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EXECUTIVE SUMMARY 

Construction problems involving poor welding qual ity occurred during widening of 
the U.S. 69 bridge over the South Canadian River. As a resu lt of these problems ,  
concerns developed regard ing the remain ing fatigue l ife of  the bridge. A research 
project was in itiated to address these concerns. 

The first portion of the project i ncluded a visual inspection of the bridge welds 
fo l lowed by insta l lat ion of equ ipment for record ing stra ins under both known loads and 
normal traffic. These measured stra ins were used to cal ibrate an analyt ical model 
prepared as a second part of the project. The analytical model was then used to 
determine the critical location for fatigue. A th ird part of the project involved conducting 
laboratory fatigue tests on beam specimens with a welded detai l  s im i lar  to the detai l  of 
concern on the bridge. The resu lts of the fatigue tests were used to construct p lots of 
stress range versus number of cycles to fai lure (S-N curves) for the deta i l .  Based on 
the developed S-N curve and stress ranges from computations and measurements , the 
remain ing fatigue l ife of the bridge is  estimated . The estimate ind icates that the 
remain ing fatigue l ife of the bridge is infin ite . 

The reader is  cautioned against using the resu lts of this research as justificat ion 
for poor welding practice .  The laboratory tests show that poor weld ing s ign ificantly 
reduces the fatigue l ife of a beam.  The infin ite remain ing l ife which is  estimated for this  
particular  bridge is a resu lt of  the low stress ranges in  the bridge , which com pensate for 
the inferior qua l ity of the welds.  The same resu lt should not be expected in every case. 

A separate part of the project involves construction of a data acqu is it ion system 
for use by the Oklahoma Department of Transportation. Th is part of the project is  
underway and wi l l  be the subject of  a second interim report when i t  is complete. 
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CHAPTER 1 

INTRODUCTION 

1.1 Problem Statement 

U .S .  H ighway 69 crosses the South Canadian River on the western side of Lake 

Eufau la .  The bridge at this location was recently widened by closing the gap between 

the north- and southbound spans and by extending the deck outward on both spans.  To 

close the gap in the center, it was necessary to add crossframes between existing 

i nterior g i rders .  To extend the decks outward , it was necessary to widen the piers ,  add 

a row of plate g i rders on the outside of each span ,  and connect the added g i rders to the 

existing g i rders with crossframes. The process is i l lustrated i n  Figure 1 .  

Erection of the crossframes proved to be more d ifficu lt than expected . P lans cal led 

for weld ing crossframes to stiffeners on exist ing g i rders and bolting to new g i rders .  

U nfortunately,  boltholes on the crossframes d i d  not match holes on the new plate g i rder 

stiffeners ,  so the decis ion was made by the contractor and a l lowed by the Oklahoma 

Department of Transportation (ODOT) to weld at a l l  locations .  Also, because .erection  

took place whi le the bridge was under  traffic,  movement of  the g i rders made i t  d ifficult 

for the welders to ma inta in an arc.  As a resu lt of these d ifficult wo�king. condit ions and 

procedura l  errors by the welders (such as lack of preheat and incorrect electrodes) ,  

qua l ity of  the fie ld welds is very poor. 

The problem with weld qua l ity is compounded by the fact that weld ing took p lace at 

un intended locat ions.  According to the bridge modification design ,  new crossframes 

were to be welded to stiffeners on existing plate g i rders .  I n  practice, crossframes were 

welded d i rectly to the ins ide of the bottom flange of the existing and new plate g i rders ,  as 
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,- wel l  as  to the stiffeners .  At most of these un intended weld locations ,  the bottom flange 

of the g i rder is in  tens ion .  Welding an attachment to a member in  .tension reduces the 

fat igue l ife of that member. 

As designed , the plate g i rder to stiffener weld would qua l ify as a category C fat igue 

detai l  [American Association of State Highway and Transportation Officia ls ,  1 990] . I n  

fact, even with the weld to the g i rder flange, the deta i l  would qua l ify a s  category C if 

proper welding procedures had been used . Substandard weld ing may resu lt in fat igue 

l ives below category C.  The extent of the reduction below category C depends on the 

extent to which standard practice was violated . I f  poor weld ing has reduced the detai l  to 

a category D,  the calculated stress range exceeds the a l lowable stress range at 1 36 

locat ions along the bridge, resu lt ing in  a projected fatigue l ife below the design l ife . To 

i ncrease the calculated fatigue l ife to the desired leve l ,  it wi l l  be necessary to repa_ i r  the 

welds at each of these locations.  

Fortunately, the actual stress range in the br idge is expected to be less than the 

calculated stress range. The d ifference between actual and ca lculated stress ranges is 

the resu lt of general ly accepted conservative assumptions used in design and ana lys is .  

Conservative assumptions are made regarding load d istribution ,  composite action ,  and 

support condit ions.  I t  may be possible to substantial ly reduce the number of repair 

locations by using actual rather than calculated stress ranges for ·projecting fat igue l ife . 

Actual  stress ranges can be determined by instrumenting the bridge with stra in  gages 

and mon itor ing stra ins under both normal traffic and a known load . 

The problem with the U . S .  69 bridge is unusual  in  that poor weld ing com pl icates the 

fatigue evaluation ,  but the broader problem of evaluating an exist ing br idge to determine 

rema in ing l ife or inspection intervals is commonly encountered by departments of 

transportation .  If rema ining l ife is based on ca lculated stresses, conservative 
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assumptions in  the analysis can resu lt in  an unreal istica l ly short projected l ife . · Using 

calculated stresses , it is  not uncommon to compute remaining l ives which are negative . 

To assist departments of transportation in  fatigue evaluations,  a s impl ified system for in­

service stra in  measurement is needed along with an analytical procedure using these 

measurements to project remain ing l ife . 

1.2 Objective of Study 

This study orig inated out of concerns for the integrity of the U .S .  69 bridge, so the 

fi rst objective is to address these concerns.  Stra in measurements taken from the bridge 

together with fatigue tests conducted in the laboratory and computer-aided analyses wi l l  

provide sufficient i nforr:nation to est imate the remain ing fatigue l ife of the bridge. Repair  

procedures wi l l  be recommended on an as-needed basis. 

The second objective of this study is to develop a procedure for fatigue assessment 

of bridge members l;>ased on in-service stresses. Completio.n of th is objective requ i res 

development of hardware and software for stra in data acquisit ion in the fie ld .  The 

acqu i red data can be used to estimate the remain ing fatigue l ife or a safe inspection 

interval .  ODOT personnel will be tra ined in the use of the data acquis it ion system and 

the procedure for data analysis. 

1.3 Scope of Report 

This first interim report covers load tests and ana lyses of the U .S .  69 bridge, as well 

as the resu lts of laboratory fatigue tests . Load tests include stra in  measurements under 

known loads and ra inflow counts of stra in ranges whi le the bridge is  in  norma l  service. 

Analyses include grid analyses and three-d imensional  fin ite e lement ana lyses for 

comparisons with stra ins measured under known loads . Fatigue tests were conducted 

on laboratory specimens conta in ing good and bad welds to assess the influence of weld 

qua l ity on fatigue l ife .  
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A second i nterim report wi l l  be prepared describing the development and operation 

of the data acqu is it ion system.  Th is second interim report wi l l  be accompanied by a 

separate stand-alone document serving as a user's manual  for the system.  
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CHAPTER 2 

LITERATURE SEARCH 

2.1 Weld Quality 

A welded jo int m ust be capable of performing rel iably throughout the service l ife of 

the structure of which it is a part. The level of qua l ity obtained i n  a welded jo int is 

determ ined by the base materia ls ,  weld ing materia ls ,  and fabrication process .  

Employing ski l led welders ,  selecting proper welding materia ls ,  and specify ing correct 

weld ing procedures wi l l  encourage qual ity; however, a l l  welds wi l l  contain  some 

d iscontinu ities. 

2.1.1 Discontinuities 

Various types and s izes of fusion weld d iscontinu it ies exist; Table 1 presents the 

most common.  Weld d iscontinu it ies are categorized as either procedure-re lated or 

meta l lu rg ica l  [American Welding Society , 1 987]. · Both categories adversely affect the 

weld by introducing stress concentrations. 

Table 1 .  Fusion Weld Discontinu ities 

Type of Discont inu ity Identificat ion 

Procedure Related 

Undercut UC 
I ncomplete Fusion I F  
Overlap OL 
Undersize us 
Slag I nclusions SI 

°' 

Meta l lurg ica l  

Porosity p 
Cracking CR 
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I n  addit ion , meta l lurgical d iscontinu it ies may affect chemical properties such as 

corrosion res istance. Weld d iscontinu ities may be found in the weld meta l ,  base meta l ,  

or  weld heat-affected zone. The T-joint shown in Figure 2 depicts the  weld 

d iscontinu ities l isted in  Table 1 .  

Determin ing the type and extent of a d iscontinu ity is the basis for judging weld 

qua l ity. Below some acceptable leve l ,  the d iscontinu ity is not cons idered harmfu l .  

Above that level ,  t.he discontinu ity is a defect. Acceptable levels are general ly 

determined by code specificat ions. Most notable is the ANSl/AWS Structural Weld ing 

Code [American Weld ing Society, 1 990] . Specificat ions typica l ly permit l atitude by 

defin ing a tolerance for weld d iscontinu it ies. Tolerance levels are based on experience 

and engineering judgment. During inspection ,  the extent to which a g iven d iscontinu ity 

affects the s ize , shape ,  contour, and soundness of a weld is determ ined and com pared 

to code provis ions.  Consequently, the inspector's understanding of the features and 

occurrences of weld d iscontinu it ies is of  crit ical importance.  

2. 1 . 1 . 1 U ndercut. Undercut is the term used to describe a reduction in  th ickness 

of base meta l .  The reduction occurs at the edge of a bead of weld metal join ing the 

surface of the base meta l .  Undercut is general ly caused by improper welding techn ique ;  

however, a h igh amperage and a long arc increase the tendency. Typical ly ,  the welder 

incorrectly manipu lates the electrode whi le deposit ing weld materia l ,  and undercut 

resu lts [American Welding Society, 1 991  ] .  In addition to a reduct ion in  cross-sect ional  

area ,  the jo int may experience local  y ie ld ing at the t ip of the undercut due to h igh stress 

concentrations. If excessive ,  undercut can s ign ificantly reduce the strength of the joint .  

Strength reduction is most preva lent in  jo ints subject to severe fat igue condit ions [Tsa i  

et  a l . , 1 984] . 
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Fig ure 2 .  Fi l l et We l d  D isconti n u it ies i n  a T-Join t  
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.. 2.1.1.2 Incomplete Fusion. The fa i lure to fuse together adjacent layers of weld 

metal  or  weld metal  and base metal is termed incomplete fusion.  The weld ing arc m ust 

sufficiently penetrate the jo int surfaces and ra ise the temperature of the base metal or  

previously deposited weld metal to the melt ing temperature or i ncomplete fus ion wi l l  

occur [Rodgerson,  1 983] .  Penetration problems causing incomplete fusion can resu lt 

from improper electrode manipulation or incorrect arc current. The electrode travel 

speed must not be too h igh, and the arc current must not be too low. Additiona l ly ,  poor 

surface preparat ion can cause incomplete fusion.  Preweld clean ing must bE:! sufficient 

to remove s lag ,  oxi�es, or other foreign materia l  [Gurney, 1 979] . 

2.1.1.3  Overlap. The term overlap is used to describe a surface d iscontinu ity that 

forms a severe mechanical notch paral le l  to the weld axis .  Overlap is  commonly caused 

by incorrect weld ing technique,  wrong selection of weld ing materia ls ,  o r  improper.. 

preparation of the base metal .  If s lag, oxides , or other foreign matter on the base metal 

i nterfere with fus ion ,  overlap may result a long the toe, face , or root of the weld 

[American Weld ing Society, 1 987] . 

2.1.1.4 U nders ize. Undersize refers to a lack of weld ing materia l  a long the welded 

jo int .  I t  occurs when weld ing technique is poor. The welder s imply fa i ls  to deposit 

enough weld materia l  a long the jo int [American Welding Society , 1 987] . 

2.1.1.5 Slag Inclusions. Non-n:ieta l l ic  sol id materia ls trapped in  the weld metal or  

at the weld meta l interfaces are termed slag inclusions.  M any chemica l  reactions occur. 

in  the weld metal during deposit ion and subsequent sol id ificat ion.  Because of their 

lower specific gravity , non-meta l l ic  reaction products which are insoluble in  molten metal  

wi l l  rise to the surface of the weld metal un less they become entrapped. The react ion 

products or s lag may become entrapped below the surface of the molten meta l by the 

sti rring action of the . arc. S lag may also fol low ahead of the arc if the welder 
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manipulates the electrode incorrectly. Thus,  s lag inclusions can be prevented by 

employing good welding techniques [American Welding Society, 1 99 1 ] .  

2.1.1.6 Porosity. Poros ity is the presence of  sma l l  voids in  the weld materia l .  The 

voids a re created from gas being entrapped in the weld materia l  during so l id ification .  

The vo ids may be e ither un iformly scattered throughout the weld or exist i n  local ized 

c lusters . Void s ize varies widely. Voids may be so smal l  as not to be detectable by 

rad iography, or they may be holes of more than 3/1 6 in .  d iameter [Gurney, 1 979] . 

Porosity is a function of the degree of supersaturation of the gas i n  the weld meta l .  

Gases, typica l ly  hydrogen and  n itrogen, enter the  weld pool through a i r  entra inment i n  

the  a rc atmosphere .  I ncidence of  porosity may be reduced by us ing dry e lectrodes low 

i n  hydrogen content. I n  addition ,  correct amperage and proper arc length are requ i red 

[Rodgerson,  1 983] . 

2.1.1. 7 Cracking. Cracks can exist in  both the weld metal and the base meta l .  

Two types of  cracks can  occur in  a welded jo int .  Cracks which form during weld ing 

whi le the weld meta l is in  a plastic condit ion are termed hot cracks . Hot cracks develop 

as the weld metal beg ins to solidify. Cracks occurring in the heat-affected zone materia l  

after the jo int is cooled are termed cold cracks . Both forms of cracking are influenced by 

the degree of restra int opposing movement during weld shrinkage. In addit ion ,  

so l id ification rate is  influential s ince i t  determines the structure and impurity d istribution 

of the weld metal that may eventual ly crack. Cracking may be lessened by increasing 

heat input and by us ing preheat. I ncreasing heat input avoids excessive hardening of 

the heat-affected zone and a l lows hydrogen to disperse. Using preheat wil l  help avoid 

cold cracking in the heat-affected zone by preventing the joint from cool ing too fast. 

Preheat is particu larly usefu l  in thick (3/4-in . )  sections of mild steel [Gurney, 1 979] .  
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2. 1 .2 Weld Profi le 

In addit ion to the d iscont inu ities discussed , the fin ished profi le of a weld may also 

adversely affect the service performance of a joint .  Poor profi le may cause stress 

concentrat ions as wel l  as contribute to the formation of incomplete fus ion or  s lag 

inclus ions [American Welding Society , 1 987] . Figure 3 shows desirable , acceptable, 

and unacceptable fi l let weld profi les [American Welding Society, 1 990] . 

2. 1 .3 Effect of Weld Discontinu ities on Fatigue Strength 

Weld performance is greatly affected by the weld d iscontinu it ies d iscussed . Most 

particu larly affected is fatigue strength . Fatigue cracks in itiate from notches which 

produce a stress concentration under an appl ied stress. In addit ion to promoting crack 

in it iation ,  stress concentrat ions increase crack propagation rates .  Although a l l  

d iscontinu it ies may be s ign ificant i n  promoting fatigue fai lures , i ncomplete fus ion ,  

cracking ,  and und�rcut are the most detrimenta l .  I n  addit ion to  fus ion weld 

d iscontinu it ies , weld profi le defects can also seriously h inder fat igue performance by 

increasing stress concentrat ions [Rodgerson,  1 983] . 

2.2  Fatigue Strength 

Current AASHTO Specificat ions [American Association of State Highway and 

Transportation Officia ls ,  1 990] conta in  provisions for fat igue design_ of  welded detai ls on 

steel bridges. These provisions are based on fatigue resistance curves which reflect the 

expected fat igue l ife for a g iven stress range. D ifferent curves exist for d ifferent c lasses 

of welded deta i ls .  Data accumulated from severa l major fat igue stud ies were used to 

generate the fat igue curves. The majority of data was obta ined from extensive research 

sponsored by the National Cooperative Highway Research Program (NCHRP) .  I n  

addit ion to provid ing for fat igue tests o n  over 800 fu l l-sized welded steel bridge deta i l s ,  
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the fatigue studies sponsored by the NCHRP involved amassing the findings from 

severa l  other fatigue studies conducted in the Un ited States and abroad [Fisher et a l . , 

1 986] . 

A substantial  portion of the research conducted under the NCHRP concentrated on 

examining the fatigue strength of  transverse stiffeners and simi lar attachments. Efforts 

to fatigue test transverse stiffeners welded to steel beams were aimed at developing the 

AASHTO fatigue resistance curve for Category C detai ls .  Under the NCHRP, qua lity 

testing was performed in which the variables influencing fatigue strength were properly 

contro l led and measured.  The relevant test program is presented in NCHRP Report 

1 47 ,  Fatigue Strength of Steel Beams with Welded Stiffeners and Attachments [Fisher 

et a l . , 1 974] .  

2.2. 1 NCHRP Test Program 

A tota l of 47 beams with one-sided transverse stiffeners were tested in the NCHRP 

fatigue study. Mu lt iple stiffeners were attached to  each beam.  Stiffener plates were 

manual ly  fi l let-welded to the beam web as wel l  as the beam flanges. Fabrication 

techniques,  workmanship ,  and inspection procedures wh �ch conform to the 

requ i rements of the ANS l/AASHTO/AWS 01 .5 Bridge Welding Code were employed. 

To s imu late the restra int imposed by bridge diaphragms ,  latera l  bracing was introduced 

at some stiffener locations causing an out-of-plane d isplacement proportiona l  to the 

vertical d isp lacement.  

The two sizes of rol led steel beams studied were W1 4x30 and W1 0x25.  These 

beam specimens were tested on simple supports with concentrated loads applied at two 

locations a l lowing for constant moment and moment gradient reg ions.  The cyclic 

loading was appl ied through a hydraul ic  actuator operat ing at a frequency between 200 

and 800 cycles per m inute . Load was transmitted from the hydrau l ic  ·actuator to the 
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test beam through a spreader beam.  The majority of tests involved no stress reversals ,  

and a ll tests were l im ited to constant ampl itude cycl ic  load ing.  Min imum flexura l  stress 

and flexura l  stress range at the stiffener-to-tension flange weld were the contro l l ing 

variables.  Tests were continued unt i l  cracks occurring at stiffener detai ls  reduced beam 

stiffness and a l lowed for an increase in deflect ion. After fa i lure at one stiffener location ,  

beam specimens were repaired by spl ic ing across the cracked reg ion ,  and test ing was 

continued to produce fai lure at other stiffener locations.  

2.2.2 NCHRP Findings 

Test resu lts showed that the flexura l  stress range at the stiffener-to-tension flange 

weld was the dominant factor influencing fatigue strength .  The min imum flexural stress 

at the stiffener-to-tension flange weld was an ins ign ificant variable .  Furthermore ,  it was 

d iscovered that shear stresses did not affect fatigue strength . Thus ,  it was concluded 

that principal  stress.es and their d i rection need not be considered when designing 

stiffened bridge members .  The attachment of diagonal bracing to the beam stiffeners 

had no effect on fatigue strength , and out-of-plane bending at no t ime contributed to 

crack in it iat ion or growth.  Analysis of the crack growth ind icated that the th ickness of 

the flange and web was not a variable influencing the fat igue l ife of the stiffener · deta i ls .  

The fatigue tests examined in  th is  study involved between 1 05 and 1 07 cycles of  load ing .  

Furthermore ,  stiffeners welded to the web and flanges susta ined 1 0 . 8  to 1 5 . 5  m i l l ion 

load cycles at a stress range of 1 2  ks i  without fa ilure or vis ible crack growth.  

All beam failures were the result of a large crack form ing at the toe of the fi l let weld 

connect ing each stiffener to the tension flange. The large crack emerged from smal ler  

cracks that in it iated at severa l points a long the toe of the weld .  Propagating i n  a 

semie l l ipt ical shape,  ind ividual  cracks grew and eventually jo ined . Once jo ined , the 

s ingle crack front spread over most of the weld length before reaching the extreme fiber 

1 4  



of the tension flange. After breaking through the extreme fiber, the crack grew across 

the tension flange and up into the web. Growing the cracks through the thickness of the 

flange consumed approximate ly 96 percent of the load cycles to fai lure .  The l i ke l ihood 

of crack in it iation and growth was greatest at locations subjected to a high tensi le stress 

range and where in it ia l  m icro-flaws existed. The in it ia l  m icro-flaws were the resu lt of 

d iscontinu ities in  the fi l let weld .  As suspected,  · the rate of crack propagation was 

proportional to the level of stress range as wel l  as the extent of weld d iscontinu it ies. 

2.2.3 AASHTO Fatigue Resistance Curve 

The AASHTO fatigue resistance curve for a Category C deta i l  was derived from the 

NCHRP fatigue study. on transverse stiffeners .  The curve is presented in F igure 4. As 

previously noted , the fabrication techniques,  workmanship ,  and inspection procedures 

employed i n  the NCHRP fatigue study comply with the ANSl/AASHTO/ AWS 01 .5 

Bridge Welding Code. Th is document places specific l im its on cracking ,  convexity , 

undercut, lack of fusion , porosity , and unders izing . Such weld d iscont inu ities are not 

considered weld defects unti l  their s ize and frequency exceed the specified l im its. The 

data obta ined in the NCHRP fatigue study on transverse stiffeners applies to qua l ity 

welds free of defects.  Consequently, the AASHTO fatigue resistance curve for a 

Category C deta i l  makes no a l lowance for substandard weld ing .  

2.2 .4 Fatigue Strength With Weld Defects 

I nformation ava i lable on the fatigue strength of welded stiffeners conta in ing weld 

defects is l im ited . I n  tests performed on beams with fi l let welded stiffeners ,  Gurney 

[Fisher et a l . , 1 974 ; Gurney, 1 960] attributed three early fa i lures to undercut at the toe of 

the weld .  Although the undercutt ing was s l ight ,  i ts presence reduced the fat igue l ife of 

the deta i l  to below a Category C .  I n  a West German study [Fisher et  a l . ,  1 986; M inner 

et a l . , 1 982] , fat igue tests performed on welded stiffeners consistently yielded resu lts 
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that were s ign ificantly below the predicted strength . The reduced fatigue strength was 

reportedly due to un intended weld defects, namely hydrogen-induced cold cracking and 

weld undercutt ing.  Al l  the test data obtained in the West German study fel l  below the 

fat igue resistance curve for a Category C deta i l .  A comparison of the test data obta ined 

i n  the West German study to the AASHTO Category C fatigue resistance curve is shown 

in F igure 5 .  

2 . 3  Improving the  Fatigue Strength of  Welded Joints 

It is known from previous fatigue studies [Fisher et a l . , 1 970; Fisher et a l . , 1 97 4] on 

welded jo ints that fat igue cracks in itiate and grow in  areas subjected to a h igh tensi le 

stress range where in it ia l  m icro-flaws exist. I n  fi l let welds ,  such as are used to attach 

transverse stiffeners ,  the in it ial m icro-flaw condit ion is provided by d iscontinu ities at the 

weld toe . The high tensi le stress range is brought about by stress concentrat ions 

occurring at the weld toe. The tensi le stress range may also be i nfluenced by the 

presence of tensi le residual  stresses which result from the weld ing process. By 

lessen ing weld d iscontinu ities ,  stress concentrations , and residual  tensi le stresses , the 

l i ke l ihood of crack in it iation and growth can be · reduced and fatigue strength can be 

improved.  

2.3.1  Weld Mod ify ing Techn iq ues 

A variety of techniques exist for modifying a welded jo int and improving its fat igue 

strength . The most common and thoroughly examined techn iques include grind ing , 

remelt ing ,  and peen ing .  The forms of grind ing employed are e ither rotary burr or d isc.  

Both forms of grind ing reduce stress concentrations at the weld toe by a ltering the weld 

profi le to ach ieve a smooth transit ion between the weld metal and the base meta l .  

Grind ing may a lso  serve to  reduce weld d iscontinu ities such as undercut and s lag 

inc lus ions.  
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The technique known as remelt ing involves melt ing the weld metal to a shal low depth 

along the weld toe. Remelt ing reduces slag inclusions and modifies weld profi le ,  

thereby reducing stress concentrat ions and crack in it iat ion s ites at the weld toe . 

Peening is a cold working process used to plastical ly deform the weld toe. Peening 

is  usual ly accompl ished by a h igh velocity stream of metal particles (shot peening)  or  by 

a too l  (hammer peening) . By peening ,  the weld toe profi le is improved , thus reducing 

stress concentrations .  Peening a lso hardens th� · weld and introduces res idual  

compressive stresses; both functions can improve fatigue strength [Gregory et a L ,  

1 989] . 

2.3.2 Studies on Grir:id ing,  Remelting, and Peen ing 

I n  two NCHRP stud ies [Fisher et a l . ;  1 979;  Gregory et a l . , 1 989] , the relative benefit 

of grind ing , remelting ,  and peening was examined. I n  the NCHRP study conducted by . 

F isher et a l . ,  only a s l ight increase in  the fatigue strength of jo ints with g round fi l let weld 

toes was reported.  The average increase in  the fat igue l ife of g round joints over as­

welded jo ints was less than 1 0  percent. Poor grinding techn iques may have contributed 

to the lack of improvement in . fatigue strength . On severa l  specimens,  the weld toe 

surface was damaged by the grinding burr; on one specimen,  slag particles were not 

removed but rather covered by a layer of smeared meta l .  

F isher e t  a l .  ach ieved the  greatest success with remelting .  Depending on stress 

range,  increases in  the fat igue l ife of deta i ls with remelted welds ranged from 270 to 360 . 

percent. On some specimens,  cracks in itiated and propagated from the weld root 

demonstrati ng an upper bound to the improvements that are poss ible by remelt ing the 

weld toe . 

Fisher et a l .  a lso found that peening the weld toe increases fat igue strength . The 

greatest increase in fatigue strength was observed in  specimens subjected to the 

1 9  



h ighest stress ranges. Although peening blunted the crack- l ike s lag inc lus ion and 

s lowed crack in it iation , fat igue cracks sti l l  eventual ly developed in the peened reg ion at 

the weld toe. 

When examin ing the same retrofitt ing techniques as Fisher et a l . ,  Gregory et a l .  

concluded that toe gr inding is the most practica l and  economical method of achieving a 

s ign ificant improvement in fat igue strength.  The confl ict in  the researchers' resu lts may 

stem from the fact that Gregory et al .  primari ly considered stress ranges near the fat igue 

l im it , whereas Fisher et al .  was concerned with higher stress ranges. I nteresting ly ,  the 

s l ight i ncrease in  the fatigue strength of ground joints that was reported by Fisher et a l .  

occurred in  the lowest stress range tests . It is worth noting that the American Weld ing 

Society Specification [American Welding Society, 1 990) a lso mentions remelt ing and 

peening but expresses a preference for grind ing .  

Gregory et a l .  further investigated the aspects of gr ind ing by comparing d isc and 

rotary burr grind ing .  I t  was found that d isc grind ing can be performed at  a lmost twice 

the rate of burr grind ing .  However, burr grinding may be desirable because d isc 

g rind ing suffers from two disadvantages. Being large and cumbersome, the d isc g rinder 

may be d ifficult to operate in t ightly confined spaces . I n  addition ,  the operator of a d isc 

g rinder is more l i kely to remove too much materia l .  In either case , the depth of g rind ing 

must be a min imum of 1 /32 in .  beneath the plate surface . The maximum depth of 

grind ing a l lowed is 5/64 in . · or 5 percent of the plate thickness. The fina l  g round 

surfaces should be free from a l l  traces of s lag or undercut, and a smooth transit ion 

between the weld metal and the base metal should exist at the weld toe [Gregory et a l . ,  

1 989) . 
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2.4 Calculated and Actual Bridge Response 

The procedures used in design and analysis of h ighway bridges are inherently 

conservative . As a resu lt ,  the actual response of a bridge often varies s ign ificantly from 

the calculated response . I n  rea l ity , bridge stresses and particu larly stress ranges are 

a lmost a lways lower than anticipated by calculations.  Consequently, an  ana lytical 

model used to determine actual stress ranges must be developed from s ite specific  data 

obtained from field measurements . 

Structures with excess ive strength stem from the designer's primary concern with 

safety and serviceabi l ity. During the design process , every effort is  made to include 

safety factors to account for uncertainties in  materia ls ,  loads, fabrication deta i l s ,  and 

possib le construct ion errors . Procedures conta ined in the AASHTO Standard 

Specifications for Highway Bridges [American Association of State H ighway and 

Transportation Officia ls ,  1 990] are governed by a static strength design ,  fol lowed by 

fat igue checks. Because the strength design procedures must account for the worst 

condit ions expected to occur over the l ife of the bridge, conservative assum ptions are 

made in  each step. Although these design procedures lead to bridge structures which 

a re extraord inari ly safe ,  these same procedures can predict stress ranges which are far 

g reater than actual ly fe lt by the structure [Moses et a l . ,  1 987] . 

I n  add it ion to conservative design assumptions, conservative analysis assumptions 

can resu lt in  actua l  stresses being lower than calculated stresses. Analyt ical models of 

beam and s lab bridges often fa i l  to consider several ways in  which load is res isted . I n  

an  i nvest igat ion performed by Burdette et a l .  [ 1 988] , more than 50 years of bridge test 

data were col lected and examined to determine specific load-resist ing mechan isms that 

are typica l ly not accounted for during design or eva luation .  The i nvestigation revealed 
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that conservative analysis assumptions are made with regard to load d istributions ,  

composite action , and un intended cont inu ity. 

2.4. 1 Analys is Assumptions 

2.4. 1 . 1  Load Distribution.  Load d istribution refers to the latera l  d istribution of 

load to longitud ina l  supporting elements . How loads appl ied to the bridge deck 

d istribute themselves lateral ly has a s ign ificant effect on the stress range experienced 

by each g i rder. Bridge tests indicate the usual  assumption that interior g i rders carry 

most of the load can be grossly conservative . A more rea l istic est imate of stress range 

is  l i kely obtained by examin ing mu lt iple load configurations nearer to exterior g i rders 

[Burdette et a l . ,  1 988] . 

2.4. 1 .2  Composite Action. The composite action of bridges with steel g i rders and 

concrete decks is  general ly underestimated . Tests on bridges with shear connectors 

frequently exhibit fu l l  composite action . Even in the absence of shear connectors 

severa l bridges have demonstrated some composite action .  Bridges examined i n  the 

AASHO Road Test [H ighway Research Board ,  1 962) exhibited fu l l  composite action 

even after repeated stress cycles. I n  a study conducted by Viest [ 1 960) , steel beams 

with and without mechanical shear connectors were examined . I n  every test , com plete 

interact ion between s lab and beam was observed so long as the bond between the 

concrete and steel flange remained unbroken.  Though not quantitatively stated ,  these 

stud ies ind icate that actual bridge stresses and stress ranges are lower than anticipated 

in design calculations.  

2.4. 1 .3 U n i ntended Conti nu ity. Unintended continu ity is the tendency of a bridge 

to act continuous at its s imply supported ends. This action would resu lt i n  actua l  

stresses being lower than des ign stresses which do not consider resistance to end 

rotation .  An ana lysis performed by Barton and McKeel [ 1 986) showed that some 
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al lowance for end moment had to be made in  order to match the bridge behavior 

measured i n  field tests . In a s imi lar  analysis performed by Burdette and Goodpasture 

[ 1 97 1 ] ,  applying approximately 35 percent fu l l  fixity at the bridge ends resu lted in  a 

m uch closer match ing of ca lculated and measured bridge response. These same 

results were observed in  tests conducted by Buckle et  a l .  [ 1 982] . 

2.4.2 Modeling 

I ncorrectly predict ing actual bridge response is  genera l ly attributable to incorrect 

assumptions made in model ing .  Although the theories rel ied upon in structura l  ana lysis 

a re accurate, the model being examined fai ls to reflect the actual  characteristics of the 
. . 

bridge structure .  As a result ,  models derived from test data taken at the bridge s ite a re 

the most real ist ic [Barton and McKeel ,  1 986] . To pract ica l ly model bridge stress ranges,  

bridge g i rders are fitted with stra in  gages at various locations .  In particular, stra in  gages . 

are placed along the lower flanges of a l l  g i rders where maximum stress ranges are 

expected to occur. A known load closely resembl ing the real  l ive load is moved on the 

bridge and stra in  measurements are taken for various posit ions of the static load . 

Once actua l  bridge strains have been determ ined at sp�cific locations ,  a fin ite 

e lement model of the bridge structure is generated . Before cal ibrat ion ,  every effort is 

made to model the bridge structure as closely as poss ib le .  The model is then ca l ibrated 

by adjust ing the level of composite action at the flange-deck interface, the moment 

restra int at the supports , and the load distribution on the deck unt i l  measured stra ins . 

match calculated stra ins .  Once the model is complete , it can be used to calculate the 

stresses at any point on the bridge, rather than being l im ited to just stra in  gage 

locations .  

Severa l  researchers [Nowak, 1 990] have obtained favorable resu lts by perform ing 

variances of the procedures described above . Although quantify ing how each of the 
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d ifferent mechanisms affected actual response was practica l ly impossible,  generating a 

model which accurate ly pred icted actual  bridge response was possib le .  Furthermore ,  

the  models were successfu l ly used to  determine the stress ranges actual ly occurring on 

the bridge a l lowing for a more accurate estimate of fat igue l ife . 

2.5 Fatigue Evaluation Procedures 

Fatigue evaluation procedures for existing steel bridges were developed in  a study 

sponsored by the NCHRP. The study col lected information ga ined from several years of 

research on variable-ampl itude fatigue response, h igh-cycle fat igue behavior, bridge 

detai l  fat igue strengths ,  actual traffic load ings,  and bridge load d istributions .  Th is 

i nformation was used to develop gu idel ines for ca lculating the remain ing fatigue l ife of 

an  existing bridge. These gu idel ines are presented in  the NCHRP Report 299, Fatigue 

Evaluat ion Procedures for Steel Bridges [Moses et a l . ,  1 987] . 

As specified in the NCHRP report, the procedure for computing remain ing fatigue 

l ife for a bridge detai l  beg ins with determination of a nominal  stress range for the truck 

traffic crossing the bridge. Th is stress range is then appl ied to a fatigue resistance 

curve generated from laboratory testing .  The fatigue resistance curve reflects the 

number of load cycles a particu lar deta i l  can susta in  at a g iven stress range · before 

fai l i ng .  After determin ing the number of load cycles correspond ing to th is stress range, 

the l ife of the deta i l  is calcu lated from an estimated truck volume and the present age of 

the bridge. 

Two d ifferent procedures for estimating the remain ing fatigue l ife of a detai l  a re 

avai lab le .  The two procedures are identified as remain ing mean l ife and rema in ing safe 

l ife . Both est imates are calcu lated using the deta i l 's  fatigue data generated from 

laboratory tests . The remain ing mean l ife estimate is based on the mean stress range 

versus number of cycles curve . The mean curve is developed from a l inear regression 
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analysis of the fatigue test data . The remain ing safe l ife est imate is based on the 

a l lowable stress range versus number of cycles curve. The a l lowable curve is defined 

two standard deviations below the mean curve. A standard deviat ion is calcu lated for 

the number of load cycles test data after transferring each of the values of the number 

of load cycles to the same stress range value. These values are transferred us ing the 

s lope of the mean curve. When determin ing the a l lowable curve in  this manner, it is 

assumed that the a l lowable curve is paral le l  to the mean curve on a log-log plot .  Hence ,  

the  a l lowable curve corresponds only approximate ly to  the lower bound of  the  95 

percent confidence l im it for the test data . The 95 percent confidence l im it is the 

statist ical l im it which defi nes the interval of cycle l ife with in which the fat igue test data 

are expected to occur 95 percent of the t ime. 

The best possible estimate of the actual remain ing l ife is reflected in  the remain ing 

mean l ife calculat ion, There is a 50 percent chance that the actual remain ing l i fe wi l l  

exceed the remain ing mean l ife . The remain ing mean l ife is the same for redundant and 

nonredundant members .  

A m uch higher degree of  safety is provided by the remain ing safe l ife calculation . I n  

calculat ing the remain ing safe l ife , d ifferent levels of safety are provided for redundant 

and nonredundant members . The probabi l ity that the actual remain ing l ife wi l l  exceed 

the rema in ing safe l ife is 97 .7  percent for redundant members and 99 .9 percent for 

nonredundant members .  

The fatigue l ife eva luation procedures derived from the NCHRP study were designed 

to provide consistent levels of re l iab i l ity for d ifferent condit ions .  This is accompl ished by 

provid ing basic procedures along with a lternative procedures that may be better su ited 

to the data avai lable on a particular bridge. Although the a lternative procedures may 

requ i re more effort, they general ly provide greater accuracy resu lt ing in  a longer 

25 



calcu lated fatigue l ife. The NCHRP report provides an a lternative procedure which 

rel ies on stress range measurements taken at the bridge s ite . S ince measurements 

were taken on the U .S .  69 bridge under investigation ,  this procedure is  included in the 

d iscussion that fol lows . 

To calculate the remain ing fatigue l ife for an estimated l ifet ime average da i ly  truck 

volume,  the fol lowing equation is used: 

(2. 1 )  

where Y, = remain ing fatigue l ife in  years ;  S, = effective stress range; Rs = rel iab i l ity 

factor; C = stress cycles per truck passage; K, b, and f = fatigue curve constants; Ta = 

estimated l ifet ime average dai ly truck volume; and,  a = present age of the bridge i n  

years .  Further d iscussion of  each of the variables in  Equation 2 . 1 is  provided in  the 

sections which fol low. 

2.5. 1 Effective Stress Range (S,) 

I n  the genera l  procedure ,  the nominal  stress range is ca lculated from a rigorous 

ana lysis of the bridge structure.  To determine the stress range, a model of the bridge 

structure is developed , and its response to a fatigue truck load is examined .  As an 

a lternative procedure ,  the effective stress range may be used . The effective stress 

range is  calculated from stress.,.range h istograms obta ined from field measurements on 

the bridge under normal traffic. The histograms should reflect effective stress ranges at 

crit ical locations a long the bridge. The effective stress range, S,, for each h istogram is 

calcu lated from the fol lowing equat ion:  

(" 3 )113 S, = .i.J P; S,; (2 .2)  

where p;  = fraction of stress ranges with in an interva l ;  and S,; = m idwidth of the interval .  

26 



2.5.2 Reliability Factor (Rs) 

The rel iab i l ity factor is  used to ensure an adequate level of safety . It is derived from 

a statistical ana lysis performed to determine the probabi l ity that the actual l ife wi l l  

exceed the safe l ife . When determ in ing the remain ing safe l ife , mu lt iply the computed 

stress range,  Sn by a rel iab i l ity factor: 

Rs = Rso (Fs1 HFs2 HFs3 }  (2 .3)  

where Rs = rel iab i l ity factor associated with ca lculation of stress range, 1 . 0 for remain ing 

mean l ife ; and R50 = basic rel iab i l ity factor, 1 . 35 for redundant members ,  1 .  75 for 

nonredundant members .  . 

The effective stress range is considered more accurate if calcu lated using stress­

range h istograms.  The factor F51 accounts for this increased accuracy by reducing the 

effective stress range. Thus ,  if the effective stress range is calcu lated us ing stress­

range h istograms obtained from field measurements on the bridge, F51 = 0 .85.  In  a l l  

other cases, F51 = 1 . 0 .  The factor F52 is  used when stresses are computed rather than 

measured . If loads used in  the computations are for s ite-specific weigh-in-motion 

measurements, F52 = 0.95; if the MSHTO fatigue truck is used , F52 = 1 . 0 .  The MSHTO 

fatigue truck is a model truck used to represent the variety of trucks of d ifferent types 

and weights in  actual traffic. The factor F53 accounts for the level of accuracy in  latera l 

load d istribution when stresses are computed . If a rigorous analytical method is used , 

F53 = 0 . 96 .  If an approximate method based on parametric studies is used , F53 = 1 . 0 .  

2.5.3 Stress Cycles Per Truck Passage ( C) 

The number of stress cycles per truck passage, C, can be determined from the 

values that fol low: 

For longitud inal  members :  
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(a) S imple:..span g i rders :  

40-ft or  above = 1 .  0 

Below 40-ft = 1 . 8 

(b) Continuous-span g i rders with in a d istance equal to 0 . 1 of the span on 

each side of an interior support: 

80-ft or  above = 1 + (span - 80)/400 in  feet 

40-ft or above but below 80-ft = 1 .0 

Below 40-ft = 1 . 5 

(c) Continuous-span g i rders e lsewhere :  

40-ft or above = 1 . 0 

Below 40-ft = 1 . 5 

(d) Canti lever (suspended span) g i rders = 2 .0  

(e )  Trusses = 1 .0 

For transverse members :  

(a) 20-ft or above spacing = 1 . 0 

(b) Below 20-ft spacing = 2 .0  

2.5 .4  Fatigue C urve Constants (K, b, and f) 

Data obta ined from fatigue tests on laboratory specimens are _used to evaluate the 

fat igue l ife of detai ls  s imi lar  to the one tested.  The fatigue test data consist of the 

number of load cycles ,  N,  a deta i l  can sustain at a g iven stress range,  S,, before fai l i ng .  

The re lationship between the number of  load cycles,  N ,  and the stress range,  S,, has 

been determined from extens ive test data obta ined in  fat igue studies sponsored by the 

NCHRP [Fisher et a l . , 1 985] . The relat ionship determined from the NCHRP fat igue 
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studies is g iven by 

(2 .4) 

When p lotted on a log-log scale ,  a stra ight l ine with an intercept A and a negative s lope 

b is obtained.  This stra ight l ine defines the fatigue resistance curve for the deta i l .  I n  log 

form , the relationship is g iven by 

logN = logA - b - logs, (2 .5 )  

I n  the d iscussion that fol lows , the constant A is the intercept value of  the a l lowable 

fatigue curve. As previously d iscussed , the a l lowable fatigue curve is  used to calculate 

the remain ing safe l ife and is derived from the lower bound of the approximate 95 

percent confidence l im it for 95 percent survival based on a regression analysis of the 

test data . For convenience in  calcu lating the remain ing l ife in  years ,  a constant K is  

used rather than A .  Th is constant is related to A by 

K = A 
365 x 1 0 6 (2.6) 

In the denominator, the constant 365, when mu lt ipl ied by Ta and C i n  Equation 2 . 1 ,  

converts fatigue l ife from cycles to years ;  the constant 1 06 s imply reduces the nLJ.m ber of 

d ig its requ i red to d isplay K. 

When calculat ing the remain ing mean l ife , the constant f is used . to modify the 

constant K. The constant f = the ratio of the mean curve intercept, A ', and the a l lowable 

curve i ntercept, A .  As previously d iscussed , the mean curve is s imply derived from a 

regression analysis of the fatigue test data . No mod ification to the constant K i s  

necessary when calculating the remain ing safe l ife . Thus,  when ca lculat ing the 

remain ing safe l ife ,  f = 1 . 0 .  
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· The a l lowable stress range curve and the mean stress range curve are assumed to 

be paral le l  on a log-log plot. Consequently, the slope for both curves is  the same.  

Thus,  b = the s lope of e ither curve. 

2.5.5 Lifetime Average Daily Truck Volume ( Ta) 

Using Figure 6, the l ifetime average dai ly truck volume in  the outer lane, T8, can be 

determined from the present average dai ly truck volume in the outer lane,  T, the annua l  

g rowth rate , g,  and the present age of  the bridge, a .  

The present average dai ly truck volume in  the outer lane,  T, can be calculated from 

the ADT at the s ite as fol lows : 

(2 .7)  

where ADT = present average da i ly  traffic volume (both d i rections) on the bridge; Fr = 

fract ion of trucks i n  the traffic;  and FL = fraction of trucks i n  the outer lane.  A value for · 

ADT m ust be obta ined from Department of Transportation data for the location of 

interest. I t  is suggested [Moses et a l . ,  1 987] that for rural i nterstate h ighways Fr = 0.20 ,  

for rura l h ighways and urban interstate h ighways Fr = 0 . 1 5 , and for urban h ighways Fr = 

0. 1 0 . The variable FL may be determi ned from Table 2 .  

Table 2 .  Fraction of  Trucks in Outer Lane [Moses et  a l . , 1 987] 

No. of Lanes 
1 
2 
3 
4 
5 

6 or more 

2-Way Traffic 

0 .60 
0 .50 
0.45 
0.45 
0 .40 

1 -Way Traffic 
1 .00 
0 . 85 
0 .80 
0 .80 
0 .80 
0 .80 

The annua l  growth rate , g, should be est imated by combin ing a knowledge of local 

conditions with h istorical data on g rowth rates .  Table 3 presents g rowth rate values that 
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were est imated from Annual  Average Dai ly Traffic (AADT) data taken at counting 

stations throughout the Un ited States between the years 1 938 and 1 985. 

Table 3 .  Observed Average Dai ly Traffic (ADT) Growth Rates [Moses et a l . ,  1 987] 

Type of H ighway Rural  or Urban Growth Rate , % 
I nterstate rura l  4 .45 

urban 4 .98 
U . S . Route rura l  2 .87 

urban 4 . 1 9  
State Route rura l  3 .77 

urban 3 .27 

As an  example in  calculating the l ifet ime average da i ly truck volume in  the outer lane,  

T8, a bridge on a four-lane urban interstate h ighway is considered . The bridge is 20 

years old , and the ADT at the s ite is 8000 vehicles per day. For urban interstate 

h ighways , Fr = 0 . 1 5 , and from Table 2, FL = 0.45 for a four-lane bridge with two-way 

traffic. Substitut ing these values into Eq . 2 .7  

T = (AOT)FrFL = (800)(0. 1 5)(0.45) = 540 trucks per  day 

From Table 3 ,  the growth rate , g, at the bridge site is 4 .98 percent. For s impl icity , the 

growth rate is rounded to 5.0 percent. Thus, T = 540 trucks per day,  g = 5 .0 ,  and a = 20 

years .  Using Figure 6 ,  the truck volume ratio ( T /T) = 1 .  7 resu lt ing in  a l ifet ime average 

dai ly  truck volume,  Ta = 91 8 trucks per day. 

A complete set of ca lculations for determin ing remain ing fatigue l ife based on 

Equation 2 . 1 is provided in  Section 3 .5  of th is report. 
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CHAPTER 3 

EVALUATION OF U.S. 69 BRIDGE 

3.1  Field Testing 

A plan view of the U .S .  69 bridge is provided in Figure 7(a) and a cross section i n  

F igure 7(b) .  Field testing focused on the northbound continuous spans between 

abutment one and p ier  three. End spans were chosen for study to  s impl ify moving work 

vehicles on and off the bridge, and to capture the impact loading caused by a vehicle 

bouncing as it moves �.nto the bridge. A plan view of the relevant portion of the bridge is  

reproduced i n  F igure 8 .  

3 . 1 . 1  Instrumentation 

I n  F igure 8 ,  general locations of three groups of e!ght stra in  gages are ind icated.  

Gages were insta l led i n  groups of eight to conform to the e ight channel  l im itat ion of the 

data acqu is it ion equipment. Al l  gages were instal led on the center span of the three 

span section because stresses from a pre l im inary analysis were h ighest in  this span .  

Gages in Group 1 were instal led in  a negative moment reg ion (compression on the 

bottom flange of the g i rder) and gages in Groups 2 and 3 were instal led in  a positive 

moment reg ion (compression on the top flange of the g i rder) .  A fourth group ,  which is 

not shown in  F igure 8, was created by combin ing half of the gages each from Groups 2 

and 3 .  

Two groups of  gages were instal led in  the pos itive moment reg ion , where the 

bottom flanges of the p late g i rders are under h igh tension , s ince th is is the crit ical reg ion 

for fat igue.  One group of gages was instal led in  a negative moment reg ion to provide 
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i nformation on the level of composite action occurring in th is reg ion ;  th is information i s  

usefu l for computer model ing .  Gages were insta l led under the shoulder s ince th is was 

the area of new construction and because the outside g i rder is the easiest to load with 

heavy static loads. A truck can be positioned to straddle the outs ide g i rder and there is 

framing on only one side of the g i rder to help carry the load. Gages were instal led 

under the center lane to acqu i re data for a rapidly moving load immediately above 

instrumented g irders and to provide information on transverse load distribution . 

Locations of ind ividual gages with in each group are shown in  F igure 9 . . All gages 

on g i rder flanges are centered 1 ft north of the crossframes. Gages were placed away 

from crossframes because fatigue design is based on nominal  stresses at the detai l  

location .  Stresses immediately adjacent to  a welded attachment are expected to be 

above the nomina l  level due to stress concentrations. Gages are attached on the ins ide . 

of the top and bottom flanges. Gages were placed on the inside of the bottom flange 

because th is is the location of the welded detai ls in  question and because it is easier to 

work in this posit ion . Two gages were placed on bottom flanges s ince this is the critical 

flange for fatigue.  Having two gages provides some redundancy in  data . If one gage 

fa i l s ,  the second can provide the necessary information . Only one gage is attached to 

the top flange s ince stresses at this location are expected to be smal l  and/or 

compressive. Gage Group 4 is made up of the bottom flange gages from Groups 2 and 

3 .  

Al l gages on crossframes are attached to the vertical leg of the ang le at  

approximately the centroid of the angle .  These gages are intended to measure tens i le 

stra in .  Bending stra ins are substantia l ly avoided by attaching near the centro id .  
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· As ind icated in  Figure 9 ,  ha lf of the stra in measurements are made with 

conventional  stra in  gages and half are made with clamp-on stra in  transducers .  The 

conventional  gages are Micro-Measurement 1 20 ohm,  s ingle element, weldable gages, 

with a 0 .25 in .  g rid length . The clamp-on transducers are manufactured and marketed 

by Bridge Weighing Systems, I nc. Four 350 ohm stra in  gages are epoxied to each 

transducer and the gages are connected in a fu l l  br idge [Post et a l . , 1 988] . A 

photograph of the transducers is shown in Figure 1 0 . 

Acqu isit ion of stra in  data was accompl ished by runn ing leads from each gage or 

transducer to a junction box mounted under the bridge [Post et  a l . , 1 988] . The leads are 

attached to the box with an externa l  amphenol connector. I nside the box, s igna ls a re 

routed to a Campbel l  Scientific  2 1 X  M icrologger. The Micrologger is a microcom puter 

based datalogger with eight d ifferential analog i nput channels and a maximum sample 

rate of 3.7 ms.  In the present appl ication ,  the Micrologger was powered by a 1 2-volt 

marine battery . rated at 1 54 amp-hours.  

The Micrologger was control led through a cable run to a portable m icrocomputer on 

the bridge deck. The m icrocomputer was used to  supply setup data to  the M icrologger 

and to in itiate data acqu isition .  At the completion of a test, data stored in  the 

M icrologger were downloaded to the microcomputer and stored on floppy disks .  

3. 1 .2 Load ing 

The dump truck shown schematical ly in  Figure 1 1  was used to apply a series of 

loads to the bridge. S ince the Micrologger is capable of acquiring data from a maximum 

of e ight channels ,  i t  was necessary to repeat the series of  loads for each of the gage 

g roups identified i n  F igure 8 .  The load series included truck speeds increasing from 0 to 

5 to 25 to 40 mph ,  and truck transverse positions moving from the shou lder to the right 
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Figu re 1 0 . C lamp-on Stra in  Transducers 
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lane to the left lane.  For static loads, the m iddle axle of the truck was a lways placed 

d i rectly above the Group 2/3 crossframe. 

Tests were not conducted for each gage group at a l l  four truck speeds in  each of 

the three transverse truck positions.  For Group 1 ,  data were recorded for the truck 

travel ing at O and 5 mph in the shoulder; and ,  0 ,  5 ,  and 25 mph in the right lane .  For 

Group 2 ,  data were recorded for the truck travel ing at  0 mph in  the shoulder; 0 ,  5 ,  and 

25 mph in  the right lane;  and ,  25 and 40 mph in  the left lane.  For Group 3 ,  data were 

recorded for the truck travel ing at 0 mph in the shou lder; 0, 5 ,  25 mph in  the right lane;  

and ,  25 and 40 mph in  the left lane.  The truck was driven down the shoulder on ly for 

the Group 1 gages because personnel and instrumentation occupied the shoulder 

during the test and ,  after the fi rst test, i t  was decided that safety could be compromised 

by having a moving truck too close to personnel .  The maximum velocity in the right lane 

was l im ited to 25 mph because that was the maximum velocity the truck could rel iably 

obtain  i n  the length of h ighway which had been closed to norma l  traffic. The left lane 

was kept open to traffic throughout the tests , so the test truck was able to start wel l  in 

advance of the br idge and reach a stable velocity of 40 mph over the instrumented 

sections .  M in imum velocity for the left lane was set at 25 mph to avoid the danger 

associated with s low traffic in  a h igh speed lane.  

Data were recorded only if the dump truck was able to pass a lone over the 

continuous three-span reg ion of interest. To accompl ish th is ,  it was necessary to close 

the shou lder and right traffic lane. Static measurements were obtained by parking the 

truck with the m iddle axle d i rectly above the Group 2/3 crossframe and waiting for both 

north- and southbound traffic to clear. Dynamic measurements were obtained by 

waiting for traffic to clear both before and after the continuous three-span reg ion ,  

starting the truck far enough behind the bridge to  a l low the driver to  atta in  the desired 

4 1  



speed , and manual ly triggering the M icrologger just before the truck entered the span .  

Time requ i red for the truck to  pass over the continuous three-span region was est imated 

and provided as setup information to the Micrologger. Data acquis it ion stopped at the 

end of th is t ime period. 

3.2 Analytical Model 

Two d ifferent types of analysis were performed at s ign ificantly d ifferent levels of 

complexity. The fi rst analysis described below is a grid analysis performed on a 

m icrocomputer. As d iscussed below, s impl ifying assumptions were made in  the model 

to maintain the model s ize at a workable level .  The second analysis was a three­

d imensional  fin ite element analysis performed on a workstation . Separate elements 

were used to model the g i rder flanges, the g i rder web,  the concrete deck, and the 

crossframe members .  

3.2.1  Grid Analysis 

3.2. 1 . 1  Grid Model. The grid analysis was performed using version 1 9. 1  of 

STAAD-1 1 1 / ISDS runn ing on a personal computer with an I ntel 90 Mhz pentium 

processor and 16  M B  RAM .  Only the three spans between abu_tment 1 and pier 3 (see 

Figure 7)  are included in  the model. The total number of jo ints in  the model is  1 60 and 

the tota l number of members is 294. 

Grid elements runn ing longitud inal  with the bridge are located along g i rder l ines.  

G i rders are treated as prismatic between supports with the cross sections shown in 

F igure 1 2 . The deck is assumed to be fu l ly composite with the g i rders i n  both the 

positive and negative moment reg ions,  and section properties are computed assuming 

e lastic behavior. Assuming a prismatic g i rder between supports reduces the model ing 

effort and min im izes the number of jo ints and elements in  the model .  G i rders a re 
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continuous over i nterior supports, but at each support location g i rders are pinned, 

meaning that a l l  translations are fixed and a l l  rotations are free. 

G rid elements runn ing transverse to the bridge coincide with crossframes. Section 

properties are computed on the basis of the cross section shown in F igure 1 3  act ing as 

a sol id unit. Transverse elements are rigidly connected to longitud ina l  elements at each 

crossframe-g i rder intersect ion. 

3.2. 1 .2 Grid Loads. Wheel loads were appl ied assuming the truck footprint shown 
' 

i n  F igure 1 1 .  Loads were appl ied to the bridge in  the shoulder, right lane,  and left lane 

to match the field loadings.  When a wheel load occurred between g i rders ,  the load was 

d istributed to g i rders on either side of the wheel assuming the wheel to be s imply 

supported by the deck between the g irders .  For comparison to stra ins measured under 

moving loads, g i rder moments at instrumented locations were computed with the rear  . 

wheels of the northbound truck 1 ft north of each crossframe. I n  effect ,  influence l ines 

were generated for each instrumented location .  

3.2.2 Finite Element Analysis 

3.2.2.1  Finite Element Model. Marc 6 .0  and the pre- and post-processor Mentat 

were used to perform the analysis on an I BM RS6000 workstation .  These workstations 

are U N IX based , a l lowing for more flexibi l ity and larger fi le s izes . Marc places no 

theoretical l im it on the s ize of the model , although it was d iscovered during the course of 

the analysis that more than 6 ,000 elements did exceed the practical l im itations of the . 

RS600's .  

I n it ia l ly three cont inuous spans were modeled , s im i lar  to  the gr id  analysis .  Th is 

m odel requ i red 1 8 , 792 elements and 1 7  , 999 nodes in order to keep the aspect rat io of 

a l l  e lements less than 2 to 1 .  Output fi les exceeded 1 00 megabytes in size; th is was 

beyond the l im itations of the system which caused the model to run incessantly. In order 
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to com plete the ana lysis ,  the model was d ivided along both longitudina l  and transverse 

l ines of symmetry ,  reducing the model to 25 percent of its orig ina l  s ize. The reduced 

model has 4 ,802 elements and 4, 685 nodes. 

S ince the ana lysis is entirely elastic, the principles of superposition ,  symmetry, and 

anti-symmetry are applicable. By superimposing the appropriate symmetry and anti­

symmetry loading condit ions,  non-symmetric loading such as the loading of a s ing le 

moving veh icle can be accurately modeled . The fol lowing figures i l lustrate the principles 

employed . Notice that under each of the fol lowing load condit ions there is  no 

displacement horizontal ly on either p lane of symmetry. 

In F igure 1 4 , loading is symmetric about both axes of symmetry.  Under th is doubly 

symmetric load ing ,  rotation is zero about the longitud ina l  and transverse planes of 

symmetry .  I n  Figure 1 5, load ing is anti-symmetric about the transverse ax is  of 

symmetry and symr:netric about the longitud ina l  axis .  Under th is second loading 

condit ion ,  there is  zero rotation about the longitud ina l  axis of symmetry and zero 

d isp lacement a long the transverse axis of symmetry.  In F igure 1 6 , loading is symmetric 

about the transverse axis of symmetry and antisymmetric about the longitud ina l  axis .  

Under th is th ird loading condition ,  d isplacement is zero a long the long itud ina l  ax is  and 

rotation is zero a long the transverse axis .  I n  Figure 1 7 , loads are anti-symmetric about 

both axes of symmetry.  Under this fourth loading condition ,  d isplacement is zero a long 

both axes.  

Notice that ,  under a l l  four loading conditions , the load in  the bottom right quarter of 

each figure always acts down . All other loads act down in two figures and up in two 

figures .  Therefore ,  superimposing the four loading conditions wi l l  provide a resu lt 

identical to performing one analysis with one load equal to four t imes the magn itude of 

the ind ividua l  loads in  the four load cases,  appl ied only in the bottom right quarter of the 
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.. 

Figure 1 4 . Symmetry of Loading in  Transverse and Longitud ina l  Directions 

F igure 1 5 . Anti-symmetry of Load ing in  Long itud ina l  Direction , Symmetry of Load ing in 
Transverse Direction 
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Figure 1 6 . Symmetry of Loading in  the Longitudina l  D i rection ,  Anti-symmetry of Loading 
in  the Transverse Direction 

F igure 1 7 . Anti-Symmetry of Loading in  Both the Longitud ina l  and Transverse 
Directions 
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three-span model .  More importantly for purposes of  reducing the model s ize , i t  i s  a lso 

possible to arrive at  the same resu lt by superimposing four analyses us ing on ly a 

quarter of the model as long as the each of the boundary condit ions described in  the 

preceding paragraph are appl ied in  one of the analyses . 

By superimposing these four cases it is possible to ascertain the effect of a 

concentrated load source anywhere on the three spans of interest by model ing on ly one 

quarter of the total continuous structure .  It is merely · necessary to add and subtract 

stresses to cancel unwanted loads whi le s imultaneously lett ing the cases sum to un ity 

for the desired loc:td position ,  provided that position has been evaluated in the four  

reduced models .  

The model used i n  the analysis accounts for the presence of stiffeners and the 

varying of flange th ickness along the length of the bridge. Al l  of the g i rders were . 

m odeled using the same geometric properties with the exception of additional  stiffeners 

on the exterior g i rders as d i rected by the bridge plans.  The g i rder flanges,  web ,  

stiffeners ,  and the deck were modeled us ing Marc's type 75 element. Element 75 is a 

b i l inear th ick-shel l  e lement. Th is element is comprised of four nodes which each have 

six degrees of freedom.  B i l inear interpolation is used for the coord inates ,  d isplacements 

and rotat ions.  This element was chosen for two reasons ;  it is relatively s imple and 

efficient,  and the element is wel l  su ite(:! to the analysis of complex plate structures .  

The d iaphragms were modeled using two node 3-D truss elements . The particular. 

e lement chosen was Marc's element type 9. The only stiffness modeled by th is e lement 

is axia l  stiffness ; therefore ,  bending stresses were not accounted for in  these members .  

Severa l  assumptions were necessary in order t o  perform the ana lysis .  No attem pt 

was made to account for possible cracking or exist ing cracks in  the deck concrete . The 

deck was modeled as a homogeneous isotropic shel l  with a constant th ickness of 8 
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inches. Modulus of elasticity of the concrete was computed using the basic ACI equation 

[American Concrete Institute , 1 995] assuming concrete with a un it weight of 1 45 pounds 

per cubic foot and a compressive strength of 4000 pounds per square inch. At service 

load it was assumed that the deck and g i rders were fu l ly composite . Supports were 

assumed to provide vertical restraint only ;  restraint in  other d i rections was provided only 

as necessary to mainta in a stable structure .  Care was taken to ensure that restra ints d id 

not induce ax ia l  stress . 

3.2.2.2 Finite Element Loads. Loads were appl ied in  a manner s imi lar  to the grid 

ana lysis. The truck footprint was appl ied at 1 6  locations each on the shoulder, right 

lane, and left lane. The first data point corresponds to the rear wheels of the truck on 

the abutment. To generate each succeed ing data point ,  wheel loads were stepped at 

1 8 .75 ft intervals along the bridge deck. Wheel loads were appl ied d i rectly to the shel l  

e lements model ing the deck. 

3.3 Field and Analytical Test Results 

Comparisons between field test and analytica l resu lts are made on the basis of 

stresses . I n  the case of the field test results , stresses are computed from measured 

stra ins assuming that the measured stra ins are principal stra ins .  I n  the case of the grid 

analyses , stresses are computed from output g i rder moments _us ing s imple beam 

theory. For the fin ite element ana lyses , requested outputs were· principal stresses at 

e lement centroids.  

In the figures which fol low, a cross section of the bridge is shown at the top of the 

sheet. In th is cross section , the truck is placed in the correct transverse posit ion for the 

data plotted below. Dimensions from the side barrier to the truck wheel are approximate 

for those load cases where the truck is moving ,  and assume that the truck is in the 

m iddle of the driving lane. Gage numbers correspond ing to the legend for the p lot are 
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shown on the cross sect ion. Gage numbers on the cross section apply only to the plot 

immediately below that cross section ,  not necessarily to the plots shown i n  any other 

figures.  

The grid model does not include i nd ividual  crossframe members ,  so data for 

crossframes are not included in  the plots of the grid ana lysis data . Also, i n  the grid 

a nalys is ,  stresses on opposite s ides of the same flange are identica l ,  so data a re 

reported as a s ing le gage. 

3.3.1 Test Truck 

I n  the fol lowing figures,  a l l  data from the field measurements a re presented first, 

fol lowed by al l  data from the grid ana lyses,  fol lowed by al l  data from the fin ite e lement 

a na lyses . Field data are presented in  the same chronolog ical order as the tests were 

conducted . I n  a l l  figures except 29, 36, 48,  and 50, the range of the vertical axis . is -2. 

ksi to +2 ks i ;  in F igures 29 and 36 the range is -2 ksi to +3 ksi and in Figures 48 and 50 

the range is -2 ksi to +2.4 ksi .  The choice of ranges is based on a desire to be 

consistent between figures to a l low easier visual comparisons while at the same t ime 

provid ing sufficient deta i l  with in  each figure .  

Resu lts for Group 1 are shown in Figures .1 8  through 22 .  Recal l  that  Group 1 

gages are in the negative moment reg ion north of pier 1 .  Note that bottom flange 

stresses are compress ive whi le top flange stresses are tensi le (as expected in  a 

negative moment region) and of a smal ler magnitude than bottom flange stresses. Th is .  

behavior ind icates that the g i rder is acting compositely with the concrete deck, even in  

the negative moment reg ion.  Also note that the stresses are very low, with the h ighest 

recorded stress magn itude being 1 .2 ksi .  

F igures 1 8  and 1 9  are for the truck in the  static load posit ion .  The stat ic position  

has the truck parked with its m iddle axle d i rectly above the Group 2/3 crossframe ,  not 
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Figure 2 1 . Truck Moving at 5 mph in Shoulder, from Measurements at Group 1 Location 
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Figure 22. Truck Moving at 25 mph in Right Lane, from Measurements at Group 1 Location 
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above the Group 1 crossframe. There is very l ittle fluctuation in  the data over the 

recorded t ime interval ,  indicating that the gages are working properly.  It was expected 

that data from gage 1 would closely match data from gage 2 ,  and data from gage 3 

would closely match data from gage 4 s ince these gages are on opposite sides of the 

same flange. It can be seen that gages 1 and 2 provide a lmost identical output wh i le 3 

and 4 d iffer by at most 0 .4 ksi ,  providing further support for the va l id ity of the fie ld data . 

Also as expected , stresses at 3 and 4 are h igher than at 1 and 2 when the truck is i n  the 

shoulder, whi le stresses at 1 and 2 are higher when the truck is in  the right lane.  

Figures 20 through 22 show the variation of stress with t ime as the truck moves 

a long the bridge. S ince it was necessary to preset the t ime interval for data col lection 

and manual ly trigger the system as the truck approached , data col lect ion may not begin  

exactly as the truck enters the bridge or end  exactly as the  truck moves off the 

continuous three-span segment. Also notice that in  Figure 22, data points are more 

widely spaced than in  Figures 20 and 2 1 . Th is occurs because the truck velocity was 

greater in  Figure 22. Data are col lected every 0 . 1 25 seconds regard less . of tr�ck 

velocity, so fewer points are col lected when the truck spends less t ime on the bridge.  

Compari�on of static and dynamic data shows that the absolute maximum flange 

stress at each gage under dynamic load is in  c lose agreement with correspond ing flange 

stresses measured under static load.  This indicates that dynamic ampl ification of 

stresses was neg l ig ible and that the static truck was properly positioned to produce the 

greatest effect in  the flanges. 

Comparison of the data a lso shows that the static truck was not properly posit ioned 

to produce the greatest effect in  the crossframe members .  As can be seen in  F igure 20, 

crossframe stresses reach a maximum when the truck is  d i rectly above the 

instrumented crossframe.  Recal l  that the static truck is above the G roup 2/3 

57 



crossframe,  not the Group 1 crossframe currently under consideration .  Crossframes 

are loaded by d ifferential d isplacement of adjacent g i rders ,  and such displacement 

would be greatest when the load is long itud inal ly posit ioned above the crossframe.  

Results for Group 2 gages are shown in Figures 23 through 28 .  Group 2 gages 

are under the left lane and left shoulder in  the positive moment region between piers 1 

and 2 .  As expected ,  bottom flange stresses are positive and top flange stresses a re 

negative and smal l .  The highest stress range (sum of peak compressive and tensi le 

stresses) measured in  any g i rder is 2 .4 ksi ,  as seen in  Figure 27. Crossframe stresses 

peak at the same t ime as the flange· stresses and are greater than the flange stresses 

when the truck is  not over the instrumented g i rders .  However, the maximum stress of 

2 .0  ksi occurs in  the bottom flange when the truck crosses the bridge at 25 mph in  the 

left lane. S im i lar to the Group 1 gages, comparison of Figure 24 with Figures 25 and 26 . 

provides no evidence of dynamic ampl ification of stresses. 

Results for Group 3 gages are shown in  Figures 29 through 36. Group 3 gages are 

under the right lane and shoulder at the same longitudinal  posit ion as the Group 2 

gages . Through a l l  the figures for Group 3, the obviously erratic behavior of gage 2 

ind icates a problem with i nstal lat ion and requires that a l l  data from th is gage be 

d isregarded . It a lso appears ,  in Figure 34, that gage 3 is fa i l ing ;  . data from Figure 34 

are replotted in Figure 35 without gages 2 and 3 .  

Many of  the same observations made on the basis o f  the Groups 1 and  2 data can . 

be made from the Group 3 data . Under the static load , the bottom flange stresses are 

positive and much larger than the top flange stresses . The h ighest stress of 2 .6  ksi 

occurs in  the outside g i rder when the truck is parked in  the shoulder over the 

crossframe.  The h ighest stress range measured in any g i rder with substandard welds is 

approximately 1 . 9 ksi ,  as seen in  Figures 31 and 32. There is no evidence of dynamic 
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Figure 25 .  Truck Moving at 5 mph in Right Lane , from Measurements at Group 2 Location 
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Figure 26.  Truck Moving at 25 mph in  Right Lane, from Measurements at Group 2 Location 
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Figure 27. Truck Moving at 25 mph in  Left Lane, from Measurements at Group 2 Location  
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Figure 28.  Truck Moving at 40 mph in  Left Lane, from Measurements at Group 2 Location 
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,. amplification of stresses, but the number of minor stress cycles associated with a truck 

crossing increases as velocity increases. Crossframe stresses are very low when the 

truck is directly above the instrumented girders (Figures 29 and 36), but equal or exceed 

the flange stresses when the truck is in the lane adjacent to the instrumented girders. 

The crossframes act to distribute the load when one girder is more heavily loaded than 

its neighbors. 

An additional static test was performed after the Group 3 dynamic tests to 

determine if gage responses other than 2 and 3 had changed. In Figure 36, gage 2 

continues to show evidence of instability while gage 3 appears to be functioning 

properly. The problerl"! with gage 3 may only show itself when the bridge and leadwires 

are moving under load. Gage 4 appears to have slipped or shifted, showing a stress of 

2.0 ksi in  Figure 29 and a stress of 0.5 ksi in Figure 36. . 

Figures 37 through 42 show results of grid analyses which were conducted for 

comparison to. field data. Recall that the four members making up a crossframe were 

lumped into one bending element for the grid model, so crossframe stresses �quivalent 

to the field data are not available from the grid model. Also recall that, from the grid 

analysis, stresses at gage 1 are exactly equal to stresses at gage 2 and stresses at 

gage 3 are exactly equal to stresses at gage 4, so only gages 1 and 3 are shown on the 

plot. It should also be noted that all of the analyses conducted are static analyses, 

which should provide a valid comparison since the field data showed no evidence of 

dynamic amplification of stresses. 

Figure 37 compares to Figures 20 and 22, 38 to 21 , 39 to 25 and 26, 40 to 27 and 

28, 41 to 31 and 32, and 42 to 33 and 35. Both the shape of the curves and the peak 

magnitudes are remarkably similar. The maximum stress computed with the grid model 

is 1 .7 ksi, and the maximum stress range is 2 . 1  ksi; both can be seen in Figure 4 1 .  The 

73 



2.0 

1 .8 

1 .6 

1 .4 

1 .2 

1 .0 

0.8 

0.6 

0.4 

·u; 0.2 
� 
Iii 0.0 I/) 
IE 

-0.2 
-VJ 

-0.4 

-0.6 

-0.8 

-1 .0 

-1 .2 

-1 .4 

-1 .6 

-1 .8 

-2.0 
0 

I I I I I I I I I I I I I I - - r - - r - - 1 - - 1 - - 1 - - 1 - - 1 - - T - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - -
1 I I I I I I I I I I I I I 

- - r - - r - - r - - r - - T - - T - - T - - � - - � - - � - - , - - � - - � - - � - -

1 I I I I I I I I I I I I I 
- - t- - - t- - - t- - - t- - - �- - + - - + - - + - - + - - � - - � - - � - - � - - �- -

1 I I . I I I I I I I I I I I 
- - � - - � - - � - - � - - + - - + - - + - - + - - 4 - - 4 - - 4 - - � - - � - - � - -

. I I I I I I I I . I I I I I I 
- - � - - � - - � - - + - - + - - + - - + - - + - - + - - 4 - - � - - �- - � - - � - -

I I I I I I I I I I I I I I 
- - L - �� - - � - - L - - � - - � - - + - - + - - 4 - - 4 - - 4 - - � - - � - - � - -

I I I I I I I I I I I I I I 
- - L - - L - � L - - L - - L - - L - - � � - i  _ _  i _ _  J _ _  J _ _  � - - � - - � - -

. I I I I I I . 1  I I I I I I I 
_ _  L _ _  L _ _  L _ _  L _ _  l _ _  l _� � - - � - - i - - � - - � - - � - - � - - � - -

1 I I I I I I I I I I I I I 
_ _  L _ _  L _ _  L _ _  l_ _ _  l_ _ _  _L_ _ _  j_ _ _  _l_ _ _  l. _ _  _l _ _  _l _ _ I _ _  _J _ _  _J·_j_ I I I I I I I 

I ' I ' I 

I I I I I 
1 - - , - - 1 - - 1 - - 1 - - 1 - - -
1 I . I 

1 - - , - - ...,. - � Gage 1 - -, - - -I I I I I I I I I - - r - - r - - - - r- - - 1 - i - - - - -r - - T - - -r - --e- Gage 3 - 1 - - -

1 I I I I I I I I _...,_ Gage 5 I 
- - r - - r - - r - - r - - T - - 1 - - T - - -r - - � - - � - _...,_ Ga e 6 - 1 - - -

1 I I I I I I I I I g I 
- - t- - - t- - - t- - - r - - ;- - - + - - + - - -t - - -t - - � - - --t --+ - , - - � - -

1 I I I I I I : I I I I ! : - - � - - � - - � - - + - - + - - + - � + - - + - - 4 - - 4 - - 4 - - � - - � - - �- -
I I I I I I 1 i I I I I I I 

- - � - - � - - � - - + - - + - - + - - + - - + - - 4 - - 4 - - � - - � - - � - - � - - -
I I I I I I I I I I I I I I 

- - L - - L - - � - - L - - � - - � - - + - - � - - 4 - - 4 - - 4 - - � - - � - - � - - -

I I I I I I I I .  I I I I I I 
- - L - - L - - L - - L - - L - - L - - � - - � - - i - - J - - � - - � - - � - - � - -

1 I I I I I I I I 

20 40 60 80 1 00 120 1 40 160 1 80 200 220 240 . 260 280 300 

Distance, feet 

Figure 37. Truck Moving in Right Lane, Grid Analysis at Group 1 Location 
(Compare to Figures 20 and 22) 

74 



2.0 

1 .8 

1 .6 

1 .4 

1 .2 

1 .0 

0.8 

0.6 

0.4 

·c;; 0.2 � 
. u>  

"' 0.0 

� 
-0.2 -

Cl) 

-0.4 

-0.6 

-0.8 

-1 .0 

-1 .2 

-1 .4 

-1 .6 

-1 . 8  

-2.0 

1 2 3 4 

I I I I I I I I I I I I 1 I - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - - 1 - -4 - - 4- -
1 l I I I I I I I I I I I I 

- - r - - � - - r - - � - - � - - � - - T - - T - - � - - � - - 1 - - 1 - - � - - � - -

1 I I I I I I I I I I I I I - - � - - r - - r - - + - - + - - + - - + - - + - - � - - � - - � - - � - - � - - � - -
1 I I I I I I I I I I I I I , 

- - � - - � - - � - - + - - + - - + - - + - - + - - + - - + - - 4 - - 4 - - � - - 4 - - -
. I I I I I I I I . I I I I I I 

- - � - - � - - � - - � - - + - - + - - � - - 4 - - 4 - - + - - 4 - - � - - � - - �- -

I I I I I I I I I I I I I I 
- - L - - � - - � - - � - - + - - � - - � - - � - - � - - 4 - - 4 - - � - - � - - � - -

I I I I I I I I I I I I I I 
- - L - - L - - L - - L - - L - - � - - �� - � - - J  _ _ J __ J _ _  � - - - - - � - -

1 I I I 1 I I I I I I I I I 
�- L - - L - - L - - L - - L - - L - � � - - i - - i - - � - - � - - � - - � - - �- - -

1 I I I I I I I I I I I I I 

c-�-�L�-==-==tl =-=-=ti :;-;;-4.L�-�-�+�-�-�1 =�=-==-�-f-�-�-�.l:rl _ _ J. _ _ -:- _ _  

0 

I 
I I I l : - ry - - , - - , - - - - - - - - -

1 I 1 - - ..,. - - � Gage 1 f- -, - - -
1 I -e- Gage 3 I - 1 - - 1 -.- __.._ Gage 5 f- i  _ _  _ 

__.._ Gage 6 ,_ �- -

Distance, feet 
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(Compare to Figure 2 1 )  
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Figure 39. Truck Moving in Right Lane, Grid Analysis at Group 2 Location 
(Compare to Figures 25 and 26) 
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Figure 40. Truck Moving in Left Lane, Grid Analysis at Group 2 Location 
(Compare to Figures 27 and 28) 
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Figure 41 . Truck Moving in  Right lane, Grid Analysis at Group 3 location 
(Compare to Figures 31 and 32) 
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Figure 42. Truck Moving in Left Lane, Grid Analysis at Group 3 Location 
(Compare to Figures 33 and 35) 
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grid · model provides a relatively simple and effective means of computing flange 

stresses for the bridge under investigation. 

Results of finite element analyses are provided in Figures 43 to 51 . Similar to the 

grid results, Figure 43 compares to Figure 21 , 44 to 20 and 22, 47 to 25 and 26, 48 to 

27 and 28, 50 to 31 and 32, and 51 to 33 and 35. As with the grid analysis, the shape of 

the curves and the peak magnitudes from the finite element analysis are very similar to 

those obtained from measurements. The maximum stress in a grider computed with the 

finite element model is 1 .9 ksi and the maximum stress range is 2.4 ksi; both can be 

seen in Figure 49. 

3.3.2 Normal Traffic 

To monitor stresses carried by the bridge in normal service, it was decided to gage 

the bottom flanges of the plate girders as shown at the top of Figure 52. Gages 1 ,  4, 5, 

and 8 are full bridge strain transducers and 2, 3, 6, a.nd 7 are single element . strain 

gages. All of the gages are located at the Group 2/3 crossframe. 

The bottom of Figure 52 shows the stresses produced by the passage of a tractor­

trailer in the left lane. The weight of the tractor-trailer is not known; based subjectively 

on the "feel" of the bridge vibrations as the truck passed, it was typical of a loaded 

tractor-trailer. As expected, stresses are highest in the girder under the driving lane. 

However, the magnitude of the maximum stress is only 0.9 ksi. There are numerous 

minor cycles superimposed on and following the major cycle. In the cycles which follow 

the major cycle, stresses are actually higher in the girder furthest from the driving lane. 

Vibrations may damp more rapidly in the interior girders. 

Following acquisition of the strain data for the tractor-trailer, the equipment was 

reconfigured for long term data acquisition. In this configuration, the datalogger is 

programmed to count cycles over a two week period for a stress range histogram. A 
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Figure 43. Truck Moving in Shoulder, Finite Element Analysis at Group 1 Location 
(Compare to Figure 2 1 )  
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Figure 44. Truck Moving in Right Lane, Finite Element Analysis at Group 1 Location 
(Compare to Figures 20 and 22) 
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Figure 45. Truck Moving in  Left Lane, Finite Element Analysis at Group 1 Location 
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Figure 46. Truck Moving in Shoulder, Finite Element Analysis at Group 2 Location 
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Figure 47. Truck Moving in Right Lane, Finite Element Analysis at Group 2 Location 
(Compare to Figures 25 and 26) 
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Figure 51 . Truck Moving i n  Left Lane, Finite Element Analysis at Group 3 Location 
(Compare to Figures 33 and 35) 
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Figure 52. Tractor-Trailer in Left Lane, from Measurements at Gages Shown 
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rainflow counting algorithm is used to decompose the variable amplitude stress-time 

history into constant amplitude cycles [Downing et al, 1 982]. All equipment and wiring is 

clamped to the plate girders under the bridge so that it cannot be seen from the 

roadway. After two weeks, the datalogger is reconnected to a microcomputer on the 

bridge deck and information is downloaded for analysis. 

The datalogger stores histograms for each gage for each twenty-four hour period 

beginning on the first midnight after the system is activated. In this particular case, the 

first histogram stored was for Tuesday, February 1 ,  1 994; the last was for Monday, 

February 1 4, 1 994. A typical stress range histogram is shown in Figure 53. Gage 

numbering correspond.s to that shown in Figure 52. 

In addition to generating a histogram from the collected data, the datalogger is 

programmed to compute and store the maximum stress range, the effective s�ress 

range, and the average number of cycles per hour for each 24-hour period. This 

information is shown with the histogram in Figure 53. The effective stress range is 

based on the root mean cube version of Miner's Rule [Miner, 1 945; Paris et al, 1 963], 

with all cycles included in the Miner's sum. 

Figure 54 shows the variation of effective stress range for each gage over the two­

week period of data acquisition. Gage 7 is obviously out of line with the other gages 

and goes completely off scale for a large portion of the record. · The effective stress 

range data is replotted in Figure 55 with gage 7 omitted. Close study of the individual 

gage lines shows that gage 8 is also behaving erratically. The erratic. behavior of gage 8 

is more obvious in Figures 56 and 57. In Figure 56, gage 3 also behaves erratically for 

a short time, but falls back in line over most of the record. Gages 7 and 8 are on the 

exterior girder and may have been damaged by the rain which occurred during the test 

period. It is very unlikely that the exterior girder would have experienced stresses so 
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much greater that the first interior girder. Data from gages 7 and 8 are not considered in 

the assessment of the bridge. 

Data for gages 1 through 6 are replotted in Figures 58, 59, and 60. It can be seen 

that the pattern of variation is similar for all gages. Also notice that the magnitude of the 

stresses is very low. The highest stress range is 5.9 ksi (excluding two data points for 

gage 3 which appear to be an aberration) and the highest effective stress range is 0.96 

ksi. Although these values are much lower than typical design values, they are 

comparable to measurements made elsewhere [Moses et al. , 1 987]. A collection of 21 5 

individual histograms from 41 bridges in 1 1  states yielded a maximum stress range of 

1 0. 5  ksi and a maximum effective stress range of 4.9 ksi; effective stress ranges usually 

fell between 1 and 3 ksi. Low effective stress ranges are caused by the high number of 

small stress range cycles per truck passage, as can be seen in  Figure 52. The 

maximum number of cycles per hour is 606. 

3.4 Laboratory Testing 

3.4. 1 Fabrication of Test Specimens 

Three specimens were prepared for fatigue testing. All three test specimens were 

W1 4x43 rolled beams with one-sided transverse stiffeners attached to the web and both 

flanges. The beam and stiffener material used for fabricating the _test specimens was 

ASTM A36 structural steel. For all specimens, six one-sided transverse stiffeners were 

attached symmetrically about the midpoint of each beam length, where the length of 

each beam was 20 ft. Attaching the stiffeners in this fashion allowed the fatigue testing 

of one beam to result in  two data points at three different stress ranges for a total of six 

possible data points per beam. A diagram showing longitudinal dimensions and stiffener 

locations for a typical test specimen is given in Figure 61 . The stiffeners used on the 

test specimens were steel plates with a width of 3 in. and a thickness· of 3/8 in. The 
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stiffen.ers were attached to ·the web and flanges of each beam with 1/4 in. fillet welds. A 

diagram showing cross-sectional dimensions and weld specifications for a typical test 

specimen is given in Figure 62. 

To provide a basis for comparing test data and to ensure that the test procedures 

yielded results comparable to results reported in the literature, a control was needed. 

One of the three test specimens prepared served as the control . The control specimen 

was prepared by a reputable steel fabrication shop. The fabricator was sent the plans 

and specifications for a typical test specimen. Taking a 20 ft length of a W1 4x43 rolled 

steel beam, the fabricator attached the one-sided transverse stiffeners by welding to the 

web and both flanges. The fabricator attached the stiffeners with 1 /4 in. fillet welds 

using the flux cored arc welding process. Because the test data obtained from the 

control specimen would be compared to the test data obtained from previous tes_ts on 

stiffener details fabricated with quality welds, it was important for the control specimen to 

be fabricated with quality welds. Hence, the fabricator was instructed to use fabrication 

techniques and workmanship conforming to the requirements of the 

ANSl/AASHTO/AWS 01 .5 Bridge Welding Code.' A typical welded joint made on the 

control specim�n is shown in Figure 63. 

The two remaining test specimens were fabricated in the testing laboratory. The 

completed control specimen along with two 20-ft long W1 4x43 plain rolled steel beams 

without stiffeners were transported on a trailer from the steel fabrication shop to the 

testing laboratory. The steel beams obtained from the fabricator were used to make the 

two remaining test specimens. Additionally, several feet of 3-in. by 3/8-in. flat plate 

stock needed for fabricating the test specimens were obtained from a local steel 

supplier, and the welding materials needed for fabricating the test specimens were 

obtained from a local materials distributor. 
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Figure 63. A Typical Welded Joint on the Control Specimen 
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Stiffeners for the two remaining test specimens were fabricated from the 3-in. by 3/8-

in. flat plate stock. A bandsaw was used to cut the plate into stiffeners that would fit 

between the top and bottom flanges of each beam. In addition, the comers on the 

stiffener plates adjacent to the web of each beam were cut at a 3/4-in. by 3/4-in. 

diagonal . This allowed the stiffeners to be placed against the web of each beam without 

interference from the rounded fillets occurring at the intersections of the web and 

flanges. Using a bench grinder, the top and bottom edges of the stiffener plates were 

ground slightly, allowing 1hem to fit firmly against the web and flanges of each beam. 

After fabricating the stiffener plates, they were located along the two 20-ft long plain 

rolled beams. The stiffener locations were measured from the midpoint of each beam 

outward. The locations were identified along the bottom flange of each beam using a 

punch and a colored marker. The stiffener plates were made square with the web and 

flanges of each beam using a framing square and a carpenter's level. 

When the stiffener plates were in place, they were secured by welding both sides of 

the plates to the web and flanges of each beam. The welds were manually produced 

using the shielded metal arc welding (SMAW) process. Figure 64 shows the welding 

equipment used alongside one of the test specimens being welded. As shown in Figure 

64, welding was performed while the webs of the beams were in an upright position. 

Welding was performed with the beams in this position to simulate field welding a girder 

detail on an existing steel bridge. The power source used for welding was operated at 

200 amps of alternating current, and the electrodes used for welding were 1 /8-in. 

diameter E601 1 rods. The electrodes were left exposed to the laboratory environment 

for several days prior to welding. 

To properly represent the field welds being evaluated, the welding performed on the 

two specimens fabricated in the laboratory was to be sufficiently poor as to produce 
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Figure 64. Welding a Test Specimen 
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substandard welds. Poor quality welds containing excessive discontinuities were 

obtained by sim ply using substandard welding techniques. Electrodes were left 

exposed to the laboratory environment for several days prior to welding to allow the flux 

to absorb moisture from the atmosphere. Welding with excessive arc current and with 

electrodes high in hydrogen content aided in producing substandard welds. The failure 

to preheat also encouraged welds with poor quality. Furthermore, the laboratory 

technician responsible for welding the details was instructed to produce poor quality 

welds by moving the electrode in and out at several locations. Manipulating the' 

electrode in this manner was intended to sim ulate the movement that would occur while 

welding to a bridge with traffic present. The com bination of poor welding techniques 

employed resulted in welds with excessive discontinuities. A typical welded joint made 

on one of the test specimens fabricated in the laboratory is shown in Figure 65. 

On one of the test specimens fabricated with poor quality welds, an attempt was 

made to repair a welded joint at one of the stiffener details. The stiffener detail selected 

was located closest to the midpoint of the beam where stress range would be the 

highest. Furthermore, the welded joint selected was located at the intersection of the 

. 

stiffener plate and the tension flange of the beam, where obvious undercut was present 

in the flange. Repair was accomplished by grinding along the fillet welds joining both 

sides of the stiffener plate to the tension flange. Both weld material and flange material 

were reduced by grinding until undercut was removed and a smooth transition was 

obtained. This helped to minimize stress concentrations and reduce weld 

discontinuities. By grinding, the flange thickness was reduced by a maximum of 0.044 

in. The ground joint is shown in Figure 66. Grinding was performed using both a rotary 

burr grinder and a small disc grinder. The pneumatically powered rotary burr grinder 

was used to quickly remove the majority of unwanted material. The electrically powered 
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Figure 65. A Typical Welded Joint with Substandard Welds 
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Figure 66. Repaired Joint 
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disc grinder was used to smooth out scratches left by the rotary burr grinder. 

Completely grinding the welded joint took approximately 1 5  minutes. 

Before testing, the three specimens were fitted with strain gages so that actual 

stress ranges could be determined. Strain gages were placed along the inside of the 

tension flange of each beam. More specifically, strain gages were placed approximately 

4 in. away from the stiffener details and approximately 1 in. from the edges of the 

tension flange. The strain gages were placed on each side of the tension flange. The 

diagram in Figure 67 shows the strain gage configuration at a stiffener detail. 

3.4.2 Fatigue Test Apparatus 

All specimens were tested on simple supports. The rotational freedom of the simple 

supports was provided by a cylindrical roller trapped between two thick plates. The 

plates were rounded to accommodate the cylindrical roller. The rounded plates and the 

cylindrical roller were thoroughly coated with grease to reduce friction. To prevent 

unwanted movement of the test specimen, threaded fasteners held the specimen firmly 

against the simple supports. Figure 68 shows a side view of the sin:iple supports. All 

specimens were tested on an 1 8  ft span with two-point loading where the distance 

between the load points was 5 ft. The load configuration is shown in Figure 69. At the 

load points, rotational freedom was allowed by a rotational mechanism similar to that 

used on the simple supports. 

Loads were applied by a hydraulic actuator and were distributed to the two 

locations on the test specimens through a spreader beam. The servo-controlled 

hydraulic actuator operated between 0.6 and 2.7 cycles of load application per second 

with a maximum capacity of 50 kips. The servos were commanded by an electronic 

control unit near the test site, and the actuator was activated by a hydraulic pump 

located beyond the test site. The hydraulic actuator was supported above by a steel 
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Fig u re 67. Strain Gage Configuration on Test Specimen 
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Figure 68. Simple Support 
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frame. The frame and the simple supports were securely fastened to a reinforced 

concrete reaction floor. For safety, side rollers attached to the columns of the frame 

were positioned against the web of the spreader beam to prevent possible buckling. 

The test setup is shown in Figure 70. All components of the test setup such as the test 

frame, the simple supports, and the spreader beam were designed to withstand the 

numerous load cycles required to fatigue test the three specimens. 

3.4.3 Test Procedures 

Each test specimen was carried from the fabrication site to the test site and 

manipulated at the test site with an overhead crane. The manual controls on the 

overhead crane allowed each test specimen to be carefully placed into position without 

harming the stiffener details or strain gages. With a test specimen positioned between 

the simple supports and the spreader beam, the web of the test specimen was carefully 

aligned with the center of the load points and all restraining fasteners were tightened. 

Once the specimen was secured, the electronic unit commanding the servos and the 

hydraulic pump was powered . 

Before beginning the fatigue test on each specimen, a static load test was 

performed. These tests were performed while monitoring the strain gages along the 

tension flange of each specimen. For each static load test, the lo�d was increased by 

increments of 5 to 1 0  kips up to a peak value. Once the peak value was reached, the 

load was decreased by increments of 5 to 1 0  kips. Strains were recorded for each 

increment of load and the corresponding stresses were calculated. To determine if the 

test specimen was properly aligned, the actual stresses occurring in the test specimen 

were compared to theoretical stresses, and the strains occurring on each side of the 

tension flange were compared to each other. If improper alignment was suspected, the 

test specimen was simply adjusted until favorable strains were measured. 
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Figure 70. Test Setup 
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On occasion, the fatigue test was stopped, and the static load test was performed 

while monitoring the strain gages. This was done to determine if the test specimen 

needed readjusting. After adjustment, the fatigue test was continued. 

Fatigue testing was performed on the three test specimens starting with the control 

specimen. For all test specimens, the load applied was cor:istant amplitude cyclic 

loading without stress reversal. The load applied through the hydraulic actuator was 

compressive, causing the bottom flange of the test specimens to experience tension at 

all times. The stress range at the stiffener-to-tension flange weld was the controlling 

variable for all fatigue tests. A counter on the electronic control unit recorded the total 

number of load cycles each test specimen experienced. Fatigue testing on each 

specimen continued until a crack occurring at stiffener detail reduced beam stiffness and 

allowed for relatively large deflections. The electronic control unit stopped the hydraulic 

pump when internal circuitry sensed the large displacements of the hydraulic actuator. 

After each crack, the stress range at the stiffener-to-tension flange weld and the total 

number of load cycles to failure were recorded. 

After failure, the cracked flange was repaired so that fatigue testing could be 

continued to obtain cracks at other stiffener locations. The repairs were accomplished 

by splicing across the cracked region. Splice plates with a thickness of 3/8-in. were 

bolted above and below the tension flange with 3/4-in. diameter A325 bolts. The bolts 

were accommodated by drilling holes through the tension flange and splice plates. 

Because of the nature of the fatigue loading, the splice plate details were designed as 

slip-critical connections requiring several bolts on each side of a crack. A typical splice 

plate detail is shown in Figure 71 . 
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Figure 71 . Splice Plate Detail 
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3.4.4 Laboratory Test Results 

The data acquired from fatigue testing the three specimens included the total number 

of load cycles, N, each stiffener detail sustained until failure and the corresponding 

stress range, Srr occurring at each of the failed stiffener details. The stress range was 

calculated at the fillet weld joining the stiffener to the tension flange. The simple 

bending stress formula from strength of materials was used to calculate stress ranges. 

My 
u = -

1 

where u = stress; M = moment; y = distance from neutral axis to stressed fiber; and I = 

moment of inertia. 

Stress range values calculated from the bending stress formula were validated by 

comparing them to stress range values calculated from strain gage readings. As 

previously discussed, strain gages were monitored while performing static load tests. 

For all test specimens, the stress range values calculated from strain gage readings 

varied less than 3.8 percent from the stress range values calculated from the bending 

stress formula. It is therefore reasonable to assume that the stress range values 

calculated from the bending stress formula are reliable. In addition, strains recorded 

near opposite edges of the tension flange at the same locations along the span varied 

less than 3. 7 percent for all test specimens. Hence, twisting of the test specimens was 

minor and torsion need not be considered. These results were observed throughout the 

fatigue tests. 

All failures occurring in the fatigue tests were the result of a crack initiating and 

growing adjacent to the fillet weld joining the stiffener to the tension flange. A typical 

failure is shown in Figure 72. Beams reached the end of their fatigue l ife when the crack 

had destroyed most of the tension flange and deflections had become large. Some of 
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Figure 72. A Typical Crack at a Stiffener Detail 
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the cracks propagated up into the web of the test specimens. A typical crack starting 

from a surface discontinuity at the toe of the fillet weld is shown in Figure 73. The cross­

sectional view presented in Figure 73 is for a typical stiffener detail on a test specimen 

fabricated with substandard welds. The region where slow growth prevailed over a large 

portion of the life is apparent from the smooth fracture appearance [Fisher et al., 1 974). 

The load cycles to failure and the stress range data obtained from each test 

specimen are shown in Table 4. The results for the control specimen are in close 

agreement with. those presented by Fisher et al. [1 974). Recall ing from an earlier 

discussion, data were accumulated by Fisher et al. in numerous tests examining the 

fatigue strength of stiffener details. In Figure 74, the data obtained from fatigue testing 

the control specimen is compared to the curve generated from a l inear regression 

analysis of Fisher's data. The close agreement between the results for the control 

specimen and Fisher's results indicates the reliability of the test setup and the test 

procedures fol lowed in this study. 

The results obtained from fatigue testing the stiffener details fabricated with poor 

quality welds are presented in Figure 75. Included in Figure 75 are the data points, the 

curve generated from a l inear regression analysis of the data, and the lower bound 

curve derived from the approximate 95 percent confidence limit for the data. The fatigue 

limit for the stiffener details with substandard welds was not clearly defined; however, 

one stiffener detail sustained over 4.9 mil lion load cycles at a stress range of 1 3.2 ksi 

without failure or visible crack growth. Fatigue testing of the specimen containing this 

stiffener detail was stopped as a result of fatigue cracks occurring elsewhere along the 

span. 

In Figure 76, the data for the stiffener details having poor weld quality are plotted 

along with the AASHTO fatigue curves for Category C and D details. Also shown in 
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Figure 73. Crack Surface at a Stiffener Detail 
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Table 4. Fatigue Test Data 

Specimen No. Stress Range, Sr (ksi) Cycles to Failure, N 

1 -control 27.6 322,51 0 
27.6 332,41 0 
21 .2 828, 1 70 
21 .2 842,630 

2 27.6 59,260 
27.6 80,320 
21 .2 1 04,650 
21 .2 549, 1 50 
1 2.7 2, 1 05, 650 

3 1 7.2 625,700 
1 7.2 625,700 
1 3.2 2,201 , 5 1 0  
1 3 . 2  4,964,770* 

*No fai lure. 

1 22 



40 

35 

30 

-:::-.,, 25 .::it. -
vt 

. log 
.. 
0) 20 c 

. ( reg1 
..... N 

0 IX I 

w .,, .,, CD ... -(/) 
1 5 I 

' 

I 

1 0  
1 04 

·,Fig ure 7 4. 

� 

"" 
""" . 

"" 
" 
� 

"" 
"' 
! I' ' N - 1 0 !: 95 - 3.5i 15 · lo � s, - b, es· io n I i  111  1 from Fhi h e r  • t a .) '" 

� 
I I 

I 
, I 

� 
' ""' 

I ' 

1 05 1 01 
Cycles to Failure, N 

Com parison of Control Specimen Test Data and Fatigue Curve 
Generated by Fisher et ai. 

' 

"' 
['.... 

f', I' 
I'!'\ 

1 07 



vr 
CJ) 0 -. 
� ";;;' 
,.;.. c . -... .-
I 0 

VJ N en 
N --
� 5, 
.... � 
.... _ 

I I  
z 
CJ) 0 

� / 
_7 
"7 , 

/_/ 

J / 
rn / , ;:; / I  

_ 
d I 

0 "'"/ / 
//'-.. /1 1 ... 

/ I/I -I' 
// 
/ () 

-
CJ) ·e o _  - -. 

N Q) CD U LO C • '  Q) .q. "O 
-I c 

- .., --
0 Q) 
.... 0 

/,'µ -� 
I II 

/;/ 
VI 

I 

0 ,,., 

, 

LO N 0 N 

II 0 ... 
.&. � CJ) 0 
� -

(!S>t) JS 'e6uo� SS8JlS 

124 

.... 0 

1 ..._, 
/ /1' cf1' en "tJ 

CD 
� 

v/ 
/ 

"tJ ... c "tJ c 
IO c 
0 -

en .... .D � Ill 
z � -
Q) i ... :J en 
0 c ·-LL. CD 0 0 - ... CD cn c Q) CD 
u -->- ·-

u -Ill 
... 

.,, 0 
0 -

c 
'C 0 
-en CD ..... 

If) " 
CD 
"-� 
CJ) 
L:: 

• 0 
0 



/ / 
I/ 

/ 
v 

I 
I 

I 
I/ 

1 I 
'-' / 

/ / 

... /y 
,,. 

o/ CJ) 
0 � . 

lf// 
C? ....... 
,,, u 

I � / � � 
...... ::::' / 
� �  / I -- ,, /. / 
II ._. /�n I ... v 

0 /  I/ - I / z 
CJ) / ';/ ..... 

/ / I y / 
" 

/ �/� 1\. / / I en ....... 

�' () 
= 

� E · 

v 

I 
I/ 

/ v ,...,. / 
/ 

/ 
I 

/ 
I 

0 ,,, 

....... / 
_/ 
)IJ 

, 

/ 

I() N 0 N 

- -
- -· ill u 
"? � "q' "'O 

·-

I c 0 "' u 
N 0 QJ 
..... 0 ..... E 

·-" )( u .... 
z a. a. 
CJ) 0 o -

(JS>t) JS 'e6uo� SS8J�S 

125 

I() ..... 

/ 
L 

/ "'-I 
... 

lTI 
OJ 0 
. 

C? � 
� 

I � 0 - -
- QJ ,,, -,,, 0 

· u  en ._.  
I I  

z 

�· -

0 

ID 0 ..... 

,,, 0 ..... 

• 0 

z 
� 4D .... 

:J -0 � 
0 -
Cll 4D 
u >-u 

.,, ., 
� :I 0 
., :I 
� -0 � 
0 
I-:::c V1 
� 
0 -
ti -0 0 

-.,, ID I-
-0 
c 0 ... 

'i: 0 Q. 
E 0 0 

co ,.... 
ID .... :I CJ) 
L: 



Figure 76 is the lower bound fatigue curve derived from the approximate 95 percent 

confidence limit for the test data. Most of the test data for the stiffener details having 

poor weld quality fall below the fatigue curve for an AASHTO Category C detail. In 

further comparison, the slope of the fatigue curve for the stiffener details with poor weld 

quality is 4.56 whereas the slope of the fatigue curve for an AASHTO Category C detail 

is 3.0. The lower bound fatigue curve derived from the approximate 95 percent 

confidence limit for the test data intersects the fatigue curve for an AASHTO Category C 

detail at approximately 1 2.0 ksi. Thus, the fatigue strength of stiffener details fabricated 

with substandard welds is lower than the fatigue strength of AASHTO Category C details 

at stress ranges grea�e:r than 1 2.0 ksi. Recalling that the lowest stress range examined 

in the fatigue tests was 1 2. 7 ksi indicates further testing at lower stress ranges would 

help to completely define the fatigue curve. However, since the tests conducted appear 

to be approaching the fatigue limit, the time required to _completely define the curve may 

be excessive. 

As previously discussed, an attempt was made to repair one of the stiffer:ier details 

on· a test specimen fabricated with substandard welds. On this test specimen, the 

repaired stiffener detail and one other stiffener detail experienced the same stress range 

of 1 7.2 ksi. I ronically, both specimens failed at the same number of load cycles 

indicating the - repair was ineffective. These test results may be explained by relying on 

an investigation by Gregory et al. [1 989]. Recalling from earlier discussion, Gregory 

conducted fatigue tests on stiffener details that were repaired by rotary burr and disc 

grinding. Although Gregory obtained favorable results showing increases in fatigue 

strength, Gregory's tests involved stress ranges much lower than 1 7.2 ksi. Thus, it 

seems reasonable to assume the repairs on the test specimen would have been more 

effective on a stiffener detail subjected to a lower stress range. 
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3.5 Fatigue Life Estimation 

I n  this section two different approaches are used to estimate the remaining fatigue 

life of the U.S. 69 bridge. In the first approach, applied stress range and number of 

cycles are based on field measurements made under normal traffic. In the second 

approach, the stress range is obtained by analyzing the bridge under the AASHTO 

fatigue truck and the number of cycles is based on the estimated traffic volume. 

In both approaches, the computed fatigue life is based on the results of the fatigue 

tests on stiffener details fabricated with substandard welds. In Figure 75, the curve 

generated from a linear regression analysis of the fatigue test data, and the lower bound 
.. 

curve derived from the approximate 95 percent confidence limit for the fatigue tes� data 

are presented. The logarithmic equations defining these curves are also presented i n  

Figure 75. The slope and intercept values shown in these equations are used below to 

calculate the remaining fatigue life of the U.S. 69 bridge. 

3.5.1 Effective Stress Range From Normal Traffic 

The remaining fatigue life calculation for the U.S. 69 bridge follows from the fatigue 

evaluation procedures presented in Section 2.5. The procedure:s in Section 2.5 may be 

used to calculate either remaining mean life or remaining safe life .  The remaining mean 

life calculation for the U.S. 69 bridge uses the mean curve which is equivalent to the 

fatigue curve generated from the linear regression analysis of the test data shown in 

Figure 75. The remaining safe life calculation for the U.S. 69 bridge uses the allowable 

curve which is equivalent to the lower bound fatigue curve derived from the approximate 

95 percent confidence limit for the test data shown in Figure 75. As given in Section 

2.5, remaining mean life and remaining safe life are calculated from Equation 2. 1 .  
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yf = 

f 
K x 106 _ 8 

T,C(R,S, )b 

The effective stress range, S,, at specific locations along the bridge is calculated from 

stress range histograms. Stress range histograms were obtained from field 

measurements on the bridge under normal traffic. The highest effective stress range 

measured on the U.S. 69 bridge was 0.96 ksi. This effective stress range occurred in 

girder 7 (Figure 1 ), which was not a girder involved in the bridge widening. The next 

highest effective stress range of 0.95 ksi occurred in girder 9, which was subjected to 

substandard field welds. 

The grid analysis indicates that, of the girders subjected to substandard welds, 

girder 9 is expected to support the greatest positive moment range for the truck position 

limited to the driving lanes. Girder 1 0  supports a greater moment if the truck is allowed 

on the outer shoulder, but it is reasonable to assume that the number of cycles involved 

in this type of loading will be low. The maximum moment in girder 9 occurs in the first 

span of the three span unit; but since the section modulus is higher in the first span, the 

maximum stress occurs in the middle span. As a result, the critical stress range for 

estimating the fatigue life of the bridge is the measured 0.95 ksi stress range. 

The effective stress range is computed from all of the stress cycles applied at a 

point on the bridge, including the minor vibration cycles. Therefore, the number of 

cycles used in the fatigue life .estimate should be based on this total cycle count rather 

than the average daily truck traffic. The number of cycles per hour associated with the 

0.95 ksi effective stress range is 5 1 3. The resulting number of cycles per day is 1 2,312 .  

Although the fatigue limit is  not defined in  this research, i t  is expected that 0.95 ksi 

is below the limit for the detail of concern . However, it will not be automatically assumed 

that the detail has infinite life. Research has shown [Fisher et al . ,  1 983; Zwerneman et 
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al., 1 988) that if any stress cycles applied to the bridge are above the threshold, au of 

the cycles will be damaging. Since the substandard welding has reduced the threshold 

and it is possible that a future stress range will exceed the 5.9 ksi stress range 

measured, all cycles must be assumed damaging. 

The number of cycles counted above is based on the present average daily truck 

volume. It is expected that truck traffic will increase with time, causing the number of 

cycles per day to increase. In Section 2.5.5 of this report a procedure [Moses et al . ,  
. 

1 987) is presented for computing the lifetime average daily truck volume from the 

present average daily truck volume. The same procedure will be used here to compute 

the lifetime average cycles per day from the present cycles per day. 

The annual growth rate is determined from Table 3. For a rural U.S. route such as 

U.S. 69, the growth rate value is 2.87 percent. This value is rounded up making the 

annual growth rate, g = 3.0. The U.S. 69 bridge was originally constructed in 1 963 

making the present age of the bridge, a = 32 years. Applying the values determined for 
. . 

T, g, and a to Figure 6 gives a truck volume ratio (T ,IT) of approximately 1 .2 an� a 

lifetime average cycle count of approximately 1 4,774 cycles per day. 

To determine the remaining safe life, the reliability factor, R •• is calculated from 

Equation 2.3, 

Because the effective stress range, Sn was determined from stress-range histograms, 

F.1 = 0.85 and F,2 = Fs3 = 1 .0. Since the most critical stiffener detail is attached to a 

redundant member, R'° = 1 .35. Substituting these values into Equation 2.3, 

R, = 1 .35 (0.85)(1 .0)(1 .0) = 1 . 1 5  

To determine the remaining mean life, the reliability factor, R, = 1 .0 
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The fatigue curve constants (K, b, and f) are · obtained from the fatigue curves 

presented in Figure 75. From Figure 7�, the equation defining the lower bound curve 

derived from the approximate 95 percent confidence limit for the test data is given in the 

form of Equation 2.5: 

logN = logA - b · logs, 

where log A has a value of 1 1 .027, and A has a value of 1 . 064 X 1 011 • Using the 

intercept, A, the fatigue curve constant K is calculated from Equation 2.6: 

K= 
A 

= 
1 .064 x 1 011 

= 292 
365 x 1 06 365 x 1 06 

Also from Figure 75, the slope b has a value of 4.562. 

To compute the r�maining safe life, .f = 1 .0. To compute the remaining mean life, f 
= 

the ratio of the mean curve intercept, A ', and the allowable curve intercept, A. As .
. 

discussed above, the mean curve and the allowable curve are the curves shown in 

Figure 75. The intercept A '  for the mean curve has a value of 2.642 X 1011 • Thus, the 

ratio, f, used to compute the remaining mean life is determined as 

. .  . .  f = 
2.642 x 1 011  

= 2.48 
1 .064 x 1 011  

The final step in the fatigue evaluation procedures is to calculate the remaining 

mean life and the remaining safe life. The variables determined above for the U.S.  69 

bridge are substituted into Equation 2. 1 :  

The remaining safe life is 

Y = 
1 ·0 · 292 x 1 06 - 32 = 1 2 553 ears f 

. 14 ,774 · 1 .0(1 . 1 5 · 0.96)4·582 ' y 
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The remaining mean life is 

Y = 
2.48 . 292 x 1 06 

- 32 = 59 0 1 7  ears 
f 14,774 · 1 .0(1 .0 . 0.96)4·562 

' y 

From the calculations above, it is clear that the remaining fatigue life of the U.S. 69 

bridge crossing the South Canadian River far exceeds the design life. For comparison, 

when the remaining safe life of the U.S. 69 bridge is calculated using the allowable 

stress range curves for AASHTO Category C, D, and E details, the results are 581 

years, 269 years, and 1 1 6 years, respectively. Furthermore, if the remaining safe life 

desired is 1 00 years, the stress range allowed on the U.S. 69 bridge at the most critical 

detail is 2.61 ksi based on the laboratory curve and 1 .26 ksi based on the AASHTO 

Category D fatigue curve. Fatigue l ives based on AASHTO curves are less than the 

fatigue life based on the laboratory curve because the AASHTO curves fall below the 

laboratory curve at low stress ranges. 

3.5.2 Stress Range From Fatigue Truck 

Remaining fatigue life can also be estimated using the stress range computed for 

the AASHTO fatigue truck loading and the number of cycles based on an estimate of the 

average daily truck volume for the life of the bridge. Since the analysis is static and the 

small vibrational cycles are not present, the computed stress range (based on the one 

major cycle produced by the fatigue truck) will be greater than the measured effective 

stress range (based on a weighted average of all cycles). However, the higher 

computed stress range will be countered by a lower number of cycles. 

The grid model used for comparisons to field measurements can again be used to 

compute stresses, with the fatigue truck replacing the dump truck. The results of the 

analyses are shown in Figure 77. From previous calculations, it is known that the critical 

location is girder 9 at the crossframe 40 ft north of pier 1 .  The stress at this point varies 
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from 0.44 ksi compressive to 1 .39 ksi tensile, resulting in a total stress range of 1 �83 ksi. 

In the fatigue life computation, this stress range is increased by 1 O percent to account 

for impact [Moses et al.,  1 987). 

As discussed in Section 2.5.5, the lifetime average daily truck volume, r •. is 

determined from the present average daily truck volume in the outer lane, T, the annual 

growth rate, g ,  and the present age of the bridge; a. The present average daily truck 

volume in the outer lane, T, is calculated from Equation 2.7, 

T = (ADT) F.,FL 

According to bridge design data provided by ODOT, the present average daily traffic 

volume on the bridg� is 9700 vehicles per day. Since U.S.  69 is a rural highway 

supporting 2-way traffic in 4 lanes, the fraction of trucks in the traffic, F1, has a value of 

0. 1 5, and the fraction of trucks in the outer lane, FL, has a value of 0.45. These values 

are substituted into Equation 2.7: 

T = (ADT) F.,FL = (9700)(0.1 5)(0.45) = 655 trucks per day 

As shown in the preceding section, the truck volume ratio (T /T) is approximately � .2, 

making the lifetime average truck volume, r •. equal to approximately 786 trucks. per day. 

The number of stress cycles per truck passage, C, is determined as shown in 

Section 2.5.3. The U.S.  69 bridge consists of continuous girde� with spans greater 

than 40 ft. Thus, the stress cycles per truck passage, C, has a value of 1 .0. Based on 

one cycle per truck passage and a lifetime average truck volume of 786 trucks per day, 

it is expected that the bridge will see 21 ,520,000 cycles in a 75-year life. This compares 

favorably with a typical 1 0,000,000 to 1 50,000, 000 cycles in a bridge lifetime [Moses et 

al . ,  1 987). 

The reliability factor for computing remaining safe life will be different from that used 

in the preceding section because, in this section, stresses are computed rather than 
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measured. Since the AASHTO fatigue truck is used for loading and stresses are 

computed, F,1 = F,2 = 1 .0; F,3 = 0.96 because lateral load distribution is based on a grid 

analysis rather than approximate tabular values or parametric equations. R:so = 1 .35 as 

before since the member under investigation remains a redundant member. 

Substituting the above values into Equation 2.3: 

R, = (1 .35)(1 .0)(1 .0)(0.96) = 1 . 30 

To compute remaining mean life, R, = 1 .0. 

Fatigue curve constants are the same as in the preceding section. That is K = 292, 

b = 4.562, f = 1 .0 for remaining safe life, and f = 2.48 for remaining mean life. 

Substituting into Equation 2. 1 ,  the remaining safe life is Y, = 4,61 3 years an9 the 

remaining mean life is Y, = 37 ,868 years. This result reinforces the results presented in 

the preceding section. The remaining fatigue life of the U.S. 69 bridge crossing the 

South Canadian River far exceeds the design life. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

Field tests and computer-aided analyses were conducted on the U.S. 69 bridge 

crossing the South Canadian River on the western side of Lake Eufaula. Field tests 

were conducted in two parts. The first part involved measuring strains in girders and 

crossframes as a truck of known weight traveled along the bridge. The second part 

involved measuring strains and counting strain cycles under normal traffic for a two­

week period. Results of the first part of the field tests were used primarily to calibrate _ 

the analytical model. Results of the second part were used to compute an eff�ctive 

stress range for estimating bridge life. 

Based on measured strains, the known truck produced a maximum stress range of 

1 .9 ksi at the critical location on the bridge. This value is low, but is comparable to 

results reported by other researchers conducting measurements on highway bridges. 

The maximum effective stress range at the critical location was found to be 0.95 ksi at a 

current average cycle volume of 1 2,312 per day. 

The bridge was modeled analytically using both a grid and three-dimensional finite 

elements. Results of both the grid analyses and the finite element analyses closely 

match field measurements. The grid analyses indicate a maximum stress range of 2. 1 

ksi at the critical location on the bridge while the finite element analyses indicated a 

maximum stress range of 1 .4 ksi at the same location. 

In addition to the field tests and analytical modeling, laboratory fatigue tests were 

conducted to determine the fatigue life of the critical detail. The tests showed that the 
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details performed at below the AASHTO Category D level for stress ranges above 20 

ksi, but above an extension of the Category D curve for stress ranges below 20 ksi. It 

should be noted, however, that previous research has shown the fatigue limit to be 

approximately 1 4  ksi for details similar to the one tested here. As a result of the poor 

welding procedures employed in fabricating the current specimens, failures did occur at 

stress ranges below 1 4  ksi. Repairing the weld by smoothing the transition between the 

stiffener and the flange did not improve the performance, but the repair was only tested 

at a relatively high stress range. 

Two different techniques, employing combinations of field measurements, analytical 

results, and laboratory .data, were used to estimate the fatigue life of the U.S. 69 bridge. 

Based on these estimates, it is concluded that, for all practical purposes, the fatigue life 

of the bridge is infinite. 

This conclusion is not intended to promote or excuse the poor welding practice 

employed on the subject bridge. It should be recalled that approximately two years and 

tens of thousands of dollars were spent in arriving at this conclusion. It would h�ve 

been much simpler and cheaper to employ proper welding procedures as specified on 

the project drawings. It should also be understood that the same conclusion does not 

extend to all bridges. If the lateral load distribution system had been less effective, it 

may have been necessary to undertake extensive repairs. 

Metal fatigue is not an imagined problem; numerous bridge failures and closings 

have occurred as a result of fatigue, and the fatigue problem is always the result of poor 

detailing or fabrication practice. Poor detailing and fabrication can be excused in 

bridges erected more than 30 years ago, before the fatigue problem was well 

documented, but there can be no good reason for such poor welding practice to occur 

on new construction. 
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