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FOREWORD

This report, FHWA-RD-78-69, prepared under the general
direction of Professor Richard Roberts, Lehigh University,
Bethlehem, Pennsylvania is intended as a workbook to
supplement the accompanying report FHWA-RD-78-68. Together
they provide the highway bridge engineer with examples and
applications of fracture mechanics criteria in order to
develop an understanding and working knowledge of the subject.

Sufficient copies of the report are being distributed to
provide a minimum of one copy to each Regional office, one
copy to each Division office, and two copies to each State
highway agency. Direct distribution is being made to the
Division offices.

ec:rL «jT..j.'/j!/
Charles F. S~i(fey
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the
of Transportation in the interest of information exchange.
States Government assumes no liability for its contents or

Department
The United

use thereof.

The contents of this report reflect the views of the authors, who are
responsible for the facts and the accuracy of the data presented herein.
The contents do not necessarily reflect the official views or policy
of the Office of Research. This report does not constitute a standard,
specification, or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers' names appear herein only because they are con
sidered essential to the object of this document.
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PREFACE

This student workbook is a companion volume to the report entitled

"Fracture Mechanics for Bridge Design." The purpose of the workbook is

to provide the reader with a copy of the figures and tables used in the

development of a basic understanding of Fracture Mechanics as applied

to Bridge Design. These figures and their accompanying captions will

greatly assist the reader in following the material presented in the

accompanying volume. Furthermore, the workbook provides a convenient

method for working problems and examples presented in the accompanying

vol ume.

iii.
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FIGURES - SESSION 1

INTRODUCTION AND OVERVIEW OF

FRACTURE MECHANICS AS RELATED TO BRIDGE STRUCTURES

I.



I-I. Brittle Fracture Surface

a) sudden type of fai lure
b) no warning
c) ni I dueti I ity

NOTES:

2.



1-2. Pt. Pleasant Bridge after. Brittle Fracture

NOTES:

3.



1-3. Closeup of Eyebar in Pt. Pleasant Bridge

NOTES: .
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1-4. Fai led Eyebar

a) brittle behavior
b) ducti Ie behavior
c) yieiding and elastic core

NOTES:

5.



Figure 1-5. Fracture surface of Point Pleasant Bridge
Eyebar

a) flat fracture
b) very sma I I shear I ips

NOTES:

6.



1-6. Critical crack size ~ 1/8-inch

a) stress corrosion or corrosion fatigue
b) non-inspectable

NOTES:
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1-7. Very Low Notch Toughness

a) K1c ~ 40 ksi/in. at +32°F

b) CVN ~ 2 ft Ibs.

NOTES:
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1943

1-8. Historical - World War I I Ships

a) Major Problem

NOTES:
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1-9. Recent 1972 Brittle Fracture

NOTES:

10.



1-10. Comparison of 1943 and 1972 Fai lures
a) distinct differences in materials and loadings
b) resistance factors improved
c) for this fai lure, load factor very high

NOTES:

II.



I-I I. Significant reduction in number of fai lures but
occasionally failures sti II do occur

a) 1967 - Pt. Pleasant Bridge
b) 1970 - Bryte Bend Bridge
c) 1971 - Fremont St. Bridge
d) 1972 - Ingram Barge
e) 1975 - Lafayette St. Bridge

NOTES:

12.



MATERIAL TOUGHNESS
STRESS
TEMPERATURE
LOAD ING RATE
CONSTRAINT
REDUNDANCY
RESIDUAL STRESSES
PLATE THICKNESS
FLAWS
INSPECTION
STRESS CORROSION

1-12. Many Factors Affect Brittle Fracture

a) material toughness g) residual stresses
b) stress h) plate thickness
c) temperature i) flaws
d) load i ng rate j) inspect ion
e) restraint k) stress-corrosion
f) redundancy crack growth

I) fatigue crack growth

NOTES:

13.
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1-13. Basic Transition Temperature Approach

a) some level of toughness at service temp.
(ft Ib, L.E., or % shear)

b) impact loading only
c) smal I scale CVN specimens (or others)
dl no effect of thickness
e) NOT reference point

NOTES:

14.



~
!II~ 0 PLASTIC.........fa
«I~
~ ..~
~~~
"-0"''' ELASTIC-o ..... z PLASTIC
~~~~
~!II1iiii
~~:ll; MACRO UNEAR

ELASTIC (OfTEN
DESIGNATED AS
"PLANE STRAIN"
BEHAVIOR RE

IMPACT LOADING

TEMPERATURE -

1-14. Effect of Loading Rate

a) dynamic
b) intermediate
c) 5 low

NOTES:

15.
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1-15. Design Significance of Loading Rate

NOTES:
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1-16. Example of CVN Shift for A36 Steel

NOTES:
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1-17. Fracture Mechanics Framework

a) stress or loading at service temperature
and loading rate

b) material toughness at service temperature
and loading rate

c) severity of discontinuity or flaw size
(sub-critical crack growth)

d) brittle fracture is not just a material
prob lem

e) fracture mechanics accounts for factors
other than just material toughness

NOTES:
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1-18. Stress Intensity, Kj , ahead of sharp crack

a) KI
b) comparison of plastic zone size to size of

elastic stress field
c) specimen size requirements

NOTES:

19.
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THROUGH THICKNESS CRACK

WHERE Q = 1(0/2c, CT)

EDGE CRACK

1-19. KI Relations for Various Crack Geometries

a) Interaction between a and a
b) KI and K

ic

NOTES:

20.



---\ -- ---
t

_...~< INCREASING MATelIAl.
'- TOUGHNESS ___

-'"' lCOO, .....R1
.. ~..... --- - (fRACTUlE ZOIlEl

l!i ......--__
~ ...... "ICc __ ...... .::! ~ 7nr__I :J--_~ ---="'.""" ~"'~Sl!rt

a~~---""K,. flcr,a)

Go CIt

t«:JlEASING flAW SIZE. 2lI -

1-20. Interrelation Between KI, K1c,a , a

a) Effect of improved toughness
b) Effect of Lower stress
c) Effect of Improved fabrication

NOTES:

21 .
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NOTES:
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1-22. K1c Relation for Edge Crack

a) Comparison of "critical crack sizes at
different stress levels

NOTES:
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1-23. K =Ic
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NOTES:
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° = APPLIED STRESS~ KSI
a = CRACK LENGTH~ INCHES

K = STRESS INTENSITY FACTOR AHEAD
I OF ASHARP CRACK~ KSllfNCH

K = CRITICAL STRESS INTENSITY FACTOR~

Ie KSllfNCH~ AT WHICH UNSTABLE CR~CK
GROWTH OCCURS

PLANE STRAIN = STATE-OF-STRESS UNDER MAXIMUM
CONSTRAINT (THICK PLATES--
0z = v(ox + Oy)

PLANE STRESS = STATE-OF-STRESS UNDER MINIMUM
CONSTRAINT (THIN PLATES--oz = 0)

1-24. Summary of Terms

NOTES:

25.
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1-25.

NOTES:
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similar to cry but effect is greater

26.
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1-26. Critical K (K or K1 ) is a function of thickness
c c

a) plane stress
b) plane stra i n
c) thickness vs. constraint

NOTES:

27.



1-27 .

NOTES:

Actual Flaw Size compared with theoretical flaw size
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NOTES:
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Notch Toughness Tests

a) K1c and Kid
b) CVN
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NOTES:
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1-30. Stress-Intensity ahead of Crack

a) behavior for Klc as CVN and DT
b) advantages of Klc = stress, flaw size rather

than energy
c) analysis valid for many geometries

NOTES:
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1-31. Various K1c Test Specimen

a) CTS
b) Bend
c) Notched Round
d) K1c Value can be used in design

NOTES:

32.
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1-32. Slow-Bend Test Setup

a) K - elastic
c) c6B - inelastic

NOTES:
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1-33. p-~ Record for Elastic Behavior

a) Linear
b) Clear instabil ity

NOTES:
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1-34. p-~ Record for inelastic behavior

a) non-I inear
b) ductile crack extension
c) K1 analysis invalid
d) typical of bridge steels at service

temperatures and loading rates 
fortunately

NOTES:

35.



1-35. Fracture-surface of K1c Test Specimen

a) inelastic behavior
b) shear lips suppressed artifically
c) lateral contraction

NOTES:

36.
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1-37. Fundamental fracture-resistant design approach

a) lower stress
b) improve fabrication
c) use tougher materials
d) engineers knew this, but fracture mechanics

defines trade-offs

NOTES:
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K VALUES FOR BRIDGE STEELS
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1-38. Kl y Values depend on Temperature, Loading Rate,
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NOTES:
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1-39. Effect of Temperature and Loading Rate on Klc
for A572 Steel

a) s I ow
b) intermediate (Ottawa bridge test results

plus others for bridges
c) dynamic

NOTES:
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1-40. Effect of Temperature and Loading Rate on K1c for
A36 Steel

a) Note metallurgical effect as 1imiting
temperature is reached

b) significant improvement in toughness
c) basis of AASHTO for intermediate loading rate

NOTES:
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1-41. Test Results for A588

a) scatter
b) effect of loading rate
c) actual behavior better than guaranteed

minimum

NOTES:

42.



-------40 ---

Kc
KSI v'TN.

80

60
~ ... '"

,n SLOW
'"'"...... 2" SLOW '" ," DY N•

,-

-- -- 2" DYN.

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

20

OL-l-.---:'----~---:7_--~
-80 -40 0 40 80

TEMPERATURE of
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1-43. Fracture Surfaces Showing Effect of Thickness

a) original 2-inch thick plate
b) specimens from cente,-I ine (no metallurgical

effect)
c) shear I ip size similar

NOTES:
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ASTM
Designation

AJ6
ASn

A440
A441
A242
ASSS**

ASI4

Thick.." (In.)

Up to 4 in. mechanically fastened
Up 10 2 in. welded

Up to 4 in. mechanically fastened
Up to 2 in. welded
Over 2 in. welded
Up to 4 in. mechanically fastened
Up to 2\ in. welded
Between 2\-4 in. welded

CVN Impac' Value.!,lh

Zone 1- Zone./" Zone 3·

IS @ 70'F IS@40'F IS @ JOOF
1S@ 70'F IS@40'F IS @ JOOF
IS@ 70'F IS@40'F IS @ JOOF
IS@ 70'F IS@40'F IS @ JOOF
IS@ 70'F IS@40'F IS @ lO'F
IS @ 70'F IS@40'F IS @ lO'F
IS@ 70'F 1S@40'F IS @ lO'F
IS @ 70'F 1S@ 4O'F IS@ 10'F
20@70'F 20@ 4O'F 2O@ JOOF
2S@lO'F 2S@0'F 2S@ -lO'F
2S@ 3O'F 2S@0'F 2S@ -lO'F
lS@ JO'F lS@O'F lS@ -lO'F

·ZOne J: minimum service tcmpcralUre GOF and .bo-we.
Zone 2: minimum scrvice temperature from _Iolo _lOoP.
Zone 3: minimum "nice temperature from -31 0 to -6Q"F.

ulr the yield poin\ of lbe material uccech 65ksi. the tanpen.1Unl for the CVN value for aceep1.llobility sball be reduud by 15"F for each increment or lObi
above 65 lui.

I-52. Table of AASHTO Toughness Requirements

a) Effect of (J

b) Effect of tXfckness
c) Effect of stored elastic energy

NOTES:

53.



CIt
INCREASING FLAW SiZE, 211-

I-53. avera I I FractUie Contro I PI an

a) Materials
b) Design
c) Fabrication
d) Loading
e) Sub-critical crack growth (fatigue,

stress corrosion)

NOTES:

54.



FRACTURE CONTROL PLAN

K = f (<1. /il)IC .

K = MATERIAL PROPERTY
IC

<1 = DESIGN

a = FABRICATION AND INSPECTION

I-54. Fracture Control Plan

a) Materials
b) Design
c) Fabrication
d) Brittle fracture problems wil I not be solved

merely by AASHTO toughness requirements

NOTES:

55.



INFORMATION REQUIRED FOR FRACTURE
CONTROL PLAN FOR BRIDGES

1) TOUGHNESS VALUES OF BRIDGE STEELS

2) FLAW SIZES IN BRIDGE MEMBERS

3) FATIGUE CRACK GROWTH BEHAVIOR

4) FRACTURE TOUGHNESS CRITERIA

I-55. Information Required for Fracture Controi

a) Toughness Values
b) Flaw Sizes
c) Fatigue Behavior
d) Criteria
e) Service experience

NOTES:

56.



FLAW SIZE.a

_-..INITIATlON..----'*"----.,;;..PROPAGATION~

- REGION 1--I+I'~REGION 2 --..., -1-1
I
I
I

NUMB£R OF APPLIED
LOAD CYCLES N -

REGION 1-OlFFICULTY IN
DEFINING FLAW SIZE (DIS
LOCATION MtCROCRACK.
POROSITY, ETC)

REGION 2 - FLAWS CAN
FIRST BE OBSERVED IN
AN ENGINEERING SENSE

REGION 3-CRACK GROWTH
CAN BE OBSERvED

I-56. General Fatigue Behavior

a) Initiation
b) Propagation
c) Unstable

NOTES:

57.



3.0

!
.~ 2.0
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~
~ 1.0

a,,=0.3~.:.-----~--
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20,000 40.000 60,000 80,000

IJ8,OOO '1 NUMBER or CYCLES OF LOADING. N

I-57. Fatigue Crack Growth Curve

al da/dN = Al6Kl m

bl growth is a power function of 6cr
cl rate increases
dl large effect of a

o

NOTES:

58.



I.OL.,~........JLU.-L.I...u..I.L..:~L..o...1...LJ....LJ.-l..J..1S..L-JL..o...l.J...L-L.I..L.US.L.....J........JLU...LJ.~.
10·' 10.1 10·' 10.4 10.1

CRACK-GROWTH RATE. da/dN. Inch per cycl.

....
z..
II:

"'o..:
• 10,...
;;;
z....
z..••..
"'..•

1.0 ..,I .ji;;t; • 1.0998 MN/m:5/2

111tC" • 25.4 mM

:~ .0,66 • 10.
1

IAK11...•

WHERE AK, IS IN kll.jlnc1l

0-12 Ni STEEL
a _ '0 Hi STEEL

• - HY·130 STEEL

• - HY· 80 STEEL

I-58. Fatigue Crack Growth 8ehavior

a) da/dN related to ~Km
b) general band for structural steels
c) ferrite pearlite steels da/dN =

3.6 x 10- 10 (~KI)3.0

d) martensitic steels da/dN = 0.66 x 10-8
(~K )2.25

I

NOTES:

59.



Aa
AN ~ 0.66 X 10-1(1.98(AO').v0'.qJus

when: A4 ~ 0.10 in. (2.54 mm)
..10' = 20 ksi (138 MN/ml )

a. at a... AK AN 1:N
(ill.) (i".) (in.) (iul./Iii.) (cyclu) (cycles)

0.3 0.4 0.3S 23.S 12,500 12,500
0.4 O.S 0.4S 26.7 9,7SO 22,250
O.S 0.6 O.SS 29.4 7,S5O 29,800
0.6 0.7 0.65 32.2 6,1SO 3S,95O
0.7 0.8 0.7S 34.6 S,200 41,1SO
o.a 0.9 0.8S 36.6 4,600 4S,7SO
0.9 1.0 0.9S 38.8 4,100 49,8SO
1.0 1.1 1.0S 4O.S 3,700 S3,SSO

I-59. Table

a)

bl

Showing Crack Growth

M
l>N = A(l>Kllii

l>a
l>N = A(C l>ala )m

avg

Information

NOTES:

c) A, C, m are geometry and material constants

60.



I
fLAW SIZE,

•
IV (IMPRCIYEMENT IN LFE DUE

TO LARGE IFROVEMENT
IN NOTCH TOUGHNESS)

' ..(PLASTIC)
BEHAVKlR

(IMPROVEMENT IN lFE
DUE TO MODERATE )
IMPROVEMENT IN
NOTCH TOUGHNESSl

II

'"(ELASTIC PLASTIC)
BEHAVIOR

... 1
IPLAW STRAIN) 0.. IIIIPR(WEMEHT IN

:====.~E:HA=V~IO~R=:j'''~TVll.~f\JltW~ ~LF~E~DUE~~TO~L~OWEtR~~_ SIZE) sTREss LEVEL)

(IMPROVEMENT IN LIFE DUE TO
~Ak~ER INITIAL FLAW SIZE)

•
NUMBER OF CYClES OIF FATIGUE l..O'DI«i

1-60. Effect of Fracture Resistant Design

a) Region I - effect of lower stress range
b) Region 11 - effect of better fabrication

and inspection
c) Region I II - effect of moderate level of

notch toughness (AASHTO)
d) Region IV - effect of even higher toughness

NOTES:

61.



FIGURES - SESSION 2

CONCEPTS OF FRACTURE MECHANICS 

FATIGUE CRACK GROWTH AND FRACTURE CONTROL

62.



FATIGUE LIFE

CRACK INITIATION

CRACK PROPAGATION

FINAL FAILURE

2-1. Elements for a Fracture Control Plan

a) The life of structural components subjected
to cyclic loading is governed by the
initiation and propagation of cracks to
critical dimensions.

b) The useful life of such components is equal
to the sum of the initiation life and the
subcritical propagation life.

c) One must be able to predict the Initiation-,
subcritlcal-crack-propagatlon-, and
unstable-crack-propagatlon behavior to
establish a Fracture Control Plan to ensure
the safety and reliabi lity of the structure.

NOTES:

63.



- - INITIATIOM U,,~

_ ....oPAa...TIOM un:

__ TOTAL U'I:

·
NUMBER OF CYCLES TO ".ILURE. N. loa 8CA1.£

2-2. Schematic S-N Curve Divided into "Initiation" and
"Propagation" Components

a) Smal I smooth-rotating-beam specimens.
b) Low-cycle (high-stress-fluctuation) life is

primarily propagation.
c) High-cycle (Iow-stress-fluctuation) life

is primarily Initiation.
d) Endurance limit is fully Initiation.
e) Change in surface roughness or In specimen

geometry changes the S-N curve.
f) We must separate the initiation and propa

gat i on behav ior.

NOTES:

64.



,
iii

! !,
NOlllNAL
STRESS

NOTC"
TIP ~---'" IS,O)

2-3. Schematic Illustration of the Elastic-Stress-Field
Distribution Near the Tip of an EI I iptical Notch
<Mode I Deformation)

a) Most fatigue cracks initiate at regions of
stress concentration.

bJ Stress field in the vicinity of the notch
depends on the stress-intensity-factor,
K1, and on the radius of the notch tip.

NOTES:

65.



FREE BODV
OF STRUCTURE

STRESS
CCN'TROlLED
TEST
SPECIMEN

STR....N
CONTROLLED
TEST
SPEC.MEN

STRUCTURE UNDER
STRESS-CONTROLLED

CONDIT'ONS

2-4. Test Specimen Simulation of Stress Concentrations
in Structures (a) Strain-Control led Specimen.
(b) Stress-Control ied Specimen.

a) Smooth specimens tested under strain control
are used to simulate the plastic damage
at the tip of a notch.

b) A better procedure is to use a large specimen
containing a notch and sUbjecting the
specimen to the nominal elastic stress
magnitudes and fluctuations that simulate
those in the structural component of interest.

NOTES:

66.
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lI.
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I. 11.25" .1
19.25"

I
3.75,"

L
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t

.e.. 0.008"~pS. 0.375"

I inch;: 25.4mm

ENLARGED NOTCH DETAIL

2-5. Double-Edge-Notched Specimens

a) Specimens contain notches of various
severi ties.

b) Specimens subjected to various stress
fluctuations.

NOTES:

67.
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, FATIGUE-CR,o.CK-INITIATlONCYCLES. NI • lOS

2-6. Dependence of Fatigue-Crack Initiation of HY-130 Steel
on Nominal-Stress Fluctuations for Various Notch
Geometries

a) Specimens containing same stress concentration
(same notch geometry) give a curve that
represents the life to initiate a small
crack, N..

bl The crac~-initiation life, N., decreases with
increased stress-concentrati6n factor, K

c) For the same notch geometry (that is, sa~e Ktl,
the initiation life decreases with increased
magn itude of the stress ra·nge.

NOTES:

68.
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2-7.

<!loKI) .r S:I IUol
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~

, 1M" .25.4 ••

5456110 25456810,
FATIGUE-CRACK-INITIATION CYCLES. NI • lOS

Correlation of Fatl~ue-Crack-InitlationLife with
the Parameter ~KI/lp for HY-130 Steel.

a) The effect of specimen and notch geometry
can be correlated using the fracture mechanics
parameter. ~K.

IP
b) The parameter ~K times a constant equal to

IP
about 1.2 is equal to the maximum stress
fluctuation in the region of the stress
concentrat ion.

c) The fatigue-crack-inltiation threshold for
various geometries occurs at the value that
appears to be characteristic fo'r the material.
tested.

NOTES:

69.



1 in. = 25.4 mm
1 degree = .017 rad

10
Ld

30'

I" U II

f'- Root Radius lIS"

v-

I. 7" 7" ---J
Notch Root & Area Around Notch

Polished to No. 8 Finish
Nominal

2-8. Single-Edge-Notched Bend Test Specimen

a) An~ notched specimen can be used to study
crack initiation.

b) The only requirement is to have a stress-field
analysis or KI for that specimen.

NOTES:

70.
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FATIGUE-CRACK-INITIATION CYCLES, Nj X 103

2-9. Fatigue-Crack-Initiation Behavior of Various Steels
a) Data obtained using a 3-point-bend loaded

specimen under zero-to-tension loading.
b) The fatigue-crack~initiation threshold 0

increases with stee I strength'.

NOTES:

71.
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2-10. Dependence of Fatigue-Crack-Initiation Threshold
on Tensile Strength

~ a) Fatigue-crack-initiation threshold appears
to be related to tensile strength.

b) The data suggest that fatigue-crack initiation
at a stress ratio of +0.1 occurs when the
maximum stress range at the notch tip is
equal to the tensile strength of the material.

NOTES:

72.
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STRAIN-HARDENING
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2-1 I. Dependence of Fatigue-Crack-Initiation Threshold
on Strain-Hardening Exponent

a) Fatigue-crack-Initlation threshold appears to
be related to the strain-hardening exponent.

b) The scatter in the fatlgue-crack-initiation
threshold data when correlated with the strain
hardening exponent is less than when correlated
with the tensile strength.

NOTES:

73.



400 r--.,--.,...-..-..........,......,...,...-----....,-------.

300

200

.~..
~
~

:r:'
I-

100Clz
w
a:
Ii; 80
0...
w
>= 60

60

40

30

20

STRESS RATIO

o 0.1
o 0.5

I:J. -1.0

30 40 60 80 100

Kto~~ • kslVpJ ..

200

2-12. Dependence of Fatlgue-Crack-Initiation Threshold on
Yield Strength

a) The best correlation is obtained when the
fatigue-crack-initiation threshold data is
correlated with yield strength.

b) The slide also contains data obtained at
various stress ratios.

c) The data show that the fatigue-crack-initlation
threshold subjected to various stress ratios
depend on the total stress range (tension
and compression). Thus, the correlating
parameter is 6Ktotal'

IP
NOTES:
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r:::...AW SIZE,o

_ .. INITIATlON..----+-----"..PROPAGATION~

- REGION , -~""'REGION 2

NLiM3£R OF APPLIED
LOAD CYCLES N-

REGION l-D!FFICULTY IN
DEFINING FLAW SIZE (DIS
LOCATION MICROCRACK,
POROSITY, ETC I

REGION 2 - FLAWS CAN
FtRST BE OBSERVED IN
AN ENGINEERING SENSE

REGION 3 - CRACK GROWTH
CAN BE OBSERVED

2-13. General Fatigue Behavior

a) Initiation (very sma I I discontinuities),
Region I.

bl Cracks can be first observed, Region 2.
c) Crack-growth rates can be measured, Region 3.

NOTES:
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Effect of Cyclic-Stress Range on Crack Growth

a) Same specimen geometry--specimens subjected
to various magnitude of stress fluctuation,
f:,cr.

b) The fatigue life decreased with increased f:,cr.
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NOTES:
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NUM8ER OF CYCLES, N alO'

Effect of Initial Crack Length on Crack Growth

a) Same specimen geometry except for the initial
crack size. Specimens subjected to identical
/!,cr values.

b) The fatigue life decreases with increased size
of the initial crack length.

NOTES:

77.
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2-16. Schematic illustration of the Elastic-Stress-Field
Distribution Near the Tip of a Fatigue Crack (Mode
Deformat ion)

NOTES:

a)

b)

The effect of applied stress and crack size
can be combined using the stress-intensity
factor parameter K

1
.

Thus, the effects of stress fluctuation and
size of the crack on the fatigue I ife should
be governed by the fluctuation in the
stress-intensity factor.

78.
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2-17. Schematic Representation of Fatigue-Crack Growth
in Steel

a) Fatigue-crack-propagation behavior can be
divided into three regions.

b) Region I, threshold behavior.
c) Region I I, power-law relationship.
d) Region I I I, fast crack growth under cycl ic

loading.
e) Large effects of initial crack size.
f) Large effects of 60 because 6K is raised to

a power equal to or greater than 2.

NOTES:

79.
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2-18. Example of Fatigue-Crack-Propagation Threshold

a) Test conducted at a stress ratio of about +0.1.
b) Fati gue-crack··propagati on thresho I d at a stress

ratio of about +0.1 occurs at a 6K 1 of about
7 ksi/inch.

c) The fatigue-crack-propagation threshold
corresponds to growth rates that are below
10-8 inch per cycle.

NOTES:

80.
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2-19. Dependence of Fatigue-Threshold Stress-Intensity
Factor Range on Stress Ratio

a) The fatigue-crack-propagation threshold, 6Kth ,
is a function of stress ratio.

b) Within experimental scatter the chemical
composition and mechanical properties of
steels appear to have a very small effect on
6Kth ·

c) Conservative estimates of 6K
th

can be
predicted for stress raj-ios ess than about
0.9.

NOTES:
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2-20. Summary of Fatigue-Crack-Propagation for Martensitic
Steels

a)

b)

c)

da = A(lIKn)
dN
n for martensitic steels is equal to about
2.25.
Conservative estimates of growth rates in
Region I I can be obtained using the equation

~~ = 0.66 x 10-8 (lIK
I
)2.25

NOTES:

82.
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2-21. Summary of Fatigue-Crack-Growth Data for Ferrite
Pear lite Stee Is

a) da = a(llKn)
dN

b) n for ferrite-pearlite steels is equal to
about 3.0.

c) Conservative estimates of growth rates in
Region I I can be obtained using the equation

da _ 3.6 x 10-10 (llK )3.0
dN - 1

NOTES:
/

83.
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2-22. Crack-Growth Rate as a Function of Stress-Intensity
Range for A514-B Steel

a) Unlike the behavior in Region I, the stress
ratio has a negligible effect on the growth
rate i n Reg ion I I .

NOTES:
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2-23. Effect of Stress Ratio on the Fatigue-Crack-Propagation
Rate in a 140 ksi Yield Strength Martensitic Steel

a) Only the tension component of stress is used
to calculate ~KI for crack propagation because
compressive stresses do not generate a driving
force at the crack tip.

b) Under those conditions the data in this sl ide
show that stress ratio has a very sma I I effect
on growth rate in Region II.

c) The suggested conservative equation for
martensitlc steels appears to account for
these sma I I effects.

NOTES:

85.
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2-24. Effect of stress Ratio, R, on Fatigue-Crack-Growth
Upper Threshold

a) Stress rat ia has a, sign i f icant effect on
acceleration in growth rate in Region I II.

b) The reason for this effect in Region III
is because the acceleration is governed by
the value of the maximum stress applied to
the specimen.

NOTES:

86.
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2-25. Effect of Specimen Size on the Crack-Growth-Rate

Behavior of A533 GR.B, CL.I Steel Weld Metal

a) Available data for weld metal indicate that
the fatigue-crack-propagation rate in weld
metal is equal to or less than in base metal.

NOTES:

87.
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2-26. Fatigue-Crack Growth-Rate Behavior Observed in the
Vicinity of the Heat-Affected Zone of an ASTM A533
Gr. B, CL. I Weldment

al Avai lable data for heat-affected zone (HAZl
indicate that the fatigue-crack-growth rate
in HAZ is equal to or less than for base metal.

bl The fatigue crack does not propagate in the
HAZ. It invariably moves out of the HAZ into
the base metal or weld metal. This behavior
is caused by residual stresses and differences
in the properties of the base metal and weld
metal resulting in a skewed plastic zone.

NOTES:

88.
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2-27. Effect of Cycl ic Frequency on Crack Growth Rates in
Benign Environment

a) Frequency of the appl ied cyclic load appears
to have negl igible effect on fatigue-crack
growth rate in low-strength steels tested
in a benign environment.

b) Frequency could have a very significant
effect on the corrosion-fatigue crack-growth
rate in an aggressive environment.

NOTES:

89.
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2-28. Fatigue-Crack-Growth Rates in 12Ni-5Cr-3Mo
Steel Under Various Cyclic-Stress Fluctuations
with Different Stress-Time Profiles

a) Frequency of the applied cyclic load appears
to have negligible effect on fatigue-crack
growth rate in high-strength steels tested
in a benign environment.

b) It can be conc Iuded that frequency has a
negl igible effect on da/dN for al I steels
tested in benign environments.

NOTES:

90.
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2-29. Schematic Representation of Fatigue-Crack Growth
in Steel

NOTES:

a)

b)

c)

Region I II defines the region where
acceleration in the rate of growth occurs.
Acceleration in the rate of fatigue-crack
growth for brittle materials occurs when the
maximum stress-intensity factor value approaches
the critical stress-intensity factor value,
K) • for the material.
Ac8eleration in the rate of fatigue-crack
growth for ducti Ie materials occurs when the
maximum stress-intensity-factor value satisfies
the equation

91.



2-30. Crack Propagation Laws and Integration

NOTES:

92.



f =ConstlJnt

N=
(n/2-1) Qj

2-31. Cra,k Propagation Law~ an9 Integration for f, a
constant and Ai' At' A., At' are the initial and
final crack lengths ana the initial and final
crack growth rates respectively.

NOTES:

93.
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VALUES FOR BRIDGE STEELS

K = f
IC

TE~lPERATURE.
LOADING RATE,
PLATE THICKNESS

2-32. KI Values depend on Temperature, Loading Rate,
TnTckness (constraint)

NOTES:

94.



A512 GRADE 50 STEEL (QV' ~ 50 bll

• SlOW-BEND LOAD C. :: 10-' we"I

• INTERMEDIATE STRAIN-RATE LOAD Ii '" 111"3 "",-'1

... DVNAMIC lOAD Ii :: 10 _-II

'0'

-,,, -,,, -'00 • ."
TEMPERATURE, F

2-33. Effect of Temperature and Loading Rate on Klcfor A572 Stee i

a) slow
b) intermediate (Ottawa bridge test results

plus others for bridges)
c) dynamic

NOTES:

95.
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2-34. Effect of Temperature and Loading Rate on K1cfor A36 Stee I

a) Note metallurgical effect as limiting
temperature is reached

b) significant improvement in toughness
c) basis of AASHTO for intermediate loading

rate

NOTES:

96.
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2-35. Test Results for A588

a) scatter
b) effect of loading rate
c) actual behavior better than guaranteed

minimum

NOTES:

97.
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2-36. A441 Test Results from Lehigh

a) thickness
b) loading rate
c) temperatu re

NOTES:
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2-37. CVN Results A7 Steel. (Lehigh Datal

NOTES:
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2-38. K Data A7 Steel --- "R" Values, 0 Dynamic K Values,
• Static K Values, • Estimate from Equation 4.5,
x Point of Maximum Val id K. (Lehigh Data).

NOTES:
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2-39. CVN Results A242 Steel. (Lehigh Datal

NOTES,
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2-40. K Data A242 Steel --- "R" Values, 0 Dynamic K Values,
• Static K Values, .Estimate from Equation 4.5,
x Point of Maximum Val id K. (Lehigh Data)

NOTES:
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2-41. CVN Results A440 Steel. eLeh i gh Data)

NOTES:
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2-42. K Data A440 Stee I --- "R" Va lues, a Dynami c K Va lues,
• Static K Values,. Estimate from Equation 4.5,
x Point of Maximum Valid K. (Lehigh Datal

NOTES:
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2-43.

NOTES:
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CVN Results A588 Steel. (Lehigh Datal
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2-44. K Data A588 Steel --- "R" Values, a Dynamic K
Values, _ Static K Values,. Estimate from Equation
4.5, x Point of Maximum Valid K. (Lehigh Data)

NOTES:
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2-45. CVN Results SAE\035 Steel (Lehigh Datal

NOTES:
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2-46. K Data SAEI035 Steel --- "R" Values, 0 Dynamic K
Values, _ Static KValues, • Estimate from Equation
4.5, x Point of Maximum Val id K. (Lehigh Data)

NOTES:
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2-47. Fracture Surfaces Showing Effect of Thickness

a) original 2-inch thick plate
b) specimens from center-I ine (no metallurgical

effect
c) shea r lip size s imil a r

NOTES:

109.
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2-48. Test Results showing Effect of Thickness

a) plane stress is function of thickness
b) plane strain is minimum value
c) constraint similar to thickness

NOTES:

110.
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2-49. Design Significance of Loading Rate

a) basis of AASHTO toughness requirements

NOTES:

III.
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2-50. Loading Rate Shift for A36, A572, A514

a) measured by several investigators
b) depends on yield strength

NOTES:

112.
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2-51. Loading Rate Shift is a function of Yield Strength

a) Ts = 2 I 5- I .5 a (a < 140)
ys ys

b) T
S

= 0 (a > 140)
ys

NOTES:
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2-52.

NOTES:

K -
Ic

a)

bl
c)
d)

CYN Carre Iat i on

static CYN - static K
impact CYN - dyanmic ~~
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A = 5 for regular CYN impact
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2-53. AASHTO Specification Based on CVN

a) Quality Control Test
b) Minimum Value in impact test
c) Loading Rate Shift

NOTES:
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2-54. Class I AASHTO Toughness Specifications

a) Service Temperature - OaF
b) CVN impact - 15 ft Ib at +70 o F
c) Loading Rate Shift
d) Intermediate loading rate behavior

NOTES:

I 16.
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2-55. AASHTO
a)
b)
c)

- 3 zones
> OOF
-30 to OaF
-60 to -300 F

NOTES;
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ASTM
DeslglllJt/Olt

A36
AS72

A440
A441
A242
AS8S··

ASI4

Thlckntu (In.)

Up 10 4 in. mcchanic:aJly fastened
Up 10 2 in. welded

Up 10 4 in. mechani<ally fastened
Up to 2 in. welded
Over 2 in. welded
Up to 4 in. mcchani<ally fastened
Up 10 21 in. welded
Belween 21-4 in. welded

CVN Impact Value,llth

Zone 1- Zone]> Zone 3·

15@70'F 15@40'F IS@ IO'F
IS@ 70"F IS@40'F IS@ IO'F
IS@70'F IS@40'F 15@ IO'F
IS@70'F IS@40'F IS @ IO'F
IS@70'F IS@40'F IS @ IO'F
15@70'F 15@49'F IS@ IO'F
IS@70'F 15@4O'F IS @ IO'F
IS@70'F IS@40'F IS @ IO'F
2O@70'F 2O@40'F 20@ IO'F
2S@30'F 2S@O'F 2S@ -30'F
2S@30'F 2S@O'F 2S@ -30'F
3S@30'F 3S@O'F 3S@ -30'F

-zone I: minimum service temperature O"F &Del above.
ZOnc2: minimumsenicetcmpcraturefi'om _1°1o _300 P.
Zone 3: minimum service lemf»C!Ature (rom -31 0 to -WF.

••rr lhe yield point or the ma&eria1 cxcceds 6Skai" Ihe~ rOJ' tho CVN value for acceptability 'ball be reduced by 15°F Coruth ioeremen& of lObi
abon6Sksi.

2-56. Table of AASHTO Toughness Requirements

NOTES:

a)
b)

c)

Effect of
Effect of
Effect of

~KTckness
stored elastic energy

118.
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2-57. Overal I Fracture Control Plan

a) Materials
b) Design
c) Fabrication
d) Load i ng
e) Sub-critical crack growth (fatigue, stress

corrosion)

NOTES:

I 19.



FRACTURE CONTROL PLAN

K =f(cr.la)
IC '

K
1C

= MATERIAL PROPERTY

cr = DESIGN

a = FABRICATION AND INSPECTION

2-58. Fracture Control Plan

a) Materials
b) Des i gn
c) Fabrication
d) Brittle fracture problems wil I not be

solved merely by AASHTO toughness requirements

NOTES:

120.



INFORMATION REQUIRED FOR FRACTURE
CONTROL PLAN FOR BRIDGES

1) TOUGHNESS VALUES OF BRIDGE STEELS

2) FLAW SIZES IN BRIDGE MEMBERS

3) FATIGUE CRACK GROWTH BEHAVIOR

4) FRACTURE TOUGHNESS CRITERIA

2-59. Information Required for Fracture Control

a) Toughness Values
b) Flaw Szies
c) Fatigue Behavior
d) Criteria
e) Service experience

NOTES:

121 •



I
fLAW SIZE,

o
IV IIMPRCNEMENT IN LFE [X£

TO LARGE IMPROVEMENT
IN NOTCH TOUGHNESS)

0"
(PLASTIC)
BEHAVIOR

/,
",,~cr,

;;

---------------
(IMPROVEMENT IN lIfE
DUE TO MODERATE )
IMPROVEMENT iN
NOTCH TOUGHNESS)

m

0"
(ELASTIC PLASTIC)

BEHAVIOR

- I

,_.=:::::;;;::;(;PLA~"~ST~R=AJ=N=)~O·~5~t~ ~~ClMPROVE~~~"'~NT~"~~BEHAVIOR2a (INITIAL FLAW LFE DUE TO LOWER
Z SIZE) STRESS LEVELl

(NPROVEMENT IN UFE DUE TO
SMALLER INITIAL FLAW SIZE)

D
MJMBER OF cYCLES OF FATtGUE lOADING

2-60. Effect

a)
b)

c)

dl

NOTES:

of Fracture Resistant Design

Region I - effect of lower stress range
Region I I - effect of better fabrication
and inspection
Region I I I - effect of moderate level of
notch toughness (AASHTO)
Region IV - effect of even higher toughness.
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FATIGUE LIFE

CRACK INITIATION

CRACK PROPAGATION

FINAL FAILURE

2-61. Fracture Control

a) Crack Initiation
b) Subcritical-crack propagation
c) Unstable crack propagation

Fracture Control Plan

NOTES:

123.



FIGURES - SESSION 3

FATIGUE CRACK PROPAGATION OF BRIDGE STEELS - SPECIMENS AND TESTS 

BASIS FOR CURRENT DESIGN RULES

124.



3-1. Fatigue crack that formed in the Yel low MillPond
Bridge.

NOTES:

125.



TYPE OF DETAIL
PARTIAL LENGTH COVER PLATES

":==--9"

No Welds On This
End- Both Flanges

i6;"~'
~ 3'-3"

·1
4'-0" I· 3'-3" -I

3-2. Schematic of simulated prototype connections that
were tested to determine the basic fatigue strength.

NOTES:

126.



•

3-3. Fatigue crack that has grown from an initial imperfec
tion in the web-flange fil let weld.

NOTES:

127.



3-4. An overview of a fatigue cracked beam which shows
fatigue cracks in both the tension and compression
flanges.

NOTES:

128.



- ---- Outside (Top) Surface
-- Inside Surface

80

I
I

: 40 KSI,
I

o

A36

lki&W+y

A441

2-MJ E&&§m!.'>4+++'-1'<-

A514

RESIDUAL STRESSES IN WELDED BEAMS

3-5. Welding residual tensial stresses for A36, A440
and A514 steel welded beams.

NOTES:

129.



3-6. Sma I I initial fatigue crack that
initial porosity or gas pocket.
approximately .08 inches.

has grown from an
Crack diameter

NOTES:

130.



3-7. Growth of crack from porosity maintaining its penny
shape.

NOTES:

131.



3-8. Penny shaped crack being maintained unt; I crack has
penetrated the bottom flange surface.

NOTES:

132.



3-9. Final fracture exhibiting very high rates of
crack growth near the edges of the flange.

NOTES:

133.
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RANGE
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0.1 0.5 1.0 5 10

CYCLES TO FAILURE Cl06)

3-10. Stress range versus cycle life plot as a function
of three levels of minimum stress. No influence
of minimum stress or stress ratio.

NOTES:

134.



40
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For 95 % Survivals

STRESS
RANGE 10
(KSII

5
WELDED BEAMS - TYPE OF STEEL

Steel
A36

• A441
• A514
.. Edge Crocks

IL.-_-'-_'--'-'-'--'-'_U'I__--'-~~'---':I---','-,'-'-',,......!

0.1 0.5 1.0 5 10
CYCLES TO FAILURE lIOe)

3-1 I. Stress range plotted as a function of cycle life
for welded bui It-up beam as a function of the
grade of steel. Yield point between 36 and 100 ksi
shows no significance.

NOTES:

135.
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RANGE 10
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5
COMPARISON WITH PREVIOUS TESTS

• Manual Welds
• Automatic Welds
• T- Specimens

I,--_~-----,---,---,-,-,-L.L..L __~--'-~-'-'-...L.

0.1 0.5 1.0 5 7
CYCLES TO FAILURE (10')

3-12. Comparison of results from the NCHRP Program with
earlier studies that were undertaken since 1940.
Good correlation, with smarl simulated specimens
typically fal ling near the upper bound.

NOTES:

136.
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3-13. Fatigue crack formation at the termination of the
weld toe of a longitudinal weld attaching a cover
plate to a beam flange.

NOTES:

137.



3-14. Fatigue fracture surface showing growth of crack from
weld termination as a semi-eliptical crack unti I it
has penetrated the flange thickness.

NOTES:

138.



•

\

3-15. The formation of a fatigue crack at the end of a
cover plate with transverse end welds.

NOTES:

139.



3-16. Fatigue fracture surface of transverse end welded
cover plate showing semi-el iptical surface crack.
Growth can be observed al I along weld toe.

NOTES:

140.
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• 10
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CYCLES TO FAILURE (106 )

5 10

3-17. The test data for A36 steel cover-plated beams
plotted with stress range as a function of
cycle life. Several levels of minimum stress
show no effect on the fatigue strength.

NOTES:

141.



TYPE OF STEEL

10
STRESS
RANGE
(KSI) 5

Steel
A36

• A441
• A514

Lower Tolerance Limit
For 95 % Survivals

1l.J...L,L-_--L---'---'--,L-.L...o....L...L.L__L----'--'--c~=_

0.07 0.1 0.5 1.0 5 7
CYCLES TO FAILURE lI06)

3-18. The test results for three grades of ferrite
pearlite steel ranging in point from 36 to 100 ksi
are compared with stress range as a function of
cycle life. Type of steel does not influence
fatigue strength.

NOTES:

142.



3-19. A multiple cover-plated beam where fatigue crack
growth has penetrated the primary cover plate and
entered into the beam flange via the continuous
longitudinal weld.

NOTES:

143.
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CB
1L..-cL----'--~-'-f='--"-'--':-'::--~------'-~~~

0.07 0.1 0.5 1.05 7
CYCLES TO FAILURE (106)

3-20. The stress range cycle I ife results for various
types of welded cover-plated details. Large varia
tions in cover plate geometry have only a negligible
influence on the basic fatigue strength.

NOTES,

144.
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STRESS Welded Beams
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(KSI) Cover Plates

5
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I
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CYCLES TO FAILURE (06)

3-21. The stress range cycle I ike relationships for the
welded and cover-plated beams are compared. Much
higher fatigue resistance exists when cracks form
from internal discontinuities as opposed to those
that grow from the high stress concentration region
at a weld termination. These details bound the
fatigue strength of welded built-up beams.

NOTES:

145.



3-22. Test specimen used to examine the influence of
stiffeners attached to the web or flange. These
beams were fabricated 38 inches deep with half
inch flanges and 3/16 inch webs.

NOTES:

146.
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3-23. Smaller scale beams were also tested with a variety
of welded attachments.

NOTES:

147.
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3-24. Crack growth occurred at the termination of the weld
toe at the end of a transverse stiffener welded
to the web alone.

NOTES:

148.



3-25. Fradure surface shows that crack penetrated through
the web plate thickness at -rhe weld toe as a semi
eliptical surface crack.

NOTES:

149.



3-26. After the crack penetrated the beam web, it
eventually destroyed most of the web and flange.

NOTES:

i50.



3-27. Stiffeners welded to flange experience crack growth
from weld toe pel"pendicular to i-he stress field.

NOTES:

151.



3-28. Crack observed to initiate at a number of points
along the weld toe and grew as sma I I semi-el iptical
surface cracks.

NOTES:

152.



3-29. Continued growth caused crack coalescense.

NOTES,

153.
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3-30. Stress range due to bending along and principal
stress, are compared as a function of cycle life
for stiffeners attached to the web alone. Under
normal combinations of bending and shear, bending
alone describes fatigue strength.

NOTES:

154.
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• Web Stiffener

• Stiffener - Welded to Flange

• L < 2
11
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3-31. Stress range is plotted as a function of cycle
I ife for stiffeners attached to web and flange.
Fatigue strength is close to the upper bound
provided by plane welded beams.

NOTES:

155.



100% (4,433,000 Cycles)

96
94

87
84
76
94

.... -_ ... ,;'

100 96 100

PHASES OF CRACK GROWTH AT STIFFENER TYPE I

3-32. Schematic of phases of crack growth for a stiffener
attached to the web alone. Eighty percent of life
is exhausted propagating the crack through the web.

NOTES:

156.



100"10 (2,012,000 Cycles)

98 100

PHASES OF CRACK GROWTH AT STIFFENER TYPE 3

3-33. Schematic showing crack propagation into the web
and flange for stiffeners welded to web and flange.

NOTES:

157.
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3-34. The stress range-cycle 1ife relationship is
compared for various types of stiffeners. Demon
strates no difference in the fatigue strength.

NOTES:

158.



3-35. A crack growing from the weld toe of an eight-inch
long attachment.

NOTES:

159.



3-36. The crack surface showing cracks propagating
from the longitudinal weld toe at the flange edge
and at the interior surface.

NOTES:

160.
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10

3-37. Stress range-cycle life relationship for beams
with four-inch attachments. The test data fal Is
between the upper and lower bound provided by the
plane welded and cover-plated beams.

NOTES:

161 •
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5
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CYCLES TO FAILURE

PW
A2
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3-38. The stress range-cycle life relationships of welded
details provide a series of paral lei curves. The
stress concentration effect causes a decrease in
fatigue strength.

NOTES:

162.



STRESS RANGE (ksi)

CATEGORY Over
100,000 500,000 2,000,000 2,000,000

Cycles Cycles Cycles Cycles

A 60 36 24 24
B 45 21.5 18 16

C 32 19 13 ICD
0 21 16 10 1
E 21 12.5 ' 8 5

F 15 12 9 8

3-39. Table of stress ranges corresponding to discrete
numbers of stress cycles - 100,000, 500,000,
2,000,000 and more than 2,000,000 for categories
A &B.

NOTES:

163.
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3-40. Fati gue fracture surface show i ng penn'y shaped
crack in a plane welded beam. The stress intensity
factor for the penny shaped crack 6K = S ~1ITa

rn
NOTES:

164.
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" A36
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Secondary Crack B "l§l ••• ill, • J"'. B
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0.01 0.02 0.03 0.04 0.05 0.10
CRACK SIZE. 0, in.

3-41. Plot of the measured initial discontinuities
observed in welded beams and K value estimated
for the equivalent penny shaped crack.

NOTES:

165.
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3-42. Plot of the crack growth rate measured during
test of plane welded.beam.

NOTES:

166.
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3-43. Predicted ~K-crack growth relationship using penny
shaped crack model. Most fatigue life occurs
below 10-6 inches per cycle in a beam.

NOTES:

167.
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3-44. Predicted crack growth threshold for cover-plated
beams with 6~H = 3 ksilin .

NOTES:

168.
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3-45. Stress-time response for a typical bridge member.

NOTES:

169.



MINER'S HYPOTHESIS

3-46. Miner's Rule" n/N

NOTES:

170.



STRESS

• Positive Peaks
• Crossing of Mean With

Positive Slope

3-47. Random variable stress spectrum.

NOTES:

171 •
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NONDIMENSIONAL STRESS RANGE. x'

3-48. Ral iegh probabil ity density curve describing
variable stress spectrum.

NOTES:

172.



3-49.

NOTES:

S'd/Srm =0

Srd ISnn = 0.25

Srm
STRESS RANGE. ksi

Ratio of S diS varied from 0 to 1.0. 0
correspond~ tor~onstant cycle stresses.
An increase in the ratio increases the difference
between the minimum and maximum stress ranges in
the spectrum.

173.
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3-50. The results of variable and constant ampl itude
tests of cover plated beams. Effective stress
range (Sr RM ) provides good correlation with
constant cycre data.

NOTES:

174.
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3-51. A comparable result was also obtained using Miner's
Law to derive an equivalent stress range. Both
Miner's Law and RMS were found to provide a
satisfactory I ink between variable stress cycles
and constant cycle fatigue data.

NOTES:

175.
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3-52. Design
D
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NOTES:
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3-53. 1970 FHWA nationwide gross vehicle weight distribution.

NOTES:

177.



FREQUENCY
8Q

60

40

0.6 L2

c::::J On Primary Plate.
Off Secondary

_ On Flange. Off Primary
Plate

1.8 2.4 3.0 3.6
Sr • KSI

3-54. Typical stress range distribution determined
from measured stresses on a bridge showing the same
general shape and trend as the gross vehicle weight
distribution.

NOTES:

178.



BRIDGE MAX. Sr SPAN S~(S/5.5) S~(S/7)
(KSD (FT. ) (KSD (KSD

MICH. 1 6.3 95 9.5 7.45
MICH. 2 5.1 79.5 . 6.3 4.95
MICH. 3 5.6 66 6.84 5.37
MICH. 5 4.2 72 6.14 4.82
MICH. 6 3.9 58.7 7.1 5.58
MICH. 7 5.1 78.5 6.2 .4.86
MICH. 8 6.9 128.7 8.2 6.45
VIR. 1 3.5 74.5 7.74 6.08
MARY. 1 5.4 42-52-42 6.2 4.87
CONN. 1 3.5-5.7 113.5 6.5 5.17

3-55. Tabular summary showing the maximum design stress
range and Its relationship to maximum measured
stress for several bridges.

NOTES:

179.
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STRESS RANGE RATIO S,/S~

3-56. Schematic showing that the stresses predicted from
the gross vehicle weight distribution exceed
measured stresses due to variation in impact,
load distribution and design ideal ization.

NOTES:

180.



0( 3 (/HVWD)3 (ADTTHDL) 1: Yi 4>i3 = 1

A

OR

~ 3 x ADTT x DLx 0.35 = ND

3-57. Miner's Rule used to derive AASHTO design stress
table. NO = AOTTXO Lxo 3/Z.85.

NOTES:

181.



MAIN (LONGITUDINAL) LOAD CARRYING MEMBERS

TYPE OF
CASE ADTT· TRUCK LANE

ROAD LOADING LOADING+

Freeways, I·· 2500 or more over 500,000Expressways, 2,000,000
Major Highways
and Streets D less thon 2500 500,000 100,000

Other Highways
and Streets m 100,000 100,000not Included
in Cose lorn

3-58. Tabulation provided for longitudinal members showing
roadway classification truck volume, and required
equivaient design stress cycles.

NOTES:

182.



FIGURES - SESSION 4

FRACTURE BEHAVIOR OF BRIDGE STEELS - SPECIMENS AND TESTS 

BASIS FOR CURRENT DESIGN RULES

183.
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FRACTURE

p

4-1. Fracture behavior can be dramatically changed by
just changing the crack size in a specimen. This
behavior can be

a) J i near
b) siightly non-linear
c) highly non-I inear

NOTES:

184.
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4-2. Typical impact specimen behavior as a function of
temperature.

NOTES:

185.
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4-3. Relative size of the NDT, DWTT, DT and CVN
specimens. AI I dimensions in mi II imeters.

NOTES:

186.
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I. L ~I

1 11
Specimen Type

Dimension Tolerance Dimension Tolerance

P-2 P·3Dimension Units P-l

Dimension Tolerance

T, Thickness in. 1.0 ±0.12
mm 2S ±2.~

L, Lenath in. 14.0 ±O.~

mm 3liO ±10
W, Width in. U ±O.I

mm 90 ±2.0

4-4. Specimen dimensions for

NOTES:

0.7~

19
~.O

130
2.0
~

the NDT

±O.04
±1.0
±O.~

±10
±O.04
±1.0

test.

0.62
16
~.O

130
2.0
~

±O.02
±O.~

±O.~

±10
±O.04
±1.0

187.



s ,-,
T' r§ ~

f
B ~

,1

1 + E

1J,
I· A ·1

J D R

-iJ--r=s + ~r(tTE -3
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Specimen Type

Anw. Dimensioa Units
P·l P·2 P·3

S. Span in. 12.0 4,0 4,0
mm ." 100 100

D, De8ection stop in. 0,30 0,060 0.075
mm "m "'0 I.'"A. Anvillenath DOl critical

B, Anvil width not critical
C, Anvil thickness in. 1.5 min LSmin I.S min

mm 38 min 3B min 38 min
E, Support length in. 3.5 min 2.Gmin 2.Gmin

mm 90 min .50 min $0 min
F, Support width DOt less than C
G, Support height in. 2,0 2,0 2,0

mm lO lO lO
R, Support radius in. 0.075 0.075 0.075

mm 1.0 1,0 1,0
H, Stop width in. l.' min 2.Gmin I.Omin

mm 90 min 50 min 50 min
I, Weld durance in. 0,0 0,0 0,0

mm n n n
J, Weld clearance depth in. 0.4 min 0.4 min 0.4 min

mm to min IOmia 10 min

4-5. Typical test fixture for NOT tests.

NOTES:

188.
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r 1/16 IN. MAX.(1.5MMI

0.07-0.08 IN. (\.8-2.0 MMI

4-6. Typical notch detail for NDT test.

NOTES:

189.
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YIELD POINT LOADING IN PRESENCE OF SMALL
CRACK IS T.ERMINATED BY CONTACT WITH STOP

4-7. View of NOT specimen being deflected to yield
point strain. The engineering yield point is a
strain derived quantity. Strain and deflection are
directly related in the test procedure.

NOTES:

190.
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4-8. View of typical drop w.eight machine.

-NOTES:

191.
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4-9. DWTT test specimen and fixtures.

NOTES:
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NOTES:

Procedure for determining shear area.
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4-1 I. Procedure for determining shear area.

NOTES:
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4-12. Procedure for determining shear area.

NOTES:
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4-13.

NOTES:

RADIUS -bJ)--STAtKER TUP
O.500-!O,031-

12.7;!:O.8mm

t====~=====":::/'I ;
~

1f-----------------4~o

I

1.~~---lL-~__"
,,";-1--__ ANVIL RADJUS ------1'''"'-

... o.500-:!:O.03'-
12.7tO.8mm

1-----S.500·tO.031-------I
IG5.0±O.8mm

Dimensions and Tolerance for Specimen Blank

Parameter Unils Dimension Tolerance:

Length. L in. 7.125 :1:0.125
mm 181.0 ±3.2

Width, W in. 1.60 *0.10
mm 38.0 :1:2.5

Thickness,. B in. 0.625 *0.03)
mm 15.8' :1:0.8

Angularity. a d,g 90 .2

DT specimen and fixturing.

196.



MACHINING DIMENSIONS PRESSED TIP DETAILS

Dimensions and Tolerances for Notch Tlp

Parameter

Net width. (W...)

Machined notch width. NIII

Machintd notch rOol angle. No
Machined notch rOol radius. N,

Pressed tiP depth, lo

Pressed tip angle. tp
Pressed tip root radius. I,.

Units

in.
mm
in.
mm
deg
in.
mm
in.
mm
deg
in.
mm

Dimension

1.125
28.5
0.0625
1.60
60
0.005
0.13
0.009
0.20
40
0.001
0.025

Tolerance

",0.020
",0.5
",0.005
",0.12
",2
max
max
",0.002
",0.05
",5
max
max

4-14. DT specimen machining and notch details.

NOTES:

197.



__ ARRESTOR

/ARRESTOR

STRIKER

-HAMMER

ALUMINUM
_ ARREST

BLOCK

---------- -

L-

M Mji
3. ;rr::1/4 min.
(44mm)

__ ANVIL

4-15. DT energy absorbing system.

NOTES:

198.



LOADING TUP-"',.....J

SUPPORT
ANVIL

DROP

WEIGHT

DRILL ROD
CUSHION

kb~F=(;b!--AL. CUSHiON

4-16. Lehigh DT energy absorbing system

NOTES:

199.



8mm
(0.3/51

L ---l
IOm";.r1

(Q''''L;j,
Ij I IOmm.

1-10'94")

Trp£,AI Smm.

L
10./91'1 l to- Zmm. .I I -I. I 10.079')

C=-"-L/"'2"-s""!""m-m-.=:] (~f~q;mm. fSAWcvr
12.~5·j (0.394") /6mm. a') OR LESS

TYPE B .5mm.

I n I (of}:~'-- (~71 L
~S~m. ---.J t l,omm j [Zmm

(2.l65'J IO.394'j 10.079')
L TYPCC

125 ~in. (4 ~m) on other two

0.315 ± 0.001 in. (8 ± 0.025 mm)
0.191 ± 0.002 in. (5 ± 0.05 mm)
63 pin. (2 pm) on notched surface and opposite face:

surfaces

Angle of notch
Radius of notch
Dimensions 10 bottom of notch:

Type A specimen
Types Band C specimen

Finish requirements

NOTE-Permissible variations shall be as follows:
Adjacent sides shall be at 90 deg ± 10 min
Cross-section dimensions ±O.OOI in. (±O.02S rom)
Length of specimen (Ll +0. -0.100 in, (2.5 rom)
Centering of nolch (L{2) ±O.039 in. (I mm): When an end..:entering device is necessary (0 center the specimen

in the anvil, sec 8.3, it is necessary that the notch be accurately centered to ensure
compliance with 4.2.1.

±I deg
±O.OOI in. (0.025 mm)

4-17, CVN specimens

NOTES:

200.



8-mm rod to.315 ")

SPECIMEN

o .25"mm rod (0.010")
4mm (0.157")

STRIKING EDGE

A-rl+7--t--r::~

ANYIL

900 tS'

~~~3:~(:~'i5~d~O~O~O::')_Center ofW Strike;
(WI2)

ANYIL

4-18. CVN test setup

NOTES:

201.

pecimen
Support



~~
C~TYPE PEN~ULUMTAPER EXTENDS

ANVIL~ TO A POINT
SPECI~~:-f
SPACER UM10dlfled Modified

(william) (jamming minimized)

~ [#on
U-TYPE PENDULUM

4-19.

NOTES:

~VIL~
Unmodified
(will jam)

CVN test setup

202.

~
HROUD

Direction of
Pendulum Swing

Modified
(lamming minimized)
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4-20. Typical rules for determining CVN fracture appearance.

NOTES:

203.



p

p

FRACTURE

p

4-21. Fracture behavior can be dramatically changed by
just changing the crack size in a specimen. This
behavior can be

a) linear
b) slightly non-I inear
c) highly non-linear

NOTES:

204.



p

!---2W

p

Y.. l.17(I-O.1(2a/W)+(2a/W)2.)

FIGURE 10

p

!----2W

p

y .1.99~ O.41(a/W}+ IS.70(aI W} 2.

-39.48(aIW13 +53.85(o/W)"

FIGURE lb

4-22. Typical fracture mechanics specimens.

NOTES:

205.



THICKNESS

TEST SPEED

TEMPERATURE

4-23. Toughness depends on

a) material thickness
b) testing speed
c) test temperature

NOTES:

206.



w 4 FATIGUE CRACK

MACHINED NOTCH

4-24. Typical E399 3 point K1c specimens

NOTES:

207.



0001" RADIUS

4-25.

NOTES:

SPEC • w C A , H G 0 R F

IT-A (.000 2.550 3.200 1.763 0.767 2.460 1.240 0.094 0.350 1.000

1l-~6 1.000 2.550 3.200 1.763 0.767 2.460 1.240 0.094 0.250 0.650

Typical E399 compact tension specimen for K1cdetermination.

208.



FOIL RESISTANCE RECCRDER

-5QCl OHM G!GES WILL
FROVIDE GREATER
SENSITIVITY Tl-lAN
120 OHM. GAGES

T,

c,

\
\

"-

".

OPTIONAL
INTEGRAL-MACHINED

KNIFE EDGE ~:::::::::J======'iT~, f=l" c,

4-26. Clip gage for measuring crack opening.

NOTES:

209.
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U y

t t t t
U YIELD

t t t

NOMINAL
STRESS

CRACK TIP
~FRACTURE PROCESS

(PLASTIC) ZONE SIZE

x

4-27. Plastic zone development in a fracture specimen.

NOTES:

210.



4-28.

NOTES:

8-£OGt VIEW

.r__1-_'~"~'-,PLAH[STRAIN}

li&ACtlIHE NOTett i
f'ATtGOE CRACtt -=:1~;;;;lp~~ .....'
PLASTIC Z()t$E- ~ IPLANE'STR£S!,)

Plastic zone development In a fracture specImen.

211.



160

~j 120

>l'

PLANE STR£SS ---i---' PLANE STRAN

1
I

K~ I
______~ 1-8 D_ --- ---

I •
1 •
1
I
I
1
I,
I
I
~_ THiCKNESS AT THE BEGINNNG
I OF PlANE STRAIN IS·
I

o 0.20 0.30 0.00 0.75 1.0
THlCKNE5S, ...

2.0 3.0 5.0

4-29. Effect of thickness of K1c

NOTES:

212.



I
p

~-

0,
0>

8fAlLURe:
IS fAtRLY
CONSTANT

4-30. Compliance measurements

a) as crack gets large spring Is weaker
b) as plasticity occurs the effective modulus

Is reduced

NOTES:

213.



a ~ 2.5(K1e)ZU,.
B ~ 2.5(K1e)Z

u,.

W > 5.0(K,,)Zu,.
~ 1 (K1e)Z

r,)'(pJaac strain) - 6n ays

specimen thickness = .!!... ~ 2.5(K,e/u,,)Z ~ 2.5(6/t) ~ 47
plastic-zone size " (1/61t)(K'e/Q..)Z

4-31. Specimen size requirements

NOTES:

214.



! BEND SPECIMEN EDGE OR COMPACT
rSPECIMEN LOADING HOLE CENTERLINE

t:::]~~:~~-::::~l>1
o

0=0.45100,55 W FATIGUE CRACK
EXAMPLES I (;NOTE 1I CHEVRON 'SEE F1G.3-~ t:1

. IN) )i:::-

I I ~TRAIGHTTHRU ~JJ

~_::::::::~~~:::_:~
NOTE 1-FATIGUE CRACK SHALl BE NOT LESS

THAN 0,050, NOR LESS THAN 0.05 in (1.3mml.

4-32. E399 Chevron notches

NOTES:

OOTE 1- A = 8 TO WITHIN 0.010 W
NOTE 2-CUTTER TIP ANGLE 90 deg MAX
NOTE 3-RADIUS AT NOTCH BOTTOM SHALL BE

0.010 in. (0.25 mm) OR LESS
NOTE 4-EACH OF THE TWO PARAll.EL NOTCH

SURFACES MUST LIE IN ONE PLANE TO WITHIN
0.005 W AND MUST BE PERPENDICULAR OR
,PARALLEL AS' APPLICABLE TO THE SPECIMEN
·FACES TO WITHIN 0,005 W

215.



2H

H

A-.,

F

..-L
w --

•

-$ 1\1{

NOTCH ROOT
RAOMJS Qod' MAX.

1

s

o....,·L
MOO"

ENLARGED VIEW

4-33. E399 CTS specimens.

NOTES:

216.

B

'" SECTIOO BB
}" ENLARGEO

B

SECTION AA

PROPORTIONS

(I - NCMINAL CRACK LENGTH,
INCLUDING FATIGUE CRACK

W -20

WI - 2.50

S -0.10

H -1.20

0-0.50

F -2£ - Ua
B - THICKNESS



~!:O.0I0

)j 8
32

A_
N
og
+'
;0

CRACK STARTER
ENVELOPE (SEE FIG. 3-12)

0TT'=L
2W+ O.IW MIN l--L--'2~W~+-O~.~IW~M=IN--_-'1~

NOTE 1- DIMENSIONS AND TOLERANCES ARE IN INCHES UNLESS OTHERWISE INDICATED
NOTE 2- "A" SURFACES ARE TO BE PERPENDICULAR TO CENTER LINE OF CRACK

STARTER ENVELOPE WITHIN to.005-1n TlR.
NOTE 3- INTEGRAL OR ATTACHABLE EDGES FOR CLlP GAGE ATTACHMENT MAY BE

USED (SEE FIG.3-16)

4-34. E399 3 point bend specimens.

NOTES:

217.



p

FRACTURE
TEST

K

Kt{MINI_¥~ :\...ieJ- _
NO. OF CYCLES_
OF lDADlNG

FRACTURE
TEST

4-35.

NOTES:

Fatigue precracking of K1c specimens.

218.



~1'----d3EN-D-~-PE-CIMENl
o SURFACE

•

~'\. 0,
TIP OF FATIGUE- ~ 02

CRACK
~ °3

ITMACHINED CHEVRO

MACHINED
NOTCH

N

-·-----1°SURFACE

4-36. Fatigue precrack requirement

NOTES:

219.



~ -i 8~J n B=W/2
~ a=W/2

4-37. 3 point bend specimen setup for testing

NOTES:

220.

•



t
LOAD,

P

TYPE m

DISPLACEMENT, v -

4-38. Typical load records from a K test.

NOTES:

221.



P

PMA)( < I 10
P, .

,
,

,
----1'.<:.'

A

5%

4-39. 5% secant offset.

NOTES:

222.



P

ORIGINAL
SLOPE ~ > 1,10 UN THIS RECORD)

P,

Il.- A

4-40. P-6 record for a tough material.

NOTES:

223.



4-41. View of 3 point K1c test in progress.

NOTES:

224.
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SEE

A -: (DETAIL B

---1-)_----.JIJ
I ~ A_,.J_'_ I
,-.. 12------·

B -PLATE
"'THICKNESS

t' 45·
I' 45·
2' 2&"

SECTION A-A

I '

11~
lln.......-- 90 CHEVRONL-....:::J NOTCH

DETAIL B

4-43. Details of Lehigh 3 point bend specimen.

NOTES:

226.
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TUP

PHOTOCELL

SHUTTER

SHOCK
ABSORBING
SUPPORTS

RELEASE
MECHANISM

r CRANE

~
N~ 1>= '-,;

Jf~
P=t lIf,

2 0

P=t 00 1>'<
o 0

-~ 00 P=t

~
.t=f-..

Il'"
P=t

~ ~
~

il=f

~Il'"
Qld=P=t P=til=f b
~

I L-.__

400-L
DROP

WEIGHT

GUIDE
RAIL

12w:'8!5
COLUM

AUGNMEN
BOLTS

TEST

SPECIMEN

4-44. Schematic of Lehigh Drop test machine.

NOTES:

227.



LOAD D
DYNAMOMETER--.....U

(TUP)

M3/4-

V2 ROUND
CUSHION (STEEU\

o
, \ \., 'I' \'...-----

",\ \ \

10· -----...,I

4-45. 3 point bend specimen and loading tup.

NOTES:

228.
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80D

STRAIN
GAGES
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D.
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Ie RA

COMPRESSION TENSION

TO POWER

TO
OSCILLOSCOPE

4-46. Loading tup.

NOTES:

229.



LOADING TUP DRILL ROD
CUSHION

AL. CUSHiON

4-47. Lehigh dynamic K1c measurement system.

NOTES:

230.
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150..------...-------.--------.

z
:::;100
o

'"ooJ

50

o 5
L (mml

10 15

4-48. Load versus indentation length for drill rod cushions.

NOTES:

231.
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>
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4-49. Energy versus block compression for aluminum blocks.

NOTES:

232.
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4-50. Energy versus indentation length for dril I rod
cushions.

NOTES:

233.



T

TEMPERATURE -+

10.) LOADING RATE EFFECTS

TEMPERATURE -.

lb.) THICKNESS EFFECTS

4-51. Effects of Temperature, Loading Rate and Thickness
on Kc '

NOTES:

234.



I
Kc

~~
,

t
I
I

CVN :r
TEMPERATURE ~

4-52. Schematic Representation of Correspondence of
Temperature Transirion Regions of K and CVN
Curves.

NOTES:

235.



TEMPERATURE o e
-200 -150 ~IOO -50 0 50 100

140
180

--12.7mm

120 160

100 140

eVN 120 eVN
(ft.-lb.) 60 (Joules)

100
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60
40

40
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0 0
-300 -200 -100 0 100 200

TEMPERATURE 'F

4-53. Lehigh CVN Results A7 Steel.

NOTES:

236.



TEMPERATURE °c
-50 -25 0 25

120 I 120

12.7mm

80 0 80
Kc

Kc
(ksi 'lin.! (t<lN/mm312)

40 0 • 40
•

0 0
-100 -50 0 50 100

TEMPERATURE of

4-54. Lehigh K Data A7 Steel --- "R" Values, a Dynamic
K Values, • Static K Values, .Estimate from Equation
4.5, x Point of Maximum Val id K.

NOTES:

237.



TEMPERATURE DC
w200 -150 -100 -50 0 50 roo

140 I

--12.7mm
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1/ I:
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.)'

4-55.

NOTES:

o"-::=--:,=-~J..,-'=-.L_..L_-L-lo
~300 -200 -100 0 100 200

TEMPERATURE 0 F

Lehigh CVN Results A242 Steel.
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TEMPERATURE Cc
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TEMPERATURE (IF

4-56. Lehigh K Data A242 Steel --- "R" Values, a Dynamic
K Values, • Static K Values,. Estimate from
Equation 4.5, x Point of Maximum Valid K.

NOTES:

/
239.



TEMPERATURE °c
-200 -ISO -100 -50 0 50 100
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4-57. Lehigh CVN Results A440 Steel.

NOTES:

240.
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TEMPERATURE of

4-58. Lehigh K Data A440 Steel --- "R" Values, 0 Dynamic
K Values, • Static K Values, • Estimate from Equation
4.5, x PoInt of Maximum Valid K.

NOTES:

241.
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4-59. Lehigh CVN Results A588 Steel.

NOTES:
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4-60. Lehigh K Data A588 Steel --- "R" Values, 0 Dynamic
K Values, • Static K Values," Estimate from
Equation 4.5, x Point of Maximum Valid K.

NOTES:

243.
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4-61. Lehigh CVN Results SAE 1035 Steel.

NOTES:
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4-62. LehIgh K Data SAEI035 Steel --- "R" Values, 0
Dynamic K Values, • Static KValues, • Estimate
from Equation 4.5, x Point of Maximum Valid K.

NOTES:

245.
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STATIC

~
DYNAMIC

TEMPERATURE -

10.) LOADING RATE EFFECTS

TEMPERATURE -+

Ib') THICKNESS EFFECTS

4-63. Effects of Temperature, Loading Rate and Thickness
on Kc '

NOTES:
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I
CVN =T:
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4-64. Schematic Representation of Correspondence of
Temperature Transition Regions of K and CVN Curves.

NOTES:
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4-65.

NOTES:
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YI(~O STRENGTH. ~.;

Temperature Shift versus Yield Strength.
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ASTM
DesiglUltion

A36
AS72

A440
A441
A242
AS8S"

ASI4

17rlckll<u (In.)

Up to 4 in. m«hanically fastened
Up to 2 in. welded

Up to 4 in. mechanically fastened
Up to 2 in. welded
Over 2 in. welded
Up to 4 in. mechanically fastened
Up to 21 in. welded
Betwecn 21-4 in. welded

CVN Impact Value, It Ih

Zone J. Zone 2· Zone 3·

IS@ 70°F IS@40°F IS@ JOOF
IS@ 70°F IS@40°F IS@ JOOF
IS@ 70°F IS @ 40°F 15 @ 10°F
IS@ 70°F IS@40°F 15 @ 10°F
15 @ 70°F IS@40°F IS@ JOOF
15 @ 70°F IS@40°F 15 @ 10°F
IS@ 70°F IS@40°F IS @ 10°F
IS @ 70°F IS@ 40°F IS@ JOOF
20@ 70°F 20@40°F 20@ JOOF
2S@30°F 2S@ O°F 2S@ -30°F
2S@ 30°F 25@0°F 25 @ -30°F
35@ JOOF 3S@0°F 3S@ -30°F

·ZOOe I: minimum lervice tempcralUrc O"F &lid above.
Zone 2: minimurnlCrvice temperature from -1° to -3(l°F.
Zone 3: minimum service ternpc;rature (rom -31 0 to -60°F.

"If the yield point of the: maLettal uccedJ 65 bi. Ihe &cmpetalUnl for Ihe CVN value for acceptability sball be reduced by JsoF for each increment of 10 lui
above 6S lui.

4~66. AASHTO Toughness Requirements.

NOTES:

249.



FATIGUE LIFE

CRACK INITIATION

CRACK PROPAGATION

FINAL FAILURE

4-67. Stages of a Structures Life.

NOTES:
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DESIGN=

4-68. Design Requirements

NOTES:

251.

MATERIAL

FABRICATION

INSPECTION



FIGURES - SESSION 5

DISCUSSION OF FRACTURE CONTROL PLANS FOR NEW AND OLD BRIDGE STRUCTURES 

PRESENTATION OF CASE STUDIES

252.



5-1 avera I I View of Bryte Bend Bridge, Sacramento,
Ca Ii forn ia

NOTES:

253.



5-2. View of Twin Structures over River.

NOTES:

254.
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5-3. Section and Elevation of 4,050 ft. long structure.

NOTES:

255.



5-4. Transition Region Between Simple Approach Spans
and Continuous Bridge Structure

NOTES:
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5-5. Cross-Section of Box Girder

NOTES:

257.



5-6. Plan View of Brittle Fracture in Flange

NOTES:

258.



5-7. Brittle Fracture Origin at intersection of lateral
attachment and flange plate

NOTES:

259.



5-8. Brittle Fracture Surface Showing Classic Herringbone
Pattern and Sma I I Shear Lips.

NOTES:
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5-9. Origin of Fracture Showing O.2-inch deep weld'crack
and 1.3-inch Deep Crack

NOTES: '

261.
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p K.C TEST

p

p

CRACK

EXTENSION

5-10. Schematic of K1c Test Specimen and P-~ Test Record

a) fatigue cracked specimen-sharp notch
bl PeR at instabil ity

NOTES:

262.



5-1 I. Actual Fracture Surface of K1c Test Specimen

NOTES:

263.



5-12.

.PECIMEN
Tlnl~"ATURI!

.10,

Q

~

o
..J

DISPLACE MEN T (~)

Actual P-d Test Record for K1 Test Specimen 
K+ - 55 ksilTn. (satisfied E~399 Test Method
a c+60o F)

NOTES:

264.
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5-13. Stress-Flaw-Size Relation for Edge Crack in Steel
with K

lc
- 55 ksifu.

a) critical crack size for crys
b) critical crack size for cr = 45 ksi
c) critical crack size for cr = 28 ksi

NOTES:

265.
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5-14. stress-Flaw Size Relation for Edge Crack in Steel
with K1c = 55 and 150 ksilTn.

a) compare acr
b) effect of toughness
c) 150 typical

NOTES:

266.
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5-15. Schematic Showing Location of Additional Flange
Plates.

NOTES:
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5-16. Closeup of Additional Plates Attached to Originai
Flange Plates

NOTES:

268.



5-17. Overal I View of Additional Plates Extending Back to
Zero Stress Region.

NOTES:

269.



5-18.

NOTES:

I
FLAW SIZE,

o

IV (IMPRO\IEMEtrr IN Ll'E CUE
- TO LARGE ItoFRQVEMENT

IN NOTC'" TOUGHNESS)
0"

IP!..AST1CI
BEHAViOR

a.. I

, ~=::::==:::=~"'-:E~:,·=,=~'::=·=N='=O'll~"~'~"'~',...~.,--- ~"'~""~""~EIME~N~'t.~_~_ SIZEI ~~~~L~eri~R
(IMPROvEMENT IN UFE DI.€ TO
SMALlER 1N11~L FLAW SIZEl .,

",",MIlER OF CYCLES Of" FATIGUE LOADING

Schematic Showing flaw size- fatigue iife relations
for various critical crack sizes.

a) Region I
b) Region II
c) Region III
d) Region IV
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5-19. Profile of Quinnipiac River Bridge

NOTES,

271.



5-20. Crack in Web of Fascia Girder.

NOTES,

272 .



5-21. Crack on Bot-~om at Beam Flange.

NOTES:

273.
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5-22. Schematic of Girder Showing Sections Removed
for Examination at Crack

NOTES:

274.



5-23. Fracture Surface at Flange-Web Junction

NOTES:

275.



5-24. Fracture Surface of Web Near Longitudinal Stiffener

NOTES:

276.



5-25. Ends of Longidudinal Stiffener at Crack

NOTES:

277.



5-26. Fracture Surface of Longitudinal Stiffener Showing
Lack of Penetration of Transverse Weld

NOTES:

278.



Region Examined
by Electron Microscope

Longitudina I
Stiffener 4 1J2 1l x3/S't:

7/16" Web

5-27. Schematic Showing Location Examined by Electron
Microscope.

NOTES:

279.



5-28. Crack Growth Striations Nearest Longitudinal
Stiffener - 49125X

NOTES:

280.



5-29. Crack Growth Striations Nearer Web Surface - 49125X

NOTES:

281.



5-30. Cleavage in Flange Near Bottom Surface - 4300X

NOTES:

282.



5-31.

NOTES:

SloQe II: Fatigue Crock
Growth thru Web

Stoge m: Brillie
Fracture in Web
Arrested in Flange

Stoge nz:: Fatigue
Crock Growth
in Flange

Schematic of Crack Growth Stages

283.



60 Flange • •
•·LT

oLS • •

40 •

20 0
<Il ..
CD
...J •, • •.... •...
>-' 0

'"cr
w
z
w

Web (LTl
0 60 •
w
CD •cr •0
<Il
CD

" 40
••

••20
••

0
-40 0 40 80 120

TEST TEMPERATURE of

5-32. CVN Resu Its tor Web and Flange Adjacent to Crack.

NOTES:
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