0.73 

35 MPH 
s ** a 

r 

2.78 0.62 

3.48 0.75 

s 
r 

4.20 

4.93 

4.60 

55 MPH 
** a 

0.93 

1. 06 

1. 23 

*The calculated S from static loadings was incremented using 
AASHTO impact fof.mula I= 50/(L + 125), which for L equal to 
70 ft and 100 ft gives values of I equal to 0.26 and 0.22, 
respectively. 

**S in ksi, 1 ksi = 6.89 MPa 
r 
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detail is assumed to be the greatest size that could be missed by 

such an inspection. This assumption provides an extra built-in 

conservatism as to the initial crack size. 

In Fig. 4.5, the quantitative significance of various flaw 

shapes and locations is illustrated [25]. For a given applied 

stress, a, the stress intensity factor for the infinitely long 

surface flaw (edge crack in Fig. 1.6b) is taken as the reference 

for comparison with a crack size, a, equal to the unity. As the 

surface defect becomes shorter, the depth for an equivalent str2ss 

intensity factor increases from 1 to 1.6 for a semi-elliptical 

surface crack with the major axis twice the minor axis; and from 

1 to 2.4 for a semi-circular crack. 

The internal defects follow the same trend showed above 

for the surface ones. The equivalent crack size for the infinitely 

long internal flaw is 2.4 times greater than the surface one. For 

the elliptical and circular internal flaws, the equivalent flaw 

size is respectively 3.9 and 5.8 greater than for the infinitely 

long surface crack. Surface cracks are more critical than the 

internal cracks and as their shape changes from circular to infin

itely long, they also become more critical. 

The types of flaws found by any of the nondestructive inspec

tion methods used can have many different forms and can be anywhere 

from the surface to any other location within the material thickness. 

Many times some types of multiple defects may be present in a form 

of cloud of inclusions, weld porosity, or any other cluster of 

defects. 

The ASME Boiler and Pressure Vessel Code, Section XI [26], 

has a conservative and sound approach to the stress intensity 

factor characterization of the flaws. The flaw shape in any case 

is circumscribed by an elliptical or circular area and treated as 
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Fig. 4.5 Equivalent critical crack size for different 
flaw geometries and location (Ref. 25) 
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such in the analysis. Figure 4.6 from Ref. 25 shows how some 

typical defects would be modeled for analysis. Many other cases 

covering most of the range of defect sizes, location, and shape 

are found in the same reference. For a cluster of defects, the 

approach is to circumscribe the whole cluster. This is again a 

conservative approach but one that greatly simplifies the analysis. 

A more complex and detailed analysis of such a multiple defect 

could be employed if there is such a need, depending upon the 

various trade-offs of the complete fracture mechanics analys5s. 

Another built-in conservatism is the assumption of the 

sharpness of the edge of the defect. It is assumed to be of crack

like sharpness and in reality some part of the fatigue life is 

spent to "sharpen" the edge of the defect. 

The defects found by an inspection can be treated con

servatively as the shapes shown in Fig. 4.6. They will then be 

analyzed as surface, corner, or internal penny-shaped cracks using 

the appropriate correction presented in Chapter 2. 

4.4 Remaining Fatigue Life 

The analytical results from Chapter 2 were used to predict 

the remaining fatigue life of the flange splice detail as a func

tion of the initial crack size (the biggest flaw missed by the 

inspection technique used). For the surface semi-elliptical crack, 

the predictions were based on a ale ratio equal to 0.6, which is an 

upper bound of usual ranges of ale reported in the literature [3]. 

Life predictions for the semi-elliptical surface cracks and for the 

corner cracks were derived using the total correction factor, C, 

for the most common 1 to 2-112 slope transition and also for the 

field-measured 1 to 5 slope transition. The penny-shaped interior 

cracks are in a zone not affected by the stress gradient and the 

same prediction applies for both transition slopes. 
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rr:~ 
I, I 

l ~~/§ _s_E_MI: C_IR_C_U~R-~~/ 
D~~• FLAW NO.4 

--------~ ~~~. 

Fig. 4.6 Surface planar flaws oriented in plane normal 
to max. stress (Ref. 26) 
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The correction C for the 1 to 2-1/2 slope was calculated 

from the various correction factors and is presented in Table 4.2 

as a function of the nondimensionalized crack size over flange 

thickness ratio, a/t. The total fatigue life for each crack growth 

interval, 6a, was computed for a specified effective stress range. 

The discrete crack interval 6a is the difference between af and a
0

• 

Their average is used in place of the crack when we replace the 

integral in Eq. (Sa) by a summation. The crack size interval, 6a, 

is very significant in the fatigue life calculation for small values 

of a. Therefore, the 6.a values used increased with increas it~g 

crack size. 

When the measured effective stress range is used, tht 

factor a in Eq. (25) is by definition equal to the unity. For an 

(ADTT) equal to 2,500, it will take 6.25 years to reach a value of 

N equal to 2 million cycles when we solve Eq. (25) for a equal to 1. 

If we use a design stress range equal to 6 ksi (41.34 MPa) compared 

to the measured effective stress range equal to 4.10 ksi (28.25 MPa), 

~becomes 0.68 and it will take 20 years to reach the same 2 million 

cycles. The life consumed in various crack growth intervals is 

presented in Table 4.3 for a design stress range equal to 6 ksi 

(41.34 MPa) corresponding to a 20-year life period. For an initial 

semi-elliptical crack size of 0. 60 in. (15. 24 mm) in a 2-in. 

(50. 8-mm) thick plate, which has surface length of 2 in. (50. 8 nnn), 

the fatigue life for the crack to penetrate the full thickness of 

the plate is over 2 million cycles (over 20 years assuming the 

loadmeter survey presented in Fig. 4.4 applies to this bridge and 

for an ADTT equal to 2,500). Such a crack is not likely to be 

raissed in an inspection and for such a low effective stress range 

that detail should not present a problem. The procedure described 

above can Le used ~o determi~e the inspection interval for any of 
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TABLE 4. 2 SEMI-ELLIPTICAL CRACK CORRECTION - 1 TO 2-1/2 SLOPE 

C = FSFEFWFG (a/c = 0.6) 

Fs 1.05 FE = 0.78 FW = Jsec(7Ta/2t) FG from FEM solution 

a (in.) a/t FG c 

0.015 0.0075 1.98 1. 62 
0.025 0.0125 1.87 1.53 
0.035 0.0175 1. 78 1.46 
0.045 0.0225 1. 72 1.41 
0.055 0.0275 1. 66 1.36 
0.07 0.035 1. 60 1.31 
0.09 0.045 1.49 1. 22 
0.15 0.075 1. 34 1.10 
0.25 0.125 1. 25 1.03 
0.35 0.175 1.19 0.99 
0.45 0.225 1. 15 0.97 
0.55 0.275 1.12 0.96 
0.65 0.325 1.09 0.96 
0.75 0.375 1.07 0.96 
0.85 0.425 1.05 0.97 
0.95 0.475 1. 04 0.99 
1.10 0.55 1.02 1.03 
1.30 0.65 0.99 1.12 
1. 50 0.75 0.96 1.27 
1.70 0.85 0.97 1. 64 
1.90 0.95 0.96 2.82 

1 in. 25.4 rnrn 
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TABLE 4.3 FATIGUE LIFE - S = 6 ksi - SEMI-ELLIPTICAL CRACK re 
1 to 2-1/2 SLOPE -3 

'ZN = [1/ (3.6Xl0-lO)] 'Z[CS Jna ] Xf::;a. 
re avg 

s = 6 ksi 
re 

a a£ a c 6KI 6N IN 
0 avg 

(103 (10
3 

(in.) (in.) (in.) (ksi ~) cycles) cycles) 

1.80 2. 00 l. 90 2.82 42 7 7 

l. 60 l. 80 1.70 1.64 23 47 55 

1.40 l. 60 1.50 l. 27 17 122 177 

1.20 1.40 1.30 1.12 14 221 399 

1.00 l. 20 1.10 l. 03 12 366 766 

0.90 l. 00 0.95 0.99 11 257 1,023 

0.80 0.90 0.85 0.97 10 322 1,346 

0. 70 0.80 0.75 0.96 9 401 1,747 

0.60 0.70 0.65 0.96 9 498 2,246 

1 in. = 25.4 mm 

1 ksi Jin. = 1.1 MN/m3/2 
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the cracks studied as long as the ADTT and the y.¢~ are available 
]_ ]_ 

from a loadmeter survey. 

The fatigue life for the allowable stress range of 16 ksi 

(110.24 MPa) of AASHTO specification for over 2 million cycles is 

presented in Table 4.4 for various crack growth intervals. For a 

0. 01- in. (0. 25-nnn) crack which represents a surface crack equal to 

0. 03 in. (0. 85 nnn), the remaining number of cycles for the crack 

to penetrate the full 2-in. (50.8-nnn) thickness of the plate is 

about 1 million cycles. At this level of stress, the detail per

formance and inspection interval can be determined from Table 4.4. 

The initial crack size will be a function of the type of inspection 

used. The S-N plots for initial crack sizes equal to 0.01 in. 

(0. 25 nnn), 0. 1 in. (2. 54 nnn), and 0. 5 in. (12. 7 nnn) are shown in 

Fig. 4. 7, along with the reconnnended Category B (AASHTO) provisions. 

The Category B implies no crack growth will occur for a maximum 

stress range less than 16 ksi (110.24 ~1Pa). More research is 

necessary to determine the effect of a large number of low stress 

eye les. 

From Eq. (4), the maximum stress range was calculated as a 

function of a. for the 1 to 2-1/2 transition surface crack correc
l 

tion and for threshold stress intensity factors equal to 2, 3.5, 

and 5 ksi Jin. (2.2, 3.85, and 5.5 MN!m312 ). The values of S are 
r 

presented in Table 4.5. The S vs. a. curves of Fig. 4.8 are used 
r l 

to determine for the des ired LXTH and ai the maximum stress range 

below which no fatigue crack will propagate. In the S-N plots 

presented the horizontal line for that calculated stress range 

defines the maximum allowable stress range for infinite life 

design. 

The values of C for the 1 to 5 slope transition are pre

sented in Table 4.6. They were used to compute the fatigue life 
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TABLE 4.4 FATIGUE LIFE - S = 16 ksi - SEMI-ELLIPTICAL CRACK 
1 to 2-1/2 SLOPEre _

3 
-10 --

L:N= (l/(3.6Xl0 )] ~[CS Jna ] X 6a re avg 
s == 16 ksi 

re 

a af a c fjKI ~N I:N 
0 avg 

(in.) (in.) (in.) (ksi ~) 3 3 
(10 cycles) (10 cycles) 

1.80 2.00 1. 90 2.82 110 0.4 0.4 
1. 60 1.80 1.70 1.64 61 2 2 
1.40 1. 60 1. 50 1.27 44 6 9 
1.20 1.40 1.30 1. 12 36 11 21 
1.00 1.20 1.10 1. 03 30 19 40 
0.90 1. 00 0.95 0.99 27 13 53 
0.80 0.90 0.85 0.97 25 17 70 
0. 70 0.80 0. 75 0.96 23 21 92 
0.60 0.70 0.65 0.96 22 26 118 
0.50 0.60 0.55 0.96 20 33 152 
0.40 0.50 0.45 0.97 18 44 196 
0.30 0.40 0.35 0.99 16 60 256 
0.20 0.30 0.25 1. 03 14 $9 346 
0.10 0.20 0.15 1.10 12 15 7 503 
0.08 0.10 0.09 1. 22 10 49 553 
0.06 0.08 0.07 1. 31 10 58 611 
0.05 0.06 0.055 1. 36 9 37 649 
0.04 0.05 0.045 1. 41 8 45 694 
0.03 0.04 0.035 1.46 8 59 754 
0.02 0.03 0.025 1.53 7 86 840 
0.01 0.02 0.015 1. 62 6 155 996 

1 in. 25.4mrn 

1 ksi Jin-: = l. 1 MN/rn3/2 
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TABLE 4.5 6KTH SEMI-ELLIPTICAL CRACK - 1 TO 2-1/2 SLOPE 

6~ = C S Jna. H r ~ 

6~H(ksi Jin.) 

a. c 
2 3.5 5 ~ 

(in.) s (ksi) r 

1. 90 2.82 0.3 0.5 0.7 

1.70 1.64 0.5 0.9 1.3 

1.50 1.27 0.7 1.3 1.8 

1.30 1.12 0.9 1.5 2.2 

1.10 1.03 1.0 1.8 2.6 

0.85 0.97 1.3 2.2 3.2 

0.65 0.96 1.5 2.6 3.6 

0.45 0.97 1.7 3.0 4.3 

0.25 1.03 2.2 3.8 5.5 

0.09 1.22 3.1 5.4 7.7 

0.055 1.36 3.5 6.2 8.8 

0.035 1.46 4.1 7.2 10.3 

0.025 1. 53 4. 7 8.2 11.7 

0.015 l. 62 5.7 10.0 14.2 

1 in. = 25.4 mm 

1 ksi = 6.89 MPa 

1 ksi Jin. = 1. 1 MN/rn 
3/2 
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TABLE 4.6 SEMI-ELLIPTICAL CRACK CORRECTION - l TO 5 SLOPE 

C = FSFEFWFG (a/ c = 0. 6) 

Fs 1. 05 FE= 0.78 FW = Jsec(na/2t) FG from FEM solution 

a (in.) a/t FG c 

0.015 0.012 1.41 l. 15 
0.025 0.020 1.37 1.12 
0.035 0.028 1.33 1.09 
0.045 0.036 1.31 L 07 
0.055 0.044 1.28 1.05 
0.065 0.052 1.27 1.04 
0.075 0.060 1.25 1.02 
0.085 0.068 1.24 l. 02 
0.095 0.076 1.22 1.01 
0.15 0.12 1.13 0.93 
0.25 0.20 1.08 0.91 
0.35 0.28 1.06 0.91 
0.45 0.36 1.03 0.92 
0.55 0.44 1.02 0.95 
0.65 0.52 1. 01 l. 00 
0.75 0. 60 0.99 1.06 
0.85 0.68 0.98 1.16 
0.95 0. 76 0.98 l. 32 
1.05 0.84 0.98 1.61 
1. 175 0.94 0.98 2.62 

l in. 25. t~ mm 
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as a function of various crack growth intervals for S equal to 
re 

6 ksi (41.34 MPa). The computed values of N are presented in 

Table 4.7. For a remaining fatigue life of 2.7 million cycles, 

the initial crack size is 0. 4 in. (10. 16 mm), which has a surface 

length of 1. 3 in. (33. 87 mm) in a 1-1/4-in. (31. 75-mm)-thick 

flange plate. This is the size of surface cracks that would be of 

concern if missed in an inspection, and that is not likely to occur. 

The fatigue life for an effective stress range of 16 ksi (110.24 MPa) 

is presented in Table 4.8. The increase in total life due to the 

1 to 5 slope transition is close to twice the number of cycles com

puted for the 1 to 2-1/2 slope transition for an initial crack size 

of 0.01 in. (0.25 mm). The S-N plots for initial crack sizes of 

0. 01 in. (0. 25 rnm), 0. 1 in. (2. 54 mm) and 0. 5 in. (12. 7 mm) are 

shown in Fig. 4. 9 with the Category B (AASHTO) plot. The maximum 

stress ranges as a function of ai, C, and 6KTH' calculated for this 

transition are presented in Table 4.9 and plotted in Fig. 4.10. 

For a 0. 01-in. (0. 25-rrun) initial crack size, the maximum stress 

range for infinite life design is equal to 9 ksi (62.01 MPa) for 

a DKTH value of 2 ksi Jin. (2.2 MN/m
312

). If that is the case in 

the bridge being investigated, the splice detail will not fail as 

the maximum stress range is less than 9 ksi (62c01 MPa). Other S-N 

plots from any of the initial flaw sizes presented in the previous 

tables can be drawn similarly. 

The correction C for the 1 to 2-1/2 transition corner 

crack is presented in Table 4.10. The fatigue life as a function 

of the initial crack size was computed for stress ranges of 6 ksi 

(41.34 MPa) and 16 ksi (110.24 MPa) and they are presented in 

Tables 4.11 and 4.12~ respectively. For an effective stress range 

equal to 6 ksi (41.34 MPa), an initial corner crack size of 1 in. 

(25.4 nun) in a 2-in. (SO. 8-mm)-thick flange plate will still yield 

a fatigue life of 2. 7 million cycles. That crack size is not 
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TABLE 4. 7 FATIGUE LIFE - S m 6 ksi - SEMI·ELLIPTICAL CRACK 
1 TO 5 SLOPE 

re 

~ = [1/(3.6X10-lO)] L[CS J"a 
re avg 

S = 6 ksi 

a 
0 

(in.) 

1.10 

1.00 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

af 
(in.) 

1.25 

re 

a avg 
(in.) 

1. 175 

1.10 1. 05 

1.00 0.95 

0.90 0.85 

0.80 0. 75 

0. 70 0.65 

0.60 0.55 

0.50 0.45 

1 in. = 25.4 mrn 

C ~KI 

(ksi ~) 

2.62 31 

1.61 

1.32 

1.16 

1.06 

1. 00 

0.95 

0.92 

18 

14 

12 

10 

9 

8 

7 

1 ksi Jin. = 1. 1 MN/m
312 

] 
-3 

X/:;1 

6N 

(103 
eye les) 

15 

51 

108 

188 

298 

440 

660 

982 

l.:N 
3 (10 eye les) 

15 

66 

174 

363 

662 

1,103 

1,763 

2,745 



136 

TABLE 4.8 FATIGUE LIFE- S = 16ksi -SEMI-ELLIPTICAL CRACK 
1 TO 5 SLOPE 

re 

[l/(3.6Xl0-lO)] ~[CS ~] 
-3 

L:N= X!;ii 
re avg 

s = 16 ksi 
re 

a af a c l.\Kr 6N l:N 
0 avg 

(in.) (in.) (in.) (ksi ~) 3 3 (10 cycles) (10 cycles) 

1.10 1. 25 1.175 2.62 81 1 1 

1.00 1.10 1. 05 1. 61 47 2 3 

0.90 1. 00 0.95 1.32 37 5 9 

0.80 0.90 0.85 1.16 31 9 1 9 

0.70 0.80 0.75 1.06 26 15 34 

0.60 0.70 0.65 1. 00 23 23 58 

0.50 0. 60 0.55 0.95 20 34 92 

0.40 0.50 0 .LJ-5 0.92 18 51 144 

0.30 0.40 0.35 0.91 16 78 222 

0.20 0.30 0.25 0.91 13 129 352 

0.10 0.20 0.15 0.93 11 260 612 

0.09 0.10 0.095 1.01 9 40 653 

0.08 0.09 0.085 1.02 9 46 699 

0.07 0.08 0.075 1. 02 8 55 755 

0.06 0.07 0.065 1.04 8 65 820 

0.05 0.06 0.055 1. 05 7 81 902 

0.04 0.05 0.045 1. 07 7 104 1,006 

0.03 0.04 0.035 1.09 6 143 1,149 

0.02 0.03 0.025 1.12 5 219 1,369 

0.01 0.02 0.015 1.15 4 435 1,805 

1 in. 25.4 rrun 
MN/m3/2 1 ks i ./in. = 1. 1 
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TABLE 4.9 6KTH SEMI-ELLIPTICAL CRACK- 1 TO 5 SLOPE 

6KTH = C Sr ~ 

a. 
]_ 

(in.) 

1.175 

1. 05 

0.95 

0.85 

0.65 

0.45 

0.25 

0.095 

0.075 

0.055 

0.035 

0.025 

0.015 

1 in. = 25.4 mm 

1 ksi = 6.89 MPa 

c 

2.62 

1. 61 

1.32 

1. 16 

1.00 

0.92 

0.91 

1.01 

1. 02 

1. 05 

1.09 

1. 12 

1.15 

1 ksi ~. = 1.1 MN/m3 / 2 

6KTH (ksi ~) 

2 3.5 
s (ksi) 

r 

0.4 0.7 

0.7 1.2 

0.9 1.5 

1.1 1.8 

1.4 2.4 

1.8 3.2 

2.5 4.3 

3.6 6.3 

4.0 7.1 

4.6 8.0 

5.5 9.7 

6.4 11.2 

8.0 14.0 

5 

1.0 

1.7 

2.2 

2.6 

3.5 

4.6 

6.2 

9.1 

10.1 

11.5 

13.8 

15.9 

20.0 
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TABLE 4.10 CORNER CRACK CORRECTION - 1 TO 2-1/2 SLOPE 

c = FSFEF~G 

Fs = 1. 12Xl. 12 F = E 2/n F = 1 w FG from FEM solution 

a a/t FG c 

0.015 0.0075 1.98 1.58 
0.025 0.0125 1.87 1. 50 
0.035 0.0175 1.78 1. 4~: 
0.045 0.0225 1. 72 1.38 
0.055 0.0275 1.66 1. 3~; 
0.07 0.035 1. 60 1. 2t; 
0.09 0.045 1.49 1.1 () 
0.15 0.075 1.34 1. 0/ 
0.25 0.125 1. 25 1.00 
0.35 0.175 1. 19 0.95 
0.45 0.225 1.15 0.92 
0.55 0.275 1. 12 0.90 
0.65 0.325 1.09 0.87 
0.75 0.375 1.07 0.86 
0.85 0.425 1.05 0.84 
0.95 0.475 1. 04 0.83 
1.10 0.55 1. 02 0.82 
1.30 0.65 0.99 0.79 
1.50 0.75 0.96 0.77 
1.70 0.85 0.97 0.78 
1. 90 0.95 0.96 0.77 

1 in. 25.4 nun 
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TABLE 4.11 FATIGUE LIFE - S 6 ksi CORNER CRACK 
1 TO 2-1/2 SLOPEre 

L:N = [l/3.6Xl0-lO)) L:[C S Jna ]-3 
re avg X 6a 

a af 0 

(in.) (in.) 

1.80 2.00 

1.60 LBO 

1.40 1. 60 

1.20 1.40 

1. 00 1. 20 

1 in. = 2.54 rrnn 

l ks i = 6. 89 MPa 

s = re 

a c avg 
(in.) 

1.90 0.77 

1.70 0. 78 

1. 50 0.77 

1. 30 0.79 

1.10 0.82 

1 ksi ~. = 1.1 MN!m312 

6 ksi 

6K1 6N I:N 

(103 3 (ksi Jin.) cycles) (10 cycles) 

11 386 386 

11 439 825 

10 551 1,376 

10 632 2,008 

9 726 2,734 



142 

TABLE 4.1 2 FATIGUE LIFE - S • 16 ksi - CORNER CRACK 
1 TO 2-1/2 SLOPEre 

~N == [l/3.6Xl0-lO)] ~(C S Jha ]-3 
X ~ 

re avg 

a af a 
0 

(in.) (in.) 

1.80 2.00 
1.60 1.80 
1.40 1.60 
1.20 1.40 
1.00 1.20 
0.90 1. 00 
0.80 0.90 
0. 70 0.80 
0.60 0. 70 
0.50 0.60 
0.40 0.50 
0.30 0.40 
0.20 0.30 
0.10 0.20 
0.08 0.10 
0.06 0.08 
0.05 0.06 
0.04 0.05 
0.03 0.04 
0.02 0.03 
0.01 0.02 

1 in. = 25.4 rrnn 

1 ksi = 6.89 MPa 

avg 
(in.) 

1.90 
1. 70 
1.50 
1.30 
1.10 
0.95 
0.85 
0.75 
0.65 
0.55 
0.45 
0.35 
0.25 
0.15 
0.09 
0.07 
0.055 
0. 01+5 
0.035 
0.025 
0.015 

s == 16 ksi re 

c .!lKI 

(ksi ~) 

0.77 31 
0.78 29 
0.77 27 
0.79 26 
0.82 25 
0.83 23 
0.84 22 
0.86 21 
0.87 20 
0.90 19 
0.92 18 
0.95 16 
1.00 15 
1.07 12 
1.19 11 
1.28 10 
1.33 9 
1.38 9 
1.42 8 
1.50 7 
1.58 6 

1 ksi Jin. = 1.1 MN!m312 

6N l:N 
3 (10 cycles) 3 (10 cycles) 

20 20 
23 43 
29 72 
33 105 
38 144 
23 167 
26 193 
29 222 
35 258 
40 299 
51 350 
68 419 
97 :16 

171 t88 
53 741 
62 804 
40 b44 
48 893 
64 958 
91 1,048 

168 1,217 
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likely to be missed and at that level of stress range the detail 

should not be a problem. The S-N plots for initial crack sizes 

equal to 0. 01 in. (0. 25 mm), 0. 1 in. (2. 54 mm), and 0. 5 in. (12. 7 

mm) are shown in Fig. 4.11. The maximum stress range for infinite 

life design is presented in Table 4.13 and plotted versus a. in 
~ 

Fig. 4. 12. 

Table 4.14 presents the correction C for the 1 to 5 

transition corner cracks. The C values were used to compute the 

fatigue life as a function of initial crack sizes in Tables 4. 15 

and 4.16. For an effective stress range equal to 6 ksi (41.34 MPa), 

a 0. 80-in. (20. 32-mm) initial corner crack in a 1-1/4-in. (31. 75-rrun)

thick flange plate will yield a fatigue life of over 2 million 

cycles. That size flaw will not be missed by a careful visual 

inspection. The results from Table 4. 16 were used to plot the 

S-N curves of Fig. 4.13 for initial crack sizes of 0.01 in. 

(0.25 mm), 0.1 in. (2.54 mm), and 0.5 in. (12.7 mm). The values 

of S for infinite life design are presented in Table 4.17 and 
r 

plotted versus a. in Fig. 4.14. For an initial crack size equal 
~ 

to 0. 01 in. (0. 25 nnn), the maximum S for infinite 1 ife design is 
r 

equal to 9. 5 ksi (65. 46 MPa), but for a 0. 5-in. (12. 7-mm) initial 

crack size the value of S for no crack growth has to be less than 

2 ksi (13. 78 MPa) for 6KT: equal to 2 ksi Jin. (2.2 MN/m
312

). 

The penny-shaped crack is less critical than the surface 

semi-elliptical or the corner crack studied previously. When it 

grows to the surface, most of the fatigue life has expired; there

fore, only through radiograph, ultrasonic, or other similar method 

could the cracks be spotted. In Tables 4.18 and 4.19, the fatigue 

life for penny-shaped crack growth are presented. For S equal 
re 

to 6 ksi (41. 34 MPa), an initial crack size of 0. 90 in. (22. 86 mm) 

in a 1-1/4-in. (31. 75-rnrn)-thick flange will still yield a fatigue 
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TABLE 4.13 6KTH CORNER CRACK - 1 TO 2-1/2 SLOPE 

6KTH = C Sr (ks i Jin. ) 

6KTH (ksi Jin.) 

a. c 
2 3.5 5 ]_ 

(in.) s r (ks i) 

1. 90 o. 77 1.1 1.9 2. 7 

1. 70 o. 78 1.1 1.9 2.8 

1. 50 0. 77 1.2 2. 1 3.0 

1. 30 o. 79 1.3 2.2 3. 1 

1. 10 0.82 1.3 2.3 3.3 

0.85 o. 84 1.5 2.5 3.6 

0.65 0.87 1.6 2.8 4.0 

0.45 0.92 1.8 3.2 4.6 

0.25 1. 00 2.3 3.9 5.6 

0.09 1. 19 3.2 5.5 7. 9 

0.055 1. 33 3.6 6.3 9.0 

0.035 1. 42 4.2 7.4 10.6 

0.025 1. 50 4.8 8. 3 11. 9 

0.015 1. 58 5.8 10.2 14.6 

1 in. = 25.4 rrrrn 

1 ksi 6.89 MPa 

1 ks i ,fi_;;.. = 1. 1 MN/rn
312 
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TABLE 4.14 CORNER CRACK CORRECTION - 1 TO 5 SLOPE 

c = FSFEF~G 
F = s 1.12Xl.l2 FE = 2/n F = 1 w FG from FEM solution 

a a/t FG c 

0.015 0.012 1.41 1. 13 
0.025 0.020 1. 37 1.10 
0.03S 0.028 1.33 1. 06 
0.045 0.036 1. 31 1. OS 
o.oss 0.044 1.28 1.02 
0.06S O.OS2 1.27 1.02 
0.075 0.060 1.2S 1. 00 
0.085 0.068 1.24 0.99 
0.09S 0.076 1.22 0.98 
0.15 0.12 1.13 0.90 
0.25 0.20 1.08 0.86 
0.3S 0.28 1.06 0.85 
0.4S 0.36 1.03 0.82 
0.5S 0.44 1.02 0.82 
0.6S 0.52 1.01 0.81 
0.7S 0.60 0.99 0.79 
0.85 0.68 0.98 0. 78 
0.9S 0. 76 0.98 0.78 
1. OS 0.84 0.98 0.78 
1.175 0.94 0.98 0. 78 

1 in. 25.4 mm 
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a 

TABLE 4.15 FATIGUE LIFE- S = 6 ksi- CORNER CRACK 
1 TO 5 SLOPE re 

~N = [l/3.6Xl0-lO)) ~(C S ~ J- 3 X ~ 
re avg 

S = 6 ksi re 

af a c L\KI ~N 
0 avg l:N 

(in.) (in.) (in.) (ksi ~) (103 
cycles) 3 

(10 eye les) 

1.10 1. 25 1.175 0. 78 9 573 573 

1.00 1.10 1.05 0.78 9 452 1,025 

0.90 1.00 0.95 0. 78 8 525 1,551 

0.80 0.90 0. 85 0. 78 8 621 2,172 

1 in. = 25.4 mm 

1 ksi = 6.89 MPa 

1 ksi ~ = 1.1 MN/rn3/2 
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TABLE 4.16 FATIGUE LIFE - S = 16 ksi - CORNER CRACK 
1 TO 5 SLOPE re 

L:N = (l/3.6Xl0·lO)] ~[C S ~ )- 3 X ~ 
re avg 

s = 16 ksi 
re 

a af a c [)KI 6N ~N 
0 avg 

(103 3 
(in.) (in.) (in.) (ksi ,fin:) cycles) (10 cycles) 

1.10 1. 25 1.175 0. 78 24 30 30 
1.00 1.10 1.05 0.78 23 23 54 
0.90 1.00 0.95 0.78 22 27 81 
0.80 0.90 0.85 0.78 21 32 114 
0. 70 0.80 0.75 0.79 20 38 152 
0.60 0. 70 0.65 0.81 19 43 196 
0.50 0.60 0.55 0.82 18 54 250 
0.40 0.50 0.45 0.82 16 73 323 
0.30 0.40 0.35 0.85 15 95 419 
0.20 0.30 0.25 0.86 13 153 572 
0.10 0.20 0.15 0.90 10 287 860 
0.09 0.10 0.095 0.98 9 44 904 
0.08 0.09 0.085 0.99 9 50 954 
0.07 0.08 0.075 1.00 8 59 1,014 
0.06 0.07 0.065 1. 02 8 69 1,083 
0.05 0.06 0.055 1.02 7 88 1,172 
0.04 0.05 0.045 1.05 7 110 1,282 
0.03 0.04 0.035 l. 06 6 156 1,438 
0.02 0.03 0.025 1.10 5 231 1,670 
0.01 0.02 0.015 l. 13 4 459 2,129 

1 in. 25.4 mrn 

1 ksi = 6.89 MPa 

1 ksi ~ = 1.1 MN/m3/2 
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TABLE 4.17 6KTH CORNER CRACK - 1 TO 5 SLOPE 

6KTH = C Sr Jnai 

6KTH (ks i Jin. 
a c 

(in.) 2 3.5 5 

1. 175 o. 78 1.3 2.3 3.3 

1. 05 o. 78 1.4 2.5 3.5 

0.95 o. 78 1.5 2.6 3o 7 

o. 85 0. 78 1.6 2. 7 3. 9 

0.65 0.81 1.7 3.0 4.3 

0.45 Oo 82 2.1 3.6 5.1 

0.25 0.86 2.6 4.6 6.6 

0.095 0.98 3. 7 6.5 9.3 

0.075 1. 00 4.1 7.2 10.3 

0.055 1. 02 4. 7 8.3 11. 8 

0.035 1. 06 5. 7 10.0 14.2 

0.025 1. 10 6.5 11.4 16.2 

0.015 1.13 8.2 14.3 20.4 

1 in. = 25.4 nun 

1 ksi = 6.89 MPa 

1 ksi Jin. = 1.1 MN!m312 
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TABLE 4.18 FATIGUE LIFE - S = 6 ksi - PENNY-SHAPED CRACK 

(l/3.6Xl0-lO)] 
re __ 

3 I;N = I: [ C S Jna ] - x f:.,a re avg 
s = 6 ksi re 

a af a c ~KI f:.,N ~N 
0 avg 

(103 (103 (in.) (in.) (in.) (ksi ~·) cycles) cycles) 

1.10 1. 25 1.175 2/n 8 1,054 1,054 

1.00 1. 10 1.05 7 832 1,886 

0.90 1. 00 0.95 7 966 2,852 

1 in. = 25.4 rnrn 

1 ksi = 6.89 MPa 

1 ksi ~ = 1.1 NN/m 
3/2 
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TABLE 4.19 FATIGUE LIFE - S = 16 ksi - PENNY-SHAPED CRACK re 
Z:N = [l/3.6Xl0-lO)) Z:[C S Jna J- 3 X 6a 

rc avg 
s 16 ksi 
re 

a af a c 6K1 6N ~N 
0 avg 

(103 (103 (in.) (in.) (in.) (ksi /in.) cycles) cycles) 

1.80 2.00 1.90 2/n 25 36 36 
1. 60 1.80 1.70 24 45 81 
1.40 1. 60 1.50 23 51 133 
1.20 1.40 1.30 21 63 196 
1.00 1.20 1.10 19 81 278 
0.90 1.00 0.95 18 50 329 
0.80 0.90 0.85 17 60 389 
0.70 0.80 0.75 16 72 462 
0.60 0. 70 0.65 15 90 552 
0.50 0.60 0.55 14 115 668 
0.40 0.50 0.45 13 156 824 
0.30 0.40 0.35 11 227 1,052 
0.20 0.30 0.25 9 377 1,430 
0.10 0.20 0.15 7 812 2,242 
0.08 0.10 0.09 6 349 2,592 
0.06 0.08 0.07 5 509 3,102 
0.05 0.06 0.055 5 365 3,468 
0.04 0.05 0.045 4 494 3' 962 
0.03 0.04 0.035 4 720 4,683 

1 in. 25.4 mrn 

1 ksi = 6.89 MPa 

1 ksi Jin. = 1.1 H~/ rn 
3/2 
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life of 2.8 million cycles. An internal defect with that size 

diameter will not be missed by any of the nondestructive testing 

methods used. For the allowable S equal to 16 ksi (110.24 MPa), 
re 

an initial flaw size of 0.05 in. (1.27 mm) yields over 3.4 million 

cycles. This is the size of initial defects we should look for 

in the required nondestructive inspection. The S-N plots for 

penny-shaped flaws are shown in Fig. 4.15. The curves for initial 

crack size equal to 0.05 in. (1.27 mm), 0.1 in. (2.54 mm), and 

0. 5 in. (12. 7 mm) are compared with Category B (AASHTO) provi ~ions. 

The S for infinite life design is presented in Table 4.20 and 
r 

plotted versus a. in Fig. 4.16. For an initial flaw size equal to 
1 

0.05 in. (1.27 mm), the maximum stress range for no crack growth 

has to be less than 7.8 ksi (53.74 MPa) for a 6KTH of 2 ksi Jir. 

(2.2 MN/m
312

). The region we find internal defects is not 

affected by the stress concentration from change in the transition 

slope and the same results are valid for the 1 to 2-1/2 and the 1 

to 5 transition. 

In order to establish the fatigue life as a function of 

crack growth intervals, Tables 4.21 through 4.25 have been pre

pared for the l to 2-1/2 and the 1 to 5 transition slope geometries. 

For any of the cracks being studied, the number of cycles to 

failure can be found if we divide the corresponding columns by 

the applied stress range raised to the third power. In doing so 

the tables will apply for any stress range. 
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TABLE 4.20 6KTH PENNY-SHAPED CRACK 

6K = C S ,Jna. 
TH r ~ 

a C .6KTH (ksi ~lin.) 

(in.) 2 3.5 

1. 90 2/n 1.3 2.3 

1. 70 1.4 2.4 

1. 50 1.4 2.5 

1. 30 1.6 2. 7 

l. 10 1.7 3.0 

o. 85 1.9 3.4 

0.65 2.2 3.8 

0.45 2.6 4.6 

0.25 3. 5 6.2 

0.009 5o9 10.3 

0.055 7.6 13.2 

0.035 9.5 16.6 

l in6 = 25.4 mm 

1 ksi = 6.89 MPa 

ksi Jin. = 1.1 MN/m312 
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TABLE 4.21 FATIGUE LIFE - SEMI-ELLIPTICAL CRACK- 1 TO 
2-1/2 SLOPE 

~N(S ) 3 = [1/(3.6X10- 10)] ~[C ~)-.3 X 6a 
re avg 

a 
6N (S ) Dl (S ) 

re re 

159 

a 
0 

(in.) 

af 

(in.) 
avg 

(in. ) 
c 

(10
6

cyc1esXksi3)(10
6

cyc1esXksi3) 

1. 80 
1. 60 
1. 40 
1. 20 
1. 00 
0.90 
0.80 
o. 70 
0.60 
0.50 
o. 40 
0.30 
0.20 
0.10 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 

2.00 
1. 80 
1. 60 
1.40 
1. 20 
1. 00 
0.90 
0.80 
o. 70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 

1 in. 25.4 nun 
1 ksi 6o89 MPa 

1. 90 
1. 70 
1. 50 
1. 30 
1.10 
0.95 
0. 85 
o. 75 
0.65 
0.55 
0.45 
0.35 
0.25 
0.15 
0.09 
0.07 
0.055 
0.045 
0.035 
0.025 
Oo015 

2. 82 
1.64 
1. 27 
1. 12 
1. 03 
0.99 
0.97 
0.96 
0.96 
0.96 
o. 97 
0.99 
1. 03 
1.10 
1. 22 
1.31 
1. 36 
1. 41 
1.46 
1. 53 
1. 62 

1 
10 
26 
47 
79 
55 
69 
86 

107 
138 
181 
248 
365 
645 
203 
239 
153 
186 
244 
352 
638 

1 
11 
38 
86 

165 
220 
290 
377 
485 
623 
804 

1,052 
1,418 
2,063 
2,266 
2,506 
2,660 
2' 846 
3,091 
3,443 
4,082 
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TABLE 4.22 FATIGUE LIFE - SENI-ELLIPTICAL CRACK - 1 TO 5 SLOPE 

EN(S ) 3 = [l/(3.6Xl0-lO)] r[c JITa ] -3 x fja 
re avg 

)j ~(S )3 L:N(S 
a af a c re re 

0 avg 
(l0

6
cvclesXksi3)(10

6
cyclesXksi

3
) (in.) (in.) (in.) 

L.10 1.25 1.175 2.62 3 3 
1. 00 1.10 1. 05 1. 61 9 12 
0.90 1.00 0.95 1.32 23 36 
0.80 0.90 0.85 1. 16 40 77 
o. 70 o. 80 o. 75 1. 06 64 141 
0.60 o. 70 0.65 1. 00 95 236 
0.50 0.60 0.55 0.95 142 379 
0.40 0.50 0.45 0.92 212 591 
0.30 0.40 0.35 0.91 319 911 
0.20 0.30 0.25 0.91 529 1,441 
o. 10 0.20 0.15 0.93 1 '068 2,508 
0.09 0.10 0.095 1. 01 165 2,674 
0.08 0.09 0. 085 1. 02 189 2' 864 
0.07 0.08 0.075 1. 02 228 3,092 
0.06 0.07 0.065 1. 04 267 3,360 
0.05 0.06 0.055 1. 05 334 3,694 
0.04 0.05 0.045 1. 07 426 4,121 
0.03 0.04 0.035 1. 09 588 4,709 
0.02 0.03 0.025 1. 12 898 5,607 
0.01 0.02 0.015 1. 15 1,785 7,393 

1 in. 25.4 mm 
1 ksi 6.89 MPa 
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TABLE 4.23 FATIGUE LIFE- CORNER CRACK- 1 TO 2-1/2 SLOPE 

~N(S )3 = [l/(3.6Xl0-lO)) ~[C ~a J- 3 X 6a 
re avg 

a 
6N (S )3 l:N (S )3 

re re a 
0 

(in. ) 

af 

(in. ) 
avg 

(in.) 
c 

(l0
6

cyclesXksi3)(l06cyclesXksi
3

) 

1. 80 
1. 60 
1. 40 
1. 20 
1. 00 
0.90 
0.80 
0. 70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 
0.01 

2.00 
1. 80 
1. 60 
1. 40 
1. 20 
1. 00 
0.90 
0.80 
o. 70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 

1 in. 25.4 nnn 
1 ksi = 6.89 MPa 

1. 90 
1. 70 
1. 50 
1. 30 
1.10 
0.95 
0.85 
o. 75 
0. 65 
0.55 
0.45 
0.35 
0.25 
0.15 
0.09 
0.07 
0.055 
0.045 
0.035 
0.025 
0.015 

o. 77 
o. 78 
0. 77 
o. 79 
0.82 
o. 83 
0. 84 
0. 86 
0.87 
0.90 
0.92 
0.95 
1. 00 
1.07 
1.19 
1. 28 
1. 33 
1.38 
1.42 
1. 50 
1. 58 

83 
94 

119 
136 
156 

94 
107 
120 
144 
167 
212 
281 
399 
700 
219 
256 
164 
198 
266 
373 
688 

83 
178 
297 
433 
590 
684 
792 
913 

1,058 
1,225 
1,438 
1,719 
2,118 
2,819 
3,038 
3,295 
3,459 
3,658 
3,924 
4,298 
4,906 
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TABLE 4.24 FATIGUE LIFE - CORNER CRACK - 1 TO 5 SLOPE 

3 -10 ~ -3 
EN(S ) = [1/(3.6X10 )] r.[C a ] X(y:]. 

re avg 

)j 
a 6N(S )3 l:N(S a af c re re 

0 avg 
6 .3 6 3 (in.) (in.) (in.) (10 cyclesXks~ )(10 cyclesXksi) 

1. 10 1. 25 1. 175 o. 78 123 123 
1. 00 1.10 1. 05 o. 78 97 221 
0.90 1. 00 0.95 0. 78 113 335 
0.80 0.90 0.85 0. 78 134 469 
o. 70 0.80 0. 75 o. 79 155 624 
0.60 o. 70 0.65 0.81 179 804 
0.50 0.60 0.55 0.82 221 1,026 
0.40 0.50 0.45 o. 82 299 1,326 
0.30 o. 40 0.35 0.85 392 1,718 
0.20 0.30 0.25 0. 86 627 2,345 
0.10 0.20 0.15 0.90 1,178 3,523 
0.09 0.10 0.095 0.98 181 3,704 
0.08 0.09 0.085 0.99 207 3,912 
0.07 0.08 0.075 1. 00 242 4,155 
0.06 0.07 0.065 1. 02 283 4,438 
0.05 0.06 0.055 1.02 364 4,803 
0.04 0.05 0.045 1. 05 4.51 5,254 
0.03 0.04 0.035 1. 06 639 5,894 
0.02 0.03 0.025 1.10 948 6' 842 
0.01 0.02 0.015 1.13 1,882 8,724 

1 in. 25.4 rnm 
1 ksi :::. 6.89 MPa 
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TABLE 4.25 FATIGUE LIFE - PENNY-SHAPED CRACK 

EN(S )3 = (l/(3.6Xl0-lO)] r[C Jha ]-3 X ~ 
re avg 

a 
6N(S )3 rN(S )3 

re re a 
0 

(in.) 

af 

(in. ) 
avg 

(in.) 
c 

(l0
6

cvclesXksi3)(l06cyclesXksi3) 

1. 80 
1. 60 
1. 40 
1. 20 
1. 00 
0.90 
0.80 
0. 70 
0.60 
0.50 
0.40 
0.30 
0.20 
0.10 
0.08 
0.06 
0.05 
0.04 
0.03 

2.00 
1. 80 
1. 60 
1. 40 
1. 20 
1. 00 
0.90 
0.80 
o. 70 
0.60 
0.50 
o. 40 
0.30 
0.20 
0.10 
0.08 
0.06 
0.05 
0.04 

1 in. 25.4 mm 
1 ksi 6.89 MPa 

1. 90 2/n 
1. 70 
1.50 
1. 30 
1.10 
0.95 
0.85 
o. 75 
0.65 
0.55 
0.45 
0.35 
0.25 
0.15 
0.09 
0.07 
0.055 
0.045 
0.035 

14 7 
174 
210 
260 
335 
208 
246 
297 
368 
474 
640 
933 

1,547 
3,328 
1,432 
2,087 
1,499 
2,025 
2,952 

14 7 
322 
532 
793 

1,129 
1,337 
1' 584 
1,882 
2,251 
2,725 
3,365 
4,299 
5' 846 
9,174 

10,606 
12,694 
14' 193 
16,218 
19,171 
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C H A P T E R 5 

SUMMARY AND CONCLUSIONS 

(1) Analytical solutions for C, the stress gradient and 

geometry correction applied to the stress intensity factor £or 

flange thickness transition, were estimated using the super

position approach. The stress gradient correction, FG' was 

calculated using a finite element method solution for the N\SHTO 

1 to 2-1/2 transition slope and for the 1 to 5 slope used in the 

bridge being investigated. The generated FG solution should be 

very accurate for a/t ratios greater than 0.01. These solutions 

are applied to surface and corner cracks at the toe or end of 

the transition weld. 

(2) The bridge under investigation was modeled using a 

direct stiffness method computer program. The load was assumed 

to be carried solely by one of the two main girders. The 

measured influence lines showed part of the load was transferred 

to the "unloaded" girder. The redistribution was not the same 

for different sections. 

(3) The bridge response under increasing speed showed a 

significant increase in stress range due to increased vibrations. 

At the 55 MPH normal traffic speed, the vibration cycles had 

amplitudes of the same magnitude as the static stress range. 

These dynamic vibrations had a frequency equal to the bridge's 

natural frequency. 

(4) Due to the induced vibrations, the measured effective 

stress range at the splice section was close to two times the 
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stress range calculated by applying the total load to a single 

girder. However, for the calculated effective stress range of 

6 ksi (41. 34 MPa), only cracks bigger than 0.40 in. (10. 16 rnm) 

in the 1-3/4-in. (31. 75-mm)-thick plate will yield fatigue lives 

below 2 million cycles. This size of cracks is not likely to be 

missed in an inspection. Consequently, thfu detail should not be 

a critical problem on the bridge studied if it is adequately 

inspected. 

(5) The 1 to 5 slope transition yields close to two times 

the fatigue life calculated for the 1 to 2-1/2 transition for the 

same initial crack size. The change in cost between the details 

is not significant. The 1 to 5 slope transition is recommended 

due to the less severe stress concentration and longer fatigue 

1 if e. 

(6) Solutions for the fatigue life of surface, corner, 

and interior cracks are presented in tabular form. The fatigue 

life as a function of the initial crack sizes can be estimated 

from these tables. They can be applied to any desired stress 

range. S-N plots for the various crack geometries and both tran

sition slopes are presented for small crack sizes. They are corn

pared to the experimental S-N plot for Category B details. The 

effective stress ranges were plotted versus initial flaw sizes 

for 6KTH equal to 2, 3.5, and 5 ksi ~.*; the stress range below 

which no crack growth \vill occur can be determined using the 

appropriate values of 6KTH and ai. 

(7) Recommended Studies 

7.1 The accuracy of the analytical solutions should be 

checked against experimental data. The initial crack sizes should 

*l ksi ~. = 1.1 MN/rn
3

/
2 



be measured accurately as the value of a. has a significant 
l 

influence upon fatigue life. 

167 

7.2 The detail response under a large number of low fatigue 

cycles should be determined. Each major cycle due to a single 

truck has superimposed vibration cycles at the bridge's natural 

frequency. Over twenty of these low amplitude cycles occur with 

a single vehicle passage. 
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A P P E N D I X A 

FINITE ELEMENT SOLUTION AND FG DETERMINATION 

Stress intensity factor solutions for practical problems 

must be obtained to allow a design solution using fracture 

mechanics principles. Closed-formed solutions for idealized 

geometries will not always be found in the design of structures. 

One approach to the problem is to use the superposition of 

accepted solutions, as it has been done in the estimation of K 

value expressions for semi-elliptical surface flaws, corner flaws, 

and interior penny-shaped flaws. When the point of interest 

falls in a region of change in geometry, the nonuniform stress 

fields have to be accounted for; this can be achieved by th~ 

superposition of a stress gradient correction, FG. 

When cracks are present in the regions of geometrical 

discontinuities special crack tip elements with inverse square 

root singularity will yield very accurate results in the finite 

element method solution. When the K values are needed for various 

crack sizes as in fatigue design, this direct approach becomes 

prohibitive in terms of computer time. 

An alternate approach proposed in Ref. 14 and used in 

this study requires only one finite element solution at the sec

tion where the cracks shall be inserted. The integration of the 

stresses along the crack can be obtained by the use of Eq. (15) 

and the summation of discrete stresses, as in Fig. 2.11, gives 

results well within the desired accuracy. 

An available two-dimensional finite element program [19] 

was used to determine the distribution of stresses at the AASHTO 

1 to 2-1/2 thickness transition slope and at the 1 to 5 slope used 

169 



170 

in the bridge being investigated. The overall dimensions of the 

flange thickness transition models are shown in Figs. Al and A2, 

along with the boundary conditions. The nominal stresses were 

applied at a distance over three times the flange thickness so 

as not to influence the stress field distribution. The stress 

along the flange thickness was taken as a constant rather than 

the actual trapezoidal distribution. 1he difference in the stress 

on the top and bottom of the flange in the girder studied was 

3 percent; this small variation was felt to be insignificant. 

A nonreforrnulated quadratic displacement subparametric 

isotropic quadrilateral element, QUAD8, and a reformulated 

isotropic quadratic displacement triangular element, TRI, were 

used as the 174 quadrilateral and the four triangular elements 

in which the models were subdivided. The nine quadrilateraL ele

ments at the regjon of interest (see the dashed elements in the 

models) were rezoned in a much finer grid, with 25X9 elements 

from a subdivision of five for each dimension. Plane stress 

solutions were used for both geometries. 

Right at the point of change in geometry where the two 

quadrilateral and the two triangular elements are connected, the 

stress concentration factor is dependent upon mesh size. At this 

point, the solution does not converge as we change to finer meshes 

due to the singularity at that node. From the solution at the 

neighborhood of that node, a smooth curve could be used to extrapo

late that solution to the point of maximum stress concentration. 

A more refined procedure was used without employing much more 

effort, due to the automatic node spacing generation feature 

built in the TEXGAP finite element program. The mesh in the area 

of interest was refined and the convergence criteria defined as 

acceptable when the difference in stress between the two finer 

meshes at a distance a/t equal to 0.01 was less than 5 percent~ 
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where a is the crack length measured at the point of stress 

concentration and t is the flange thickness, as in Fig. Al. 
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When the above criteria were met, the finer mesh stress concentra-

tion decay was then used to calculate the FG correction. The 

influence of the stress concentration on FG is the greatest at the 

crack tip; therefore, for crack sizes greater than 0.01 of a/t, 

the FG values are very accurate. 

For the 1 to 2-1/2 thickness transition slope, four 

refinements were necessary to meet the 5 percent difference cri

terion at a/t equal to 0.01. The solutions for each mesh gradient 

used are presented in Tables Al through A4. The finest rezone gave 

a value of a/t equal to 0.0043. The values presented in th2 tables 

are node stress values from the finite element plane-stress solu

tion. The gradient t
1
/t

8 
for each solution defines the ratio of 

the bottom element in the vertical dimension to the top element. 

The ratios used were 1, 4, 8, and 16. In Figs. Al and A2, the 

gradient ratio equal to 1 was used~ and the 4, 8, and 16 gradient 

ratios are shown in Figs. A3, A4, and AS. 

For each vertical gradient solution table, the stress 

concentration values for the rezone solution are also presented. 

They are all node values. The stress concentration factor at the 

point of change in geometry is the average from the two quadri

lateral node solutions. 

The stress concentration decay as a function of a/t is 

plotted in Figs. A6 through A8 for the 1, 4, and 8 gradient ratio 

solutions. The 16 gradient ratio solution was presented in 

Fig. 2.24. We can see the decay is steeper for the finer meshes 

for a/t values close to zero. The curves converge for very small 

a/t ratics. 
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TABLE Al FEM NODE STRESSES - 1 TO 2-1/2 SLOPE 

tl/1-8 = 1 

1st Solution Rezone 
a/t sc a/t sc 

0.0000 1. 60* 0.0000 l. 60"" 

0.1250 1.11 0.0250 1. 39 

0.2500 1. 02 0.0500 1. 30 

0.3750 0.96 0.0750 1. 23 

0.5000 0.93 0.1000 1. 17 

0.6250 0.91 0.1250 1. 13 

o. 7500 0.90 0.1500 1.10 

0.8750 0.90 0.1750 1. 07 

1.0000 0.90 0.2000 1. 05 

0.2250 l. 03 

0.2500 1. 02 

*Average stress at singularity from the two 
quadrilateral element nodes, 1.49 and 1. 71. The 
triangular node stress concentration is 1.21. 



TABLE A2 FEM NODE STRESSES - 1 TO 2-1/2 SLOPE 

tl/t8 = 4 

1st Solution Rezone 

alt sc a/t sc 

0.0000 1. 78* 0.0000 1. 78·k 

0.0565 1. 30 0.0113 1. 58 

0.1254 1. 13 0.0226 1.49 

0.2094 1. 04 0.0339 1. 41 

0.3117 0.98 0.0452 1. 35 

0.4365 0.94 0.0565 1.30 

o. 5886 0.92 0.0703 1. 25 

o. 7740 0.90 0. 0841 l. 21 

l. 0000 0.90 0.0978 l. 18 

0.1116 1. 15 

0.1254 1. 13 

'''Average stress at singularity from the two 
quadrilateral element nodes, 1.63 and 1.93. The 
triangular node stress concentration is 1.33. 
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TABLE A3 FEM NODE STRESSES - 1 TO 2-1/2 SLOPE 

.el/.t8 = 8 

1st Solution Rezone 

alt sc alt sc 

0.0000 1. 96")'- 0.0000 1. 96"'' 

0.0354 1.40 0.0071 1. 73 

0.0886 1. 22 0.0142 1. 63 

0.1473 1. 10 0.0212 1. 54 

0.2336 1.02 0.0283 1. 47 

0.3498 0.97 0.0354 1. 41 

0.5062 o. 93 0.0460 1. 36 

o. 7167 0.91 0.0567 1. 31 

1.0000 0.90 0.0673 1. 27 

0.0780 1. 24 

0.0886 1. 21 

*Average stress at singularity from the two 
quadrilateral element nodes, 1.80 and 2.12. The 
triangular node stress concentration is 1.47. 



TABLE A4 FEM NODE STRESSES' - 1 TO 2-1/2 SLOPE 

~1/~8 = 16 

1st Solution Rezone 

a/t sc a/t sc 

0.0000 2. 24'i'" 0.0000 2. 24* 

0.0214 1. 54 0.0043 1. 94 

0.0531 1. 32 0.0085 1. 81 

0.1002 1. 17 0.0128 1. 70 

0.1702 1. 07 0.0171 1. 62 

0.2743 1. 00 0.0214 1. 56 

0.4289 0.95 0.0277 1.48 

o. 6586 0.91 0.0340 1.43 

1.0000 0.90 o. 0404 1. 38 

0.0467 1. 35 

0.0531 1. 31 

*Average stress at singularity from the two 
quadrilateral element nodes, 2.07 and 2.40. The 
triangular node stress concentration is 1. 70. 
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I in.= 25.4 mm. 
~I 

1.90 

1.80 
! 
i 

1.701-
z I 

~ 1.sol -scF = 1.so 
0:: 

~1.50 1 

w 
u 
z 8 1.4or 

~ 1.30~ 
w 
0:: 
t-1.20 
en 

--~tv----- IT 
Il'---__;tL.__~ _______ __J_r 

I 0.90L 
0.80 ---....1...------'-------'-------'------L... 

0.00 0.20 0.40 0.60 0.80 

a/t 

Fig. A6 Stress concentration decay - l to 2-1/2 slope 

.tl/.e8 == 1 

1.00 



182 

I in. = 25.4 mm. 
~I 

1.80 ~scF = 1.78 

1.70 
z 
0 
~ 1.60 
a:: 
..... z 1.50 
w 
(.) 
z 0 1.40 
(.) 

0.90 

I=-1 ~t~~-~ ________ 11 

0.80~--------~--------------------------------------L 
0.00 0.20 0.40 0.60 0.80 

a/t 

Fig. A7 Stress concentration decay - 1 to 2-1/2 slope 

.el/£8 = 4 
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I in. = 25.4 mm. 

SCF = 1.96 

I.OOt-------___;;:~:--------------------

0.90~ 
oao~---------~--------~----------~--------~--------L 

0.00 0.20 0.40 0.60 0. 80 1.00 
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Fig. A8 Stress concentration decay - 1 to 2-1/2 slope 
i I£ == 8 
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For the 1 to 5 thickness transition slope, three refinements 

were necessary to meet the 5 percent difference criteria at a/t of 

0.01. The solutions for each mesh gradient used are presented in 

Tables AS through A7 for the mesh gradient ratio, £
1
/£

8
, equal to 

1, 4, and 8. The finest rezone for this slope gave a value of a/t 

equal to 0. 0071. The stress concentration decay for gradients 1 

and 4 is shown in Figs. A9 and AlO. The decay for thegradient 

ratio equal to 8 was presented in Fig. 2.24. The same comments 

for the 1 to 2-1/2 slope solution apply to this one, but becau~e 

of the less severe geometry change, the 1 to 5 slope solution 

converged more rapidly. 

Tables A8 and A9 and Figs. All and Al2 show the stress 

concentration at the flange surface for the 1 to 2-1/2 and the l 

to 5 slo~thickness transition. The stress concentration decay 

is again very steep and at about 1 in. (25. 4 nnn) into the flange 

the value of the stress concentration equals the applied nominal 

stress. The solutions used for the surface decay were the last 

refined meshes with £
1
/£

8 
equal to 16 and 8 for the 1 to 2-1/2 

and 1 to 5 slope, respectively. 

The values of FG were calculated from the stress concentra

tion decay node stresses and linearly interpolated for intermediate 

values. The FG values for all mesh refinements and for both slopes 

are presented in Tables AlO through Al6. The values of a and b. 
]_ 

refer to Eq. (15) and Fig. 2.11, where the nodes SC refer to 

ab Ia, the stress concentration to nominal stress ratio. The FG 

solutions were presented in Figs. 2.13 and 2.15. 



TABLE AS FEM NODE STRESSES - 1 TO 5 SLOPE 

1-1/£8 = 1 

1st Solution Rezone 

a/t sc a/t sc 

0.0000 1. 34* 0.0000 1. 34 "'' 

0.1250 1. 08 0.0250 1. 23 

0.2500 1. 02 0.0500 1. 18 

0.3750 0.98 0.0750 1.14 

0.5000 0.96 0.1000 1. 11 

0.6250 0.95 0.1250 1. 09 

o. 7500 0.94 0.1500 1. 07 

0.8750 0.94 0.1750 1. 05 

1.0000 0.94 0.2000 1. 04 

0.2250 1. 03 

0.2500 1. 02 

*Average stress at singularity from the two quadi
lateral element nodes, 1.29 and 1.39. The 
triangular node stress concentration is 1.13, 
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TABLE A6 FEM NODES STRESSES - 1 TO 5 SLOPE 

t1/l8 = 4 

1st Solution Rezone 

a/t sc a/t sc 

0.0000 1.43';'\' 0.0000 1. 43* 

0.0565 1.18 0.0113 1. 33 

0.1254 1. 09 0.0226 1. 28 

o. 2094 1. 03 0.0339 1. 24 

0.3117 1. 00 0.0452 1. 20 

0.4365 0.97 0.0565 1. 18 

o. 5886 0.95 0.0703 1. 15 

o. 7740 0.94 o. 0841 1. 13 

1.0000 0.94 0.0978 1. 11 

0.1116 1.10 

0.1254 1. 08 

*Average stress at singularity from the two 
quadrilateral element nodes, 1.37 and 1.49. The 
triangular node stress concentration is 1.20. 



TABLE A7 FEM NODE STRESSES - 1 TO 5 SLOPE 

};1/£8 = 8 

1st Solution Rezone 

a/t sc alt sc 

0.0000 1. 50·k 0.0000 1.50* 

0.0354 1.23 0.0071 l. 39 

0.0886 1. 13 0.0142 1. 34 

0.1473 1. 07 0.0212 1. 30 

0.2336 1. 02 0.0283 1. 27 

0.3498 0.99 0.0354 1. 24 

0.5062 0.96 0.0460 1. 21 

o. 7167 0.94 0.0567 1.18 

1.0000 0.94 0.0673 1. 16 

0.0780 1. 15 

0.0886 1. 13 

*Average stress at singularity from the two 
quadrilateral element nodes, 1.42 and 1.58. The 
triangular node stress concentration is 1.24. 
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I in. = 25.4 mm. 
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Fig. A9 Stress concentration decay - 1 to 5 slope 

£1/£8 = 1 
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I in. = 25.4 mm. 
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Fig. AlO Stress concentration decay - 1 to 5 slope 
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TABLE A8 FEM NODE SURFACE STRESSES - 1 TO 2-1/2 SLOPE 

1st Solution Rezone 

X (in.) sc X (in.) sc 

0.0000 2. 24 ,., 0.0000 2. 24''' 

0.0728 1. 54 0.0146 2.18 

0.1960 1. 31 0.0291 2.02 

0.4047 1. 16 0.0437 1. 86 

o. 7 583 1. 07 o. 0582 1. 71 

1. 3572 1. 01 0.0728 1.54 

2.3711 0.99 0.0974 1. 49 

4.0897 1. 00 0.1221 1. 43 

7.0000 1. 00 0.1467 1. 38 

0.1714 l. 33 

0.1960 1. 28 

1 in. = 25.4 nnn 

*Average stress at singularity from the two quadrilateral element 
nodes, 2.07 and 2.40. The triangular node stress concentration 
is 1. 70. 



TABLE A9 FEM NODE SURFACE STRESSES - 1 TO 5 SLOPE 

1st Solution Rezone 

X (in.) sc X (in. ) sc 

0.0000 1. so.,·-- 0.0000 1. so·k 

0.0854 1.21 0.0171 1.49 

0.2122 1.12 0.0342 1.42 

0.4007 1. 05 0.0512 1. 35 

0.6807 1. 02 0.0683 1. 28 

1. 0964 1. 00 0.0854 1. 21 

1. 7154 1.00 0.1108 1. 19 

2.6344 1. 00 0.1361 1. 17 

4.0000 1. 00 0.1615 1. 15 

o. 186 8 1.13 

0.2122 1.10 

1 in. = 25.4 rnm 

*Average stress at singularity from the two quadri
lateral element nodes, 1.42 and 1.58. The triangular 
node stress concentration is 1.24. 
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TABLE A10 STRESS GRADIENT CORRECTION FACTOR - 1 TO 2-1/2 SLOPE 

"'1 1"'8 = 1 

a alt b. sc FG ~ 

0.05 0.025 0.05 1.400 1. 50 

0.10 0.050 1.303 1. 40 

0.15 0.075 1. 227 1. 34 

0.20 0.100 1. 173 1. 29 

0.25 0.125 1. 131 1. 25 

0.30 0.150 1.098 1. 22 

0.35 0.175 1.071 1. 19 

0.40 0.200 1. 049 1. 17 

0.45 0.225 1. 030 1. 15 

0.50 0.250 1.015 1. 13 

o. 75 0.375 0.25 0.961 1. 07 

1. 00 Oo500 0.931 1. 03 

1. 25 0.625 0.914 1. 00 

1. 50 o. 750 0.904 o. 96 

1. 75 0.875 0.899 o. 97 

2.00 1. 000 0.897 0.96 
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TABLE All STRESS GRADIENT CORRECTION FACTOR - 1 TO 2-1/2 SLOPE 

.tl/.t8 = 4 

a a!t b. sc FG 
~ 

0.0226 0.0113 0.0226 1.580 1. 68 

o. 0452 0.0226 1. 480 1. 58 

0.0678 0.0339 1. 405 1. 52 

0.0904 0.0452 1. 345 1. 47 

0.1130 0.0565 1. 297 1.42 

0.1406 0.0703 0.0276 1. 249 1. 38 

0.1682 o. 0841 1. 211 1. 35 

0.1958 0.0979 1. 179 1. 31 

0.2234 0.1117 1. 152 1. 29 

0.2510 0.1255 1.120 1. 26 
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TABLE Al2 STRESS GRADIENT CORRECTION FACTOR - 1 TO 2-l/2 SLOPE 

1-1/1-8 = 8 

a a/t b. sc FG 1. 

0.0142 0.0071 0.0142 l. 740 1. 85 

0. 0284 0.0142 l. 620 l. 74 

0.0426 0.0213 l. 535 l. 66 

o. 0568 o. 0284 1.468 l. 60 

0.0710 0.0355 1.414 l. 56 

0.0900 0.0450 0.0190 1.355 l. 51 

0.1090 0.0545 1.308 1.46 

0.1280 0.0640 l. 270 l. 43 

0.1470 0.0735 1.238 l. 39 

0.1660 0.0830 l. 210 1.37 
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TABLE A13 STRESS GRADIENT CORRECTION FACTOR - 1 TO 2-1/2 SLOPE 

£1/£8 = 16 

a a/t b. sc FG 1 

0.0085 0.0043 0.0085 1. 940 2.09 

0.0170 0.0085 1. 811 1. 95 

0.0255 0.0128 1. 701 1. 86 

0.0340 0.0170 1. 621 1. 7S 

0.0425 0.0213 1. 558 1. 73 

0.0552 0.0276 0.0127 1. 484 1. 66 

0.0679 0.0340 1.427 1. 61 

0.0807 o. 0403 1. 382 1. 52 

0.0934 0.0467 1. 345 1. 48 

0.1061 0.0530 1. 314 1.45 
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TABLE Al4 STRESS GRADIENT CORRECTION FACTOR - 1 TO 5 SLOPE 

t1/!8 = 1 

a aft b. sc FG ~ 

0.03125 0.025 0.03125 1. 230 1. 29 

0.06250 0.050 1.182 1. 23 

0.09375 0.075 1.141 1. 20 

0.12500 0.100 1. 111 1.18 

0.15625 0.125 1.087 1.15 

0.18750 0.150 1.067 1.13 

0.21875 0.175 1. 051 1. 12 

0.25000 0.200 1. 038 1. 10 

0.28125 0.225 1. 027 1. 09 

0.31250 0.250 1. 017 1. 08 

0.46875 0.375 0.15625 0.982 1. 05 

0.62500 0.500 0.962 1. 02 

0. 78125 0.625 0. 949 1. 01 

0.93750 o. 750 0.941 0.99 

1.09375 0.875 0.937 0.98 

1.25000 1. 000 0.935 0.98 
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TABLE A15 STRESS GRADIENT CORRECTION FACTOR - 1 TO 5 SLOPE 

~1/~8 = 4 

a alt b. sc FG 1 

0.01412 0.0113 0.01412 1. 326 1. 38 

o. 02824 0.0226 1. 277 1.33 

0.04236 0.0339 1.236 1. 29 

0.05648 0.0452 1.204 1. 27 

0.07060 0.0565 1. 178 1. 24 

0.08782 0.0703 0.01722 1. 152 1. 22 

0.10504 o. 0840 1. 131 1. 20 

0.12226 0.0978 1.114 1. 19 

0.13948 0. Li16 1.099 1. 17 

0.15670 0.1254 1. 084 1. 16 
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TABLE A16 STRESS GRADIENT CORRECTION FACTOR - 1 TO 5 SLOPE 

.tl/L8 = 8 

a a/t b. sc FG ~ 

0.00886 0.0071 0.00886 1. 389 1.44 

0.01772 0.0142 1.341 1. 39 

0.02658 0.0213 1. 298 1. 36 

0.03544 o. 0284 1. 265 1. 33 

0.04430 0.0354 1. 238 1. 31 

0.05620 0.0450 0.01190 1. 208 1. 28 

0.06810 o. 054 5 1.184 1. 26 

0.08000 0.0640 1.164 1. 24 

0.09190 0.0735 1.147 1. 23 

o. 10380 0.0830 1. 131 1. 21 
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