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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.
sz‘é-ﬁ ﬁ/ %/
Charles F. S ffey

Director, Office of Research
Federal Highway Administration

NOTICE

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

volume.
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FIGURES - SESSION 1

INTRODUCTION AND OVERVIEW OF

FRACTURE MECHANICS AS RELATED TO BRIDGE STRUCTURES



I-1. Brittle Fracture Surface

a) sudden type of failure
b) no warning
c) nil ductility

NOTES:



t-2. Pt. Pleasant Bridge after Brittle Fracture

NOTES:



-

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

NOTES :



T e

[-4. Failed Eyebar
a) brittle behavior
. b)Y ductile behavior
¢) vielding and elastic core
NOTES:



Figure |I-5. Fracture surface of Point Pleasant Bridge
Eyebar

a) flat fracture
b) very small shear lips




I-6. Critical crack size ~ |/8-inch

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

NOTES:
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I-7. Very Low Notch Toughness
a) K, v 40 ksivin. at +32°F
b) CVN ~~ 2 ft+ Ibs.

NOTES :




|-8. Historical ~ World War || Ships

a) Major Problem

NOTES:
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1-9. Recent 1972 Brittle Fracture

NOTES:



I-10. Comparison of 1943 and 1972 Failures
a) distinct differences in materials and loadings
b) resistance factors improved
c) for this failure, load factor very high

NOTES:E



Significant reduction in number of failures but
occasionally failures still do occur

1967 - Pt. Pleasant Bridge

a)
b)
(63,
d)
e)

1970
1971
1972
1975

Bryte Bend Bridge
Fremont St. Bridge
Ingram Barge
Lafayette St. Bridge

NOTES:



MATERIAL TOUGHNESS
STRESS
TEMPERATURE

| OADING RATE
CONSTRAINT
REDUNDANCY
RESIDUAL STRESSES
PLATE THICKMNESS
FLAWS

INSPECTION

STRESS CORROSION

|-12. Many Factors Affect Brittle Fracture

a) material toughness g} residual stresses

b} stress h) plate thickness
c) temperature iy flaws

d) loading rate j? inspection

e} restraint k) stress~corrosion
)  redundancy crack growth

I} fatigue crack growth

NOTES:
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I-13. Basic Transition Temperature Approach
a) some level of toughness at service temp.
(f+ Ib, L.E., or % shear)
bl impact loading onty
c) small scale CVN specimens (or others)
d) no effect of thickness
@) NDT reference point
NOTES:




BSORBED ENERGY
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I-14. Effect of Loading Rate
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NOTES:
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APPLICATION
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I-15. Design Significance of Loading Rate

NOTES:
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I-16. Example of CVN Shift fer A36 Sieel

NOTES:
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I-17. Fracture Mechanics Framework

a)l
b)
c)
d)

e)

stress or loading at service temperature
and loading rate

material toughness at service Temperature
and loading rate

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

brittle fracture is not just a material
probtem

fracture mechanics accounts for factors
other than just material toughness

NOTES:
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1-18. Stress intensity, K], ahead of sharp crack

a) Kl

b) comparison of plastic zone size to size of

elastic stress field
¢) specimen size requirements

NOTES :
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THROUGH THICKNESS CRACK

| b 20 K = & /75

WA 5200%
EOGE CRACK

K = 1120 /ma

o
i-19. K Relations for Various Crack Geometries

a) Interaction between o and a
b} Kl and ch

SURFACE CRACK
K = 1120 /ma/Q

WHERE Q = fla/2c, )

NOTES:

20.
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1-20. Interreiation Between Kl’ K, ,0 , a

(¢
a) Effect of improved toughness
b) Effect of Lower stress

c) Effect of Improved fabrication

NOTES:

! 21,



COLUMN RESEARCH COUNCIL
COLUMN STRENGTH CLRVE

EULER CURVE P

/ ——

YIELDING
o =0vs

L

{a) COLUMN INSTABILITY

Q
{b) CRACK INSTABILITY

1-21. Analogy with Euler Curve

a) Design to stay below Euler and ch: curves
b) Effect of yielding

NOTES:

22,
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[-22. KIC Relation for Edge Crack

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

NOTES:
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1-23. ch = 55 and 150
a) Effect of Improved foughness on a .
b} At higher foughness levels, correTations
are needed but approximations are meaningful
¢) e.g. -a_ ~.lor I.0.
cr
NOTES:

24,



o = APPLIED STRESS, KSI
a = CRACK LENGTH, INCHES

K = STRESS INTENSITY FACTOR AHEAD
L OF A SHARP CRACK, KSIYINCH

K. = CRITICAL STRESS INTENSITY FACTOR,
I KSIVINCH, AT WHICH UNSTABLE CRACK
GROWTH OCCURS

PLANE STRAIN = STATE-OF-STRESS UNDER MAXIMUM
CONSTRAINT (THICK PLATES—

g = u(cr>< + ay)

Z

PLANE STRESS = STATE-OF-STRESS UNDER MINIMUM
CONSTRAINT (THIN PLATES—o, = 0)

[-24. Summary of Terms

NOTES:

25.



FRACTURE TOUGHNESS, K., ksi y/ich

t T L
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1-25. K,  is a functlon of Temperature and Loading Rate
a) similar ta oy but effect is greater
NOTES:

26.
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1-26.

THICKNESS, B, inthes ——

Critical K (KC or KIC) is a function of thickness

a) plane stress
b) plane strain
c) +thickness vs. constraint

NOTES:

27,




Actual Flaw Size compared with theoretical flaw size

1=-27.

.

NOTES

28,
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I-28. Design Use of K1C

a) KIC 60

b) ch 120

c} fof ch values at service temperature and
loading rate

NOTES:

29.
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|-29. Temperature Effect on ch and Kld similar for Other
Noteh Toughness Tests

a) K,;. and K
l

b) CVN Id

¢) DT (notch acuity and cold work)

NOTES:

30.
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|-30. Stress—Intensity ahsad of Crack

a) behavior for K;. as CVN and DT

b} advantages of K|, = stress, flaw size rather
Than energy

c¢) analysis valid for many geometries

NOTES:

3.
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Various KIC Test Specimen
a) CTS
b) Bend
c) Notched Round
d)

KIC Value can be used in design

NOTES:

32.
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|=32. Slow-Bend Test Setfup
al K,_ = elastic
c) C(BB - inelastic
NOTES:

33.
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I-33. P-A Record for Flastic Behavior

a) Linear
b)Y Clear instability

NOTES:

34,
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1-34. P-A Record for inelastic behavior

a) non-linear

b) ductile crack extension

¢) K, analysis invalid

d) Atypical of bridge steels at service
temperatures and loading rates -
fortunately

! NOTES:

35.



|-35. Fracture-surface of KIC Test Specimen

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

NOTES:

36.
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|-36. Design Use of ch Values

a) exact
b) approximate
c) correlations

NOTES 1
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Fundamental fracture-resistant desigh approach

1-37.
a) lower stress
b) improve fabrication
c) use tougher materials
d) engineers knew this, but fracture mechanics
defines trade-offs
NOTES:

38.



KIC VALUES FOR BRIDGE STEELS

KI = £ [ TEMPERATURE,
LOADING RATE,
PLATE THICKNESS

I-38. K. Values depend on Temperature, lLoading Rate,
Thickness (constraint)

NOTES:

39.



FRACTURE TOUGHNESS, Kp., ksi /Wnch
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1-39. Effect of Temperature and Loading Rate on Kie
for A572 Steel
a) slow
b) intermediate (Ottawa bridge test results
plus others for bridges
c) dynamic
NOTES:

40.
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|-40. Effect of Temperature and Loading Rate on ch for
A36 Stesl

a) Note metalliurgical effect as limiting
temperature is reached

b) significant improvement in toughness

¢} basis of AASHTO for intermediate loading rate

NOTES:

41,
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1-4]., Test Results for AS38

a) scatter

b) effect of loading rate

c) actual behavior better +han guaranteed
minimum

NOTES:
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I-42. A441 Test Results from Lehigh

a) thickness
b)Y loading rate
c) temperature

80

NOTES:
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|-43. Fracture Surfaces Showing Effect of Thickness

a) original 2-inch thick plate

b) specimens from center-line (no metallurgical
effect)

c) shear lip size similar

NOTES :
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|-44. Test Results showing effect of Thickness

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

NOTES:

45,
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TEMPERATURE FOR
SLOW LOADING
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TEMPERATURE FOR
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1-45.

TEMPERATURE ——

Design Significance of lLoading Rate

basis of AASHTO toughness reguirements

NOTES:
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|-46. Loading Rate Shift for A36, A572, A5I4

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

NOTES:

47.
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1-47. Loading Rate Shift is a function of Yield Strength

a) TS = 215=] .5 Uys (Uys < 140)

b) T. =0 (g__ > 140)
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NOTES:
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1-48 KIC - CVN Correlation
a) static CVN - static K|,
b) impact CVN - dynamic KI
c) fatigue cracked ¢
d) A =5 for regular CVN impact
NOTES:

49,
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1-49. AASHTO Specification Based on CVN

a) Quality Control Test
b) Minimum Value in impact test
¢) loading Rate Shift

100

NOTES:
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TEMPERATURE °F
[-50. Class | AASHTO Toughness Specification
a) Service Temperature = 0°F
b) CVN impact - |15 ft Ib at +70°F
¢) Loading Rate Shift
d) intermediate loading rate behavior
NOTES:

51,
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|-51. AASHTC - 3 zones

a) > O°F
b) =30 t+o O°F
c) -60 to -30°F

NOTES:
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CVN Impact Value, ft Ib

ASTM -

Designation Thickness (in.) Zone I* Zone 2% Zone 3*
Al6 15 @ 70°F 15 @ 40°F 15 @ 10°F
A572 Up to 4 in. mechanically fastened 15 @ 70°F 15@ 40°F 15 @ 10°F

Up to 2 in, welded 15@ 70°F 15@ 40°F 15 @ 10°F
Ad40 15 @ 70°F 15 @ 40°F 15 @ i0°F
Ad4l 15 @ 10°F 15 @ 40°F i5 @ 10°F
A242 15 @ 10°F 15 @ 40°F 15@ 10°F
AS588e* Up to 4 in. mechanically fastened 15 @ 70°F 15 @ 40°F 15 @ 10°F
Up to 2 in. welded 15 @ T0°F i5 @ 40°F 15@ 10°F
Over 2in. welded 20 @ 10°F 20 @ 40°F 20 @ 16°F
AS514 Up to 4 in. mechanically fastened 25 @ 30°F 25@ O°F 25@ —30°F
Up to 2} in. welded 25 @ 30°F 25@0°F 25@ —30°F
Betweecn 214 in, welded 35@ 30°F 5@ 0°F 35@ --30°F

*Zome I rrummum service temperalure 0°F and above.
Zone 2 minimum scrvice iemperature from —1° o —30°F.
Zone service temg from —211° to —6&0° F.
"Ill‘xt,hc y:eld poml of the material exceeds 65 ksi, the temperature for the CVN value for accepiubility shall be reduced by 135°F for each increment of 10 ksi
ve 63 ks

|-5Z. Table of AASHTO Toughness Requirements

a) Effect of o
b) Effect of tHKTckness
¢c) Effect of stored elastic energy

NOTES:

( 53.
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1-53. QOverall Fracture Control Plan
a) Materials
b} Design
¢c) Fabrication
d) Loading
e) Sub-critical crack growth (fatigue,
stress corrosion)
NOTES:

54.



FRACTURE CONTROL PLAN

K = £ (o, Va)
IC

KIC = MATERIAL PROPERTY

o = DESIGN
a = FABRICATION AND INSPECTION

|-54, Fracture Contreol Plan

a) Materials

b) Design

c) Fabrication

d) Brittle fracture problems will not be solved
merely by AASHTO toughness requirements

NOTES:

35,



INFORMATION REQUIRED FOR \F.IRACTURE
CONTROL PLAN FOR BRIDGES

D
2)
3)

)

1-55.

TOUGHNESS VALUES OF BRIDGE STEELS

FLAW SIZES IN BRIDGE MEMBERS

FATIGUE CRACK GROWTH BEHAVIOR

FRACTURE TOUGHNESS CRITERIA

Information Required for Fracture Control

al
b)
c)
d)

e)

Toughness Values
Flaw Sizes

Fatigue Behavior
Criteria

Service experience

NOTES:

56.



FLAW SIZE,a

a——"INITIATION" e *PROPAGATION . —

~+——REGION 1 ———+}+-REGION 2{ ———+4=— REGION 3 —»
f |

NUMBER OF APPLIED
LoaAD CYCLES N—

REGION 1~DIFFICULTY IN  REGION 2—-FLAWS CAN  REGION 3—CRACK GROWTH
DEFINING FLAW SIZE (DIS- FIRST BE OBSERVED IN  CAN BE OBSERVED
LOCATION MICROCRACK, AN ENGINEERING SENSE

POROSITY, ETC.)

|-56. General Fatigue Behavior

a) Initiation
b} Propagation
¢} Unstable

NOTES:

57.



3.0

FLAW SIZE a,inches

3
o)
]

1

Ocr = 28inch

Nl L [l

1 1 !
40,000 60,000 80,000

|
20,000
NUMBER OF CYCLES OF LOADING, N

I-57. Fatigue Crack Growth Curve
a) da/dN = AGAK)"
b) growth is a power function of Ac
¢} rate increases
d) large effect of a,
NOTES:

58.



STRESB-INTENSITY-FACTOR RANGE, AKg, sl /inch

B "l‘..o
I - Tl
|° — - -
= %%- 0.27x 10" (AK S nE
5—.
[ da -8 2.23
;i-056xio {AKy)
0 WHERE AK; IS IN ki /inch
5‘_‘_’ o —12 Ni STEEL
L o-{0Ni STEEL
- 1.0 kel finch « 1.0998 MN/m3/2 &~ HY-130 STEEL
B inch = 25.4 mm °~HY-80 STEEL
o IR A I R 1] B I I AR ] BTN ETN WS BTSN | SR I BY S
1007 10~ 10-3 104 10-3

CRACK-GROWTH RATE, da/dN, inch par cycls

i-58. Fatigue Crack Growth Behavior

a) da/dN related to aK"

b} general band for structural steels

c} ferrite pearlite steels da/dN =
3.6 x 10710 (aK)3-0

d) martensitic steels da/dN = 0.66 x 10-8
(AK|)2'25

NOTES :

59,



Aa
AN = 556 % 1073[1.98(A0)V Caygl® 23

where Ag = 0.10 in, (2.54 mm)
Ag = 20 ksi (138 MN/m3)

ao ar Gavg AK AN 2 N
(in) (in.) (in.) (ksio/in.) (cycles) (cycles)
03 04 0.35 2.5 12,500 12,500
a4 0.5 0.45 26.7 9,750 22,250
0.5 0.6 0.55 294 7,550 29,800
0.6 0.7 0.65 322 6,150 35,950
a7 0.8 0.75 46 5,200 41,150
0s 0.9 0.85 36.6 4,600 45,750
09 1.0 0.95 33.8 4,100 49,850
10 1.1 1.08 40.5 3,700 $3,550

|-59. Table Showing Crack Growth Information

Aa
a) ON = gym

As

by AN = preiova W
avg

c) A, C, mare geometry and material constants

NOTES:

60.



FLAW SIZE,

IV | IMPROVEMENT 14 LIFE DUE
1O L ARGE MPROVEMENT
N NOTCH TOUGHNESS)
Qg ———— -
[PLASTIC)
BEMHAVIOR
Oy e OVERENT wore KT p: 2
(ELASTIC PLASTIC) | UMPROVEMENT ¢ } /
NOTCH TOUGHNESS) Pg
4
I’/"
Lo
O — o 1
IPLAN STRAN) o, ? UMPROVEMENT IN
BEHAVIOR TITIAL FLAW UFE DUE TO LOWER
% ) STRESS LEVEL)
{MPROVEMENT IN LIFE DUE TO
| SMALLER INITIAL FLAW SIZE
o
NUMBER OF CYCLES OF FATIGUE LOADING
1-60. Effect of Fracture Resistant Design
a) Reglon | - effect of lower stress range
b} Region t1 - effect of better fabrication
and inspection
c) Region Il - effect of moderate level of

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

NOTES:

6l.



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 tife 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 171fe and the
subcritical propagation |lfe.

c) One must be able to predict the initiation-,
subcritical-crack-propagation-, and
unstable-crack-propagation behavior to
astablish a Fracture Contro! Plan to ensure
the safety and reliability of the structure.

NOTES:

63,
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| o = INITIATION LIFE 1
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| TOTAL LIFE 4
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T
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HUMBER OF CYCLES TO FAILURE, N, LOG SCALE

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

a) Small smooth-rotating-beam specimens.

b) Low-cycle (high-stress~fluctuation) life is
primarily propagation.

c) High-cycle {low-stress-fluctuation) |ife
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-
gation behavior.

NOTES:

64.



MAGNITUDE OF STRESS
ALONG X AXIS, oy

T e o aar o
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P
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2-3. Schematic Illustration of the Elastic-Stress-Field
Distribution Near the Tip of an Ellipfical Notch
{(Mode | Deformation)

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

b) Stress field in the vicinity of the notch
depends on the sfress-intensity-factor,
KI’ and on the radius of the notch tip.

NOTES:

65.



FREE BODY
OF STRUCTURE

STRESS-
CONTROLLED
[*— TEST

SPECIMEN
STRAIN-

CONTROLLED
TESY
SPECIMEN

STRUCTURE UNDER
STRAESS-CONTAOLLED
CONDITIONS

A

2-4. Test Specimen Simulation of Stress Concentrations
in Structures (a) Strain-Controlled Specimen.
{b) Stress-Controlled Specimen.

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

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 simuiate
those in the sfructural component of inferest.

NOTES:

66.



[ 3 ) . - 3 C I =] 0.5

0.5%00"

¥y :

0.008"<p< 0.375"

linch = 23. 4mm
ENLARGED NCTCH DETAIL
2-5. Double~Edge-Notched Specimens
a} Specimens contain notches of various
severitles.

b) Specimens subjected to various stress
fluctuations.

NOTES:

67.
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. FATIGUE-CRACK-INITIATION CYCLES, N; x 103

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

a) Specimens contalning same stress concentration
(same notch geometfry) give a curve that
represents the [ife to initiate a small
crack, N..

b) The crack-initiation life, N., decreases with
increased stress-concentratién factor, K

¢) For the same notch geometry (that is, sathe Kf),
the Initiation |ife decreases with increased"
magnitude of the stress range.

NOTES:

68,
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tlach = 25.4 mm
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FATIGUE -CRACK-INITIATION CYCLES, Nj » 107

2-7. Correlation of Fatigue-Crack~Initiation Life with
the Parameter AKl/ p for HY-130 Steel.

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

Vo
b) The parameter AK times a constant equal to
Vo

about 1.2 is equal to the maximum stress
fluctuation in the regicn of the stress
concentration. ' '

¢} The fatigue-crack-initiation threshold for
various geometries occurs at the value that
appears to be characteristic for the material .
Tested.

NOTES:

69.



300 .
1 in. = 25.4 mm
_ 1 degree = .017 rad
" IJL T
Root Radius 1/8" 3"

S
» » J 1

Notch Root & Area Around Notch Nominal
Polished to No. 8 Finish

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

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

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

NOTES:

70.
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FATIGUE-CRACK-INITIATION CYCLES, N, x 103

7-9. Fatigue-Crack-initiation Behavior of Various Steels
a) Data obtained using & 3-point~bend foaded
specimen under zero-fto-tension loading.
b} The fatigue~crack-initiation threshold e
increases with steel strength.

NOTES:

7.
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Zz-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.| occurs when the
maximum stress range at the notch tip is
equal to the tensile stirength of the material.

NOTES:

72.
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2-11. Dependence of Fatigue-Crack-tnitiation Threshold
on Strain-Hardening Exponent

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

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

NOTES:

73.
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2-12. Dependence of Fatigue-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.

¢) The data show that the fatigue-crack-initiation
+hreshold subjected to various stress ratios
depend on the total stress range (fension
and compression). Thus, the correlating

paramefer is AK+o+aI'

o

NOTES:

74,



AW SIZE,a

*PROPAGATION. .

——"INITIATION”

+——REGION 1 ——he-REGION 2| ———ste— REGION 3 —»
i |

|
i
+ !

NUM3YR QF APPLIED

LOAD CYCLES N—

REGION 1-DIFFICULTY IN REGION 2 - FLAWS CAN REGION 3 —CRACK GROWTH
DEFINING FLAW SIZE {DIS-  FAIRST BE OBSERVED IN CAN BE OBSERVED
LOCATION MICROCRACK, AN ENGINEERING SENSE
POROSITY, ETC)

2-13. General Fatigue Behavior
Initiation (very small discontinuities),

Region I.
b) Cracks can be first observed, Region 2.

Crack-growth rates can be measured, Region

a)

c)

NOTES:

75.



FATIGUE-CRACK LENGTH, 0, inches

I ] | i { | I
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NUMBER OF CYCLES, N xt0®
2-14., Effect of Cyclic-Stress Range on Crack Growth

a) Same specimen geomefry--specimens subjected
to various magnitude of stress fluctuation,

Ao,
b) The fatigue [ife decreased with increased Ac.

NOTES:

76.



FATIGUE-CRACK LENGTH, a, inches

| { I | | ) I
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NUMBER OF CYCLES, Nxi0%
2-15. Effect of Initial Crack Length on Crack Growth

a) Same specimen geometry except for the initial
crack size. Specimens subjected to identical
Ag values.

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

NCTES:
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2-16. Schematic iltlustration of tThe Elastic-Stress-Field
Distribution Near the Tip of a Fatigue Crack (Mode
Daformaticn)

al

b}

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

Thus, the effects of stress fluctuation and
size of The crack on the fatigue life should
be governed by the fluctuation In the
stress—-intensity factor.

NOTES:

78.



linch=25.4mm p STEEL A

STEEL A

< > 1.6x10°% Inch

STEEL B

< 1.6x10°3 Inch

CRACK GROWTH RATE PER CYCLE, da/dN, LOG SCALE

REGION I—‘VREGION by REGION IIX
-1t e

STRESS-INTENSITY-FACTOR RANGE,
AKg, LOG SCALE

2-17. Schematic Representation of Fatigue-Crack Growth
in Steel
a) Fatigue-crack-propagation behavior can be
divided into three regions.
b} Region 1, threshoid behavior.
c} Region I, power-law relationship.
d) Region 1il, fast crack growth under cyclic
lcading.
e) Large effects of initial crack size.
f) Large effects of Ac because AK is raised to
a power equal To or greater than 2.
NOTES:

79.
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2-18,

AK, Stress Intensity Rangs, BI(IF

Example of Fatigue-Crack-Propagation Threshold

a)
b}

c)

TesT conducted at a stress ratio of about +0.1.
Fatigue-crack-propagation threshold at a stress
ratio of about +0.1 occurs at a AKi of about

7 ksivinch.

The fatigue-crack-propagation threshold
corresponds to growth rates that are below

1078 inch per cycle.

NOTES:

80,
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FATIGUE-THRESHOLD STRESS=INTENSITY-FACTOR RANGE, AKyp ksl

| [ | | I { | [ i | |
AKy,® 6.4(1-0.838)
FOR R>0,1
7.0~ L 3 ]
LKy 5.5 ksl finch
FOR R20.(
1hei finch= ],099 MN/mY/2
6.0 o] v -
3
A i e
5.0 —
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A
v
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STEELS 8 [ ] l;l\
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0 o | | l | | i | | | |
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aMIN o

RATIO OF MINIMUM STRESS AND MAXIMUM STRESS, THMAK®

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

a) The fatigue-crack-propagation Threshold, AK,  ,
. X X Th
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
AK, .

c) Conservative estimates of AK, can be
predicted for stress ratios less than about
0.9.

NOTES:

8l.
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CRACK-GROWTH RATE, do/dN, inch per cycle

2-20. Summary of Fatigue~Crack-Propagation for Martensitic

Steels

da _ n

a)l e ACAK)

b) n for martensitic steels is equal to about
2.25,

c) Conservative estimates of growth rates in
Region |I c¢an be obtained using the equation

da 2.25

— = )
anN 0.66 x 10 (AKI)

NOTES:

82.



STRESS-INTENSITY-FACTOR RANGE,

aKjg, ksl o/ Tneh

100 —7

C T T rI7T T 7 T 117 T ' Tr
sol 1 [BR R | | I I;j
60'— a-A36 ° -

©-ABS-C g "]

- L. -
4ol ©-A302-8 Eﬂ@n&&’

a-AS37-A o %_ Z -
o A ]
20} Wqﬂ* & X i - 10 3.0
- da/dN=3.6.x 10 ' 7]
&p@q& aeou_@- X (aKp)
y FOR da/dn in inch/cycle
10l AKy in ksi-./inch
sl- linch=25.4mm 1 ksl /ineh = 1.099 MN/m3/2 .
el 1113t | N e R | [ .
4 6 B 108 2 4 6 8105 2 4 € 810
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2-21. Summary of Fatigue-Crack-Growth Data for Ferrite-
Pearlite Steels
da _ n
a)l m = al(AK )
b) n for ferrite-peariite steels is equal to
about 3.0.
¢) Conservative estimates of growth rates in
Region Il can be obtained using the equation
gg_ - -10 3.0
an 3.6 x 10 (AKl)
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 |, the stress
ratio has a negligible effect on the growth
rate in Region !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

al

b}

c)

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

Under those conditions the data in this slide
show that stress ratio has a very small effect
on growth rate In Region I},

The suggested conservative equation for
martensitic steels appears to account for
these small effects.

NOTES:

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

a} Stress ratio has a significant effect on
acceleration in growth rate in Region |!I.

b) The reason for this effect in Region 11|
is because the acceleration is governed by
the value of the maximum stress applied ‘o
the specimen.

NOTES:
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2-25. Effect of Specimen Size on the Crack-Growth-Rate
Behavior of A533 GR.B, CL.| 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:
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"1 WOL Specimens
Room Temp - Air Environment
Frequency 600 cpm

Spec Ident Cyclic Load, b

‘? 533-HAZ-1 810 15,000
B f 533-HAZ -2
533-HAZ-3

S

[
o
]
1]
CRACK-GROWTH RATE, do/dN, inch/cycle

0to 10,000
010 10,000

> D ae

0 to 15, 000
533-HAZ -4

CRACK-GROWTH RATE, do/dN, microinches /cycle
o

[ Note; The fatigue crack in spec .
a1 533-HAZ -4 remained within the

4 f HAZ. Al others deviated into
1 the adjacent weld- metal

) I A N 10-6
10 20 30 40 €0 80 100 200
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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.| Weldment

a) Available data for heat-affected zone (HAZ)
indicate that the fatigue-crack-growth rate
in HAZ is equal to or less than for base metal.
b) 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 resulfing in a skewed plastic zone.

NOTES ;

88.



[le3al

@ N oo
I

1.5~

L1l

1

A 36 STEE
ROOM-TEMP &R

CRACK GROWTH RATE, do/dN infcycle

6 com
&G cpm
3 300 cpm _
2,000 cpm
2.5 3,000 ¢cpm _]
2 -
1. 5= —~
o]
0
[lepd o8 + -
g —
] o -
T . ]
6 -
51— ’ -
al- -
L]
3 ~ { ] 1 I ] I
(i+} 20 30 40 50 6O 70 80 100
AK, kse JSin

| 2-27, Effect of Cyclic Frequency on Crack Growth Rates in
| Benign Environment

a) Frequency of the applied cyclic load appears
to have negligible 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:
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2-28,

CRACK GROWTH RATE, da/dN, inch per cycle
o

FATIGUE DATA IN AIR
AT 6 £ cpm £ 600

~SINUSOIDAL LOAD
TRIANGULAR LOAD
SQUARE LOAD
POSITIVE-SAWTOOTH LOAD
NEGATIVE -SAWTOOTH LOAD

e 4q4qod o

( [ O AT NN A N
10 20 30 40 50 60 80 100

STRESS~INTENSITY - FACTOR RANGE, AKy, ksi +/ inch

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

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

B) I+ can be concluded that frequency has a
negligible effect on da/dN for al! steels
tested in benign environments.

NOTES:
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2-29,

STEEL A

STEEL A

— > 1.6x10° Inch

STEEL B

CRACK GROWTH RATE PER CYCLE, da/dN, LOG SCALE

l “‘
! 2 < 1.6x10°2 inch
l E"y
| | :
|
REGION ITREGIOH nTnEsaon m
ot iy -y

STRESS-INTENSITY-FACTOR RANGE,
AKy LOG SCALE

Schematic Representation of Fatigue-Crack Growth
In Steel

al

b)

c)

Region |1} defines the region where
acceleration in the rate of growth occurs.,
Acceleration in the rate of fatigue-crack
growth for brittle materials occurs when fhe
maximum stress-intensity factor value approaches
the critical stress-intensity factor value,

K, , for the material.

AcGeleration in the rate of fatigue-crack
growth for ductilte materials occurs when the
maximum stress-intensity-factor value satisfies
the eguation

K= 0.05 vE o
Ys

NOTES:
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2-30. Crack Propagation Laws and Integration

NOTES:
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2-31.

f= Constant

ui[l - (ui/of)(nlz-n]

(n/2-1) Alo va; )"

aj [l —(g; /6f)u—.z/n)ﬁ].

(n/72-1) §;

Cragk Pr‘opaga’rlon Laws ancl Integration for f, a
constant and A , are the initial and
final crack |elilg'|'h£ am'i +h£ initial and final
crack growth rates respectively.

NOTES:

93.



KIC VALUES FOR BRIDGE STEELS

KIC = £ [ TEMPERATURE,
LOADING RATE,
PLATE THICKNESS

2-32. K,  Values depend con Temperature, Loading Rate,
Thickness (constraint)

NOTES:

94.
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AS512 GRADE 50 STEEL {o,, ~ 50 &)

1004~ @ SLOW-BEND LOAD d = 107 tec} 4
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2-33, Effect of Temperature and lLoading Rate on KIC
for A572 Steel

a) slow

b) intfermediate (Ofttawa bridge test results
plus others for bridges)

c) dynamic

NOTES:

95.
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Effect of Temperature and Loading Rate on K

TEMPERATYRE, F

for A36 Steel le
a) Note metallurgical effect as limiting
Temperature is reached
b) significant improvement In toughness
¢) basis of AASHTO for intermediate loading
rate
NOTES :

96.
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2-35, TestT Results for A588

a) scatter

b)Y effect of loading rate

¢) actual behavior better than guaranteed
minimum

NOTES:

97.
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2-36. A44) Test Results from Lehigh

a) Thickness
b} loading rate
¢) temperature

80

NOTES:

98.



TEMPERATURE % ¢

~200 -tBO -I00 -850 &3 50 190
140 7] 7 T [ I 1 I
—jl1a0
— 2T mm
120 |~ 160
100 |, —1140
CVN —l120 VN
.- 1) WJoutes)
b 80 — ¢
100
60| 8¢
60
40 -
40
20 l—
20
0 LI 1 | I l—lo

-300 -200 -0 4] 6o 200
TEMPERAYURE OF

2-37. CVN Results A7 Steel. (Lehigh Data)

NOTES:
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2-38. K Data A7 Steel --- "R" Values, o Dynamic K Values,

e Static K Values, M Estimate from Equation 4.5,
x Point of MaxImum Valld K. (Lehigh Data).

NOTES:
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2-39. CVN Resuits A242 Steel. (Lehigh Data)

-200 -I100 o] 100 200

TEMPERATURE ©@F

NOTES:
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2-40. K Data A242 Steel ---  "R" Values, o Dynamic K Values,
@ Static K Values, @ Estimate from Equation 4.5,
x Point of Maximum Vafid K, {(Lehigh Data)
NOTES:
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2-41. CVN Results Ad440 Steel. (Lehigh Data)

CYH
(Joulas)

NOTES:
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2-42., K Data A440 Steel --- "R" Values, o Dynamic K Values,
e Static K Values, M Estimate from Equation 4.5,
x Point of Maximum Valid K. (Lehigh Data)

NOTES:
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2-43., CVN Results A588 Steel. (Lehigh Data)

NOTES:
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2-44, K Data A588 Steel ---  "R" Values, o Dynamic K
Values, & Static K Values, BB Estimate from Equaticn
4.5, x Point of Maximum VYalid K. (Lehigh Data}
NOTES:
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2-45, CVN Results SAEL035 Stee! (Lehigh Data)

NOTES:
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2-46, K Data SAEI035 Steel ---  "R" Values, o Dynamic K
Values, e Static K Values, @B Estimate from Equation
4.5, x Point of Maximum Valid 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-line (no metallurgical
effect

c) shear lip size similar

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 simijar to thickness

NOTES:

I10.
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2-49. Design Significance of Loading Rate

a)

basis of AASHTO toughness requirements

NOTES:
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2-50. ‘loading Rate Shift for A36, A572, ASIl4

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

NOTES:

Iz,
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2-5l. Loading Rate Shift is a function of Yield Strength
a) T 215=-1.5 o _ (g < 140)
S ¥s T Yys
b) TS 0 (Uys > 140)

NOTES:
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CVYN ENERGY ABSORPTION, f1-1b

2~-52. ch - CVN Correlation

a) static CVN - static K

b) impact CVN - dyanmic k?

¢} fatigue cracked ¢

d} A =5 for regular CVN impact

NOTES;

114,
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2-53, AASHTO Specification Based on CVN

a) Quality Control Test
b) Minimum Value in impact test
c) loading Rate Shif+

NOTES:
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SPEC.
SLOW INTER. PACT
1/ ]
50 120°F
CVN 15[ A oD,
" I’ ’ ' ’ r
FT-LB ! SERVIGF':/ ~ //,,"
{,TEMP.’- " NDT
H ¢ 2 L0 ’ ;’I ’
0. I | ! AP S VAP J
-160 ~120 - 80 ~40 o} 40 80
TEMPERATURE °F
2-54. Class 1 AASHTO Toughness Specifications
a) Service Temperature - 0°F
b} CVN impact - |15 f+ 1b at +70°F
¢} Loading Rate Shif+t
d} Intermediate loading rate behavior
NOTES:

[16.
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2-55. AASHTO - 3 zones
o
a) > Q°F
b) -30 to 0°F
cy =60 to -30°F
NOTES:

i17.



CVN Impact Value, ft Ib

ASTM -

Designation Thickness (in.) Zone I* Zone 2* Zone 3*
Al6 15 @ 70°F 15 @ 40°F 15@ 10°F
AS5T2 Up to 4in. mechanically fastened 15 @ 70°F 15 @ 40°F 15@ 10°F

Up to 2 in. welded 15 @ 710°F 15 @ 40°F 15 @ 10°F
Ad40 : 15 @ M0°F 15 @ 40°F 15 @ 10°F
Ad4l 15 @ T0°F 15 @ 40°F 15 @ 10°F
A242 15 @ 70°F i5@ 40°F 15 @ 10°F
AS588** Up ta 4 in. mechanically fastened 15 @ 10°F 15 @ 40°F 15 @ 10°F
Up to 2in. welded 15 @ 0°F i5@ 40°F 15 @ 10°F
Over 2in, welded 20 @ 0°F 20 @ 40°F 20@ 10°F
AS514 Up to 4 in. mechanically fastened 25@ 30°F 5@ O°F 25@ —30°F
Up to 2§ in. welded 25 @ °F 25 @ O°F 25 @ —30°F
Between 21-4 in, welded 5@ W°F 5@ 0°F 35@ —30°F
*Zone : mini service temperature 0°F and above.
Zone 2;  mini setvice r from —1° 1o —30°F.

Zone 3:  minimum service temperature from —31* to —60°F. i i .
"ll;ou;e z;e‘l‘g_point of the material exceeds 65 kai, Lhe lemnporature for the CVN value for scceptability shall be reduced by 13°F for each increment of 10 ksi
above i

2-56, Table of AASHTO Toughness Requirements

a) Effect of o s
b) Effect of thlckness
c) Effect of stored elastic energy

NOTES:

[18.
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INCREASING STRESS, 0 ——

\ —
\ /
. INCREASING MATERIAL \
N TOUGHNESS . — o
— K €00, 4RI
’)'\\ =" (FRACTURE ZONE}
\...\ /
/\--.__\ -};f e
"I-‘- m_
K, P — -TBJGHER sn
Ky = flo, @) —
Kc = CRITICAL VALUE OF KI
a, ay

INCREASING FLAW SIZE, 28 ——

2-57. Overall Fracture Control Plan
a) Materials
b) Design
c) Fabrication
d) Loading
e) Sub-critical crack growth (fatigue, stress
corrosion)
NOTES :

9.



FRACTURE CONTROL PLAN

K =f (o, /)
IC

KIC = MATERIAL PROPERTY

o = DESIGN

a = FABRICATION AND INSPECTION

2-58, Fracture Control Plan

a) Materials
b) Design
c) Fabrication
d) Brittle fracture problems will not be
solved merely by AASHTO toughness requirements

NOTES::

| 20.



D
2)
3)
4)

2-59.

INFORMATION REQUIRED FOR FRACTURE

CONTROL PLAN FOR BRIDGES

TOUGHNESS VALUES OF BRIDGE STEELS

FLAW SIZES IN BRIDGE MEMBERS

FATIGUE CRACK GROWTH BEHAVIOR

FRACTURE TOUGHNESS CRITERIA

Information Required for Fracture Control

a)
b)
c)
d)
e)

Toughness Vajues
Flaw Szies

Fatigue Behavior
Criteria

Service experience

NOTES:

(21,



FLAW SIZE,
]
W | taPrROVEMENT W LIFE DUE
TO LARGE MPROVEMENT
N KOTCH TOUGHNESS)
uI‘ __________________
(PLASTICY
BEHAVIOR
Ry [P vy Y= AN f
{ELASTIC PLASTI) { U T0 MOOERATE oy < oy ’4
IMPR NT N p
MOTCH Tousuuassl) S
m -
’qu
,v'
-
(PLAW STRAN) og] e -
) UMPROVEMENT iN
° ‘______EE_“i"—'O-R—-"" TINITIAL FLA UFE DUE O LOWER
4 SIZE) STRESS LEVEL)
L S WD
5 ZE %
NUMBER OF CYCLES OF FATIGUE LOADING
2-60. Effect of Fracture Resistant Design
a) Reglon | - effect of lower stress range
b) Region |l - effect of better fabrication
and inspection
c) Region Il - effect of moderate level of
notch toughness (AASHTO)
d) Region IV - effect of even higher toughness.
NOTES:

§22.



FATIGUE LIFE

CRACK INITIATION

CRACK PROPAGATION

FINAL FAILURE

2-61. Fracture Controi

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 Yellow Mill Pond
Bridge.

NOTES:

25



TYPE OF DETAIL
PARTIAL LENGTH COVER PLATES

- N
771

No Welds On This
End-Both Flonges

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 fillet 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.
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A36 A44| A 514

RESIDUAL STRESSES IN WELDED BEAMS

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

NOTES:

129.



3-6. Small initial fatigue crack that has grown from an
initial porosity or gas pocket. Crack diameter
approximately .08 inches.

NOTES:

130.



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

NOTES:

131



3-8. Penny shaped crack being maintained until crack has
penetrated the bofttom flange surface.

NOTES:

|.52x



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

NOTES:

| 33.



__ Lower Tolerance Limit * -~
For 95% Survivals
STRESS 10
RANGE
KSI
(KSh g WELDED BEAMS - ALL STEELS
Sum
-0
e 2
. |4
| oy L]
0.l 05 10 5 10

CYCLES TO FAILURE (I10%)

3~10. Stress range versus cycle [ife plot as a function
of three levels of minimum stress. No influence
of minimum stress ot stress ratio.

NOTES:

I 34,
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40_
-
201~ Lower Tolerance Limit -
L For 95% Survivals
STRESS
RANGE 10
(kS
WELDED BEAMS - TYPE OF STEEL
5_
Steel
A36
e A44)
= A514 ‘
¢ Edge Cracks
l L L i I Ll 4.l l i . ] I | I - :l
0. 0.5 10 5 10
CYCLES TO FAILURE (i0%

3-11. Siress range plotted as a function of cycle life
for welded built-up beam as a function of the
grade of steel. Yield point between 36 and 100 ksi
shows no significance.

NOTES:

I35,



STRESS

RANGE 10—
(kS COMPARISON WITH PREVIOUS TESTS
5
a  Manuai Welds
o Automatic Welds
= T-Specimens
| P BRI | . |
0l 05 10 5 7
CYCLES TO FAILURE (10%)
3-12, Comparison of resul+ts from the NCHRP Program with
ear|ier studies that were undertaken since 1940,
Good correlation, with small simulated specimens
typically falling near the upper bound.
NOTES:

136.



3-13. Fatique crack formation at the termination of the
weld toe of a longitudinal weld attaching a cover
plate fo a beam flange.

NOTES:

57



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

NOTES:

| 38.



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

NOTES :

I39.



3-16. Fatigue fracture surface of ftransverse end welded
cover plate showing semi-eliptical surface crack.
Growth can be observed all along weld toe.

NOTES:

140,
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20
STRESS 10F
RANGE

(KSI) 5|

Lol 1 ' G L [ AT |
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3-17. The test data for A36 steel cover-plated beams
plotTted with stress range as a function of
cycle life. Several levels of minimum stress
show no effect on the fatigue strength.

NOTES:

141,
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007 Ql 05 10 5 7
CYCLES TO FAILURE (10°)

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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CYCLES TO FAILURE (I0%)

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

NOTES;

144,
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3-21. The stress range cycle |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 detaiis bound the
fatigue strength of welded built+-up beams.

NOTES :

145.



3~22

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

These

NOTES :

146,
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3-23, Smaller scale beams were also tested with a varitetfy
of welded atfachments.

NOTES:

147,



3-24.

NOTES:

-
b T I 2

Crack growth occurred at the termination of the weld

toe at the end of a fransverse stiffener welded
to the web alone.

148.

PEIERE T



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

NCTES:

149,



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

NOTES :



3-27.

Stiffeners welded to flange experience crack growth
from weld toe perpendicular to The stress field.

NOTES :

151,



3-28. Crack observed to initiate at a number of points
along the weld toe and grew as small semi-eliptical
surface cracks.

NOTES :

152,



3-29.

Centinued growth caused crack coalescense,

NOTES:

[53.
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CYCLES TO FAILURE , I0®
3-30. Stress range due o bending along and principal
stress, are compared as a function of cycle [ife
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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3-31.

><Welded Girder

¢ o® e

~e

o Web Stiffener
¢ Stiffener ~ Welded to Flange
- L < 2II

I[lllll

1 1 lIllIII 1 ]

0.5 1.0 5
CYCLES TO FAILURE , i0®

10

Stress range is plotted as a function of cycle

life for stiffeners attached to web and flange.
Fatigue strength is close fo the upper bound
provided by plane welded beams.

NOTES:

I55.



| HIOO% (4,433,000 Cycles) -

100 96 100
PHASES OF CRACK GROWTH AT STIFFENER TYPE |

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% (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 fo web and flange.

NOTES:

157,
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CYCLES TO FAILURE

3-34, The stress range-cycle |ife 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,
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"

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

o

NOTES:

160.
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CYCLES TO FAILURE , i0®

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

NOTES:

i6l.
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CYCLES TO FAILURE

3-38. The stress range-cycle |ife relationships of welded
details provide a series of parallel curves. The
stress concentration effect causes a decrease in
fatigue strength.

NOTES:

{62,



STRESS RANGE (ksi)

Over
CATEGORY 100,000 | 500,000 | 2,000,000 | 2,000,000
Cycles Cycies Cycles Cycles
A 60 36 24 24
B 45 275 18 16
C 32 19 13 1@
D 27 16 10 7
E 21 125 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,




1Fm‘lun u 447,000

H

440,000

b’

Number of Cycles

3-40. Fatigue fracture surface showing penny shaped |
crack in a plane welded beam. The stress Tntensity
factor for the penny shaped crack AK = Sr%/ﬁ—a"

NOTES :

164,
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Largest Crack ' ‘

0.1

] P, i | ! ST

0.0l 002 003 004 005 0.10

CRACK SIZE, a, 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.



STRESS-INTENSITY-FACTOR RANGE, AK, ksivin.

100

50

3-42.

Yielding

'

99 5 05x1070 AK298
N

-

1 ] b | L | ' l ;

s Crack on Inside Surface

A Crack on Extreme Fibre

17 106 o-3 104
CRACK-GROWTH RATE, da/dN, in./cycle
1

Plot of the crack growth rate measured during
test of plane welded ‘beam,

NOTES :

166.



STRESS- INTENSITY - FACTOR RANGE, AK, usivin.

100}~
sof
10—
sk
- 8., 2.05x10™ OK® }uuo"
{ | 1 N | 1
108 w0? o 1078 o4

CRACK-GROWTH RATE, da/dN, in./Cycle

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

NOTES:

167,



STRESS RANGE (ksi)

n W

-5

X Confidence Limits 0.02
- Qo=
L Cover- Plated Beams oSk =~ —
- ‘%‘
B AKth=33 ksifin
l 1 ] i L 131 L ' { (] {1 1 14 l i 1 1 L i1 lJ__I_
0.l 1.0 10 100

CYCLES TO FAILURE (10%)

3-44, Predicted crack growth threshold for cover-piated
beams with AK,, = 3 ksivin .

NOTES:

168.
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3~45. Stress-fime response for a typical bridge member,

NOTES:

169.



MINER'S HYPOTHESIS

Z f‘,\-,-’-‘;=|.o

3-46, Miner's Rule £ n/N

NOTES:

170.
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3-47. Random variable stress spectrum.

NOTES:

171.
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NONDIMENSIONAL. STRESS RANGE, «'

3-48. Raliegh probability density curve describing

variable stress spectrum.

NOTES :

172,



PROBABILITY DENSITY, i/ksi

Srm
STRESS RANGE, ksi

3-49, Ratio of § d/S varied from O to 1.0. 0

' correspondg to' Constant cycle stresses.
An increase in fthe ratio increases the difference
between the minimum and maximum stress ranges in
the spectrum.

NOTES:

173,
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CYCLES TO FAILURE
3-50. The results of variable and constant amplitude
tests of cover plated beams. Effective stress
range (S ) provides good correlation with
r
constant cycle data,
NOTES:

174.
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CYCLES TO FAILURE
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 !ink befween variable sitress cycies
and constant cycle fatigue data.
NOTES:

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

NOTES:

| 177.



FREQUENCY

80|
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40

3-54,

20HE

3 On Primary Plate,
- Off Secondary

mmm On Flange , Off Primary
Plate

R PO L
36 42 48 54

iv. -
I8 24 30
Sy , KS!

Typical stress range distribution determined
from measured stresses on & bridge showing the same

general shape and trend as +the gross vehicle welght
distribution.

NOTES :

178,



sRingE. "X, S; SN sDesss.sy sDesm

(KSI) (FT.) (KSI) (KST)
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 h,87
CONN, 1  3.5-5.7 113.5 6.5 5.V/

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

NOTES:

179.
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3~56. Schematic showing that the stresses predicted from
the gross vehicle welght distribution exceed
measured stresses due to variation in impact,
load distribution and design idealization.

NOTES:

180.



N =1

x> (powp> MDD L v; ¢;°
A

OR

o(3xADTTxDLx0.35 =ND

3-57. Miner's Rule used to derive AASHTO design stress

table. Ny = ADTTxDon3/2.85.

1

NCTES:

181.



MAIN (LoNGITuDINAL) LOAD CARRYING MEMBERS

TYPE OF TRUCK LANE

ROAD |CASE| ADTT* LOADING | LOADING*
Expresswoys, 1 2500 or more 2,000,000 '
Major Highways
and Streets o less than 2500 | 500,000 | 100,000
Other Highways
and Streets m 100,000 | 100,000
not Included
in Caselor I

3-58,

Tabulation provided for longitudinal members showing

roadway classification ftruck velume, and required
equivaient design stress cycles.

NOTES :

182.




FIGURES - SESSION 4

FRACTURE BEHAVIOR OF BRIDGE STEELS - SPECIMENS AND TESTS -

BAStS FOR CURRENT DESIGN RULES
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4-1, Fracture behavior can be dramatically changed by

just changing the crack size in a specimen. This
behavior can be

a) linear
b} slightly non-linear
¢) highly nen-linear

NOTES:

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

NOTES:

185,
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l

356x 89 x25
DWTT

305x76x }
DT \ I78x41x16
&= CVN 55x10x 10

4-3, Relative size of the NDT, DWTT, DT and CVN
specimens. All dimensions in millimeters.

NOTES:

186.



L -
T
Specimen Type
Dimension Units P-1 P-2 P-3
Dimension Tolerance  Dimension Tolerance  Dimension Tolerance

T, Thickness in. 1.0 +0.12 0.75 20.04 0.62 +0.02

mm 25 +2.5 19 +1.0 16 +0.5
L, Length in. 14.0 0.5 5.0 +0.5 5.0 0.5

mm 360 +10 130 +10 130 +10
W, Width in. 3.5 +0.1 2.0 +0.04 20 +0.04

mm 90 +2.0 b1 ) +1.0 50 +1.0

4-4., Specimen dimensions for the NDT test.

NOTES:

i87.
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Specimen Type
Auxnvil Dimension Units Tolerance
Pt P2 P3
5, Span in. 12,0 4.0 4.0 0.
mm 05 100 100 *1.5
D, Deflection stop in. 0.30 0.060 0.073 +0.002
mm 7.60 1.5 1.9 +0.
A, Anvil length oot critical
B, Anvil width ot critical
C, Anvil thitkness in, 1.3 min 1.5 min 1.5 min
mm 38 min 38 min 38 min
E, Support length in. 3.5 min 2.0 min 2.0 min
mm 90 min 50 min 50 min
F, Support width not less than G-
G, Support height in. 2.0 2.0 2.0 +1
mm 30 50 +25
R, Support radius in. 0.075 0.075 0.075 +0.023
mm 1.0 1.0 1.0 +0.1
H, Stop width in. 3.5 min 2.0m 2.0 min EY
mm 90 min 30 mi 50 min +30
1, Weld clearance i, 0.9 0. 0.9 +0.1
mm n n 7 +3
J, Weld clearance depth in. 0.4 min 0.4 min 0.4 min
mm 10 min 10 min 10 min

4-5. Typlcal test fixture for NDT tests.

NOTES:

[88.



—.i ‘.— 1716 1N, MAX.(1.5MM)
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WELD BEAD Z / // 77
- /‘/4/////1//:\\*// g .f/ 4’\/ /<< \

BASE METAL

N \\ N oo

L 0.07-0.08 IN. (1.8-2.0 MM)

4-6, Typical notch detail for NBT tesft.

NOTES:

189,



I _| be

YIELD POINT LOADING IN PRESENCE OF SMALL
CRACK 1S TERMINATED BY CONTACY WiITH STOP

4-7. View of NDT specimen being deflected fo yield
point strain. The engineering vield point is &
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 weight machine.

-NOTES:

191.



|---|—— Full Plate Thichness

%

%

% Radius = {* ¢}

1
Length 12.00"1-1

¢ Width *
Notch 300"t !
D‘e):;ig % i Notch angle 457+ 2*
Q20x0p é }/— t
Leclion ; 57 g e \~P d noteh radi CB
. I | " r:s:e‘ notch radwus
Al Radius = §¢3 Lo DO 0008
Spon 10.00"%
4-9. DWTT test specimen and fixtures.

NOTES:

192.
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4-10. Procedure for determining shear area.

NOTES:

193.
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4-11. Procedure for determining shear area.

NOTES::

194.




This tength of frocture used to
delerming por cend shear

Fracture Surface Included in Shear-Area
Determination,

tn. rating include only the

shear on the edges of the spesmen

l -}
e I--I,

¢ denotes the cleavage aprearing regions

Alternative Shear-Cleavage Fracture
Appearance.

4-12. Procedure for determining shear area.

NOTES:

195.
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i2.7208mm \y
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ANVIL RADIUS
[ 0500"+0031" ANVIL
12.7+08mm
6.500"£0031°
165.0£0.8mm
Dimensions and Tolerance for Specimen Blank
Parameier Units  Dimension  Tolerance
Length, L in, 7.125 0,125
mm 181.0 x3.2
Width, B in. 1.60 +0.10
mm 320 =2.5
Thickness, 8 in. 0,625 +0,033
mm 15.8 +0.8
Angularity, a deg 0 +2

4-13, DT specimen and fixturing.

NOTES :

196,



MACHINING DIMENSIONS PRESSED TIP DETAILS

(Wl-u) N
J—q‘?ﬁ-—wa
=N,

Dimensions and Tolerances for Notch Tip

Paramecter Units Dimension Tolerance
Net width, {W-a) in. 1.125 x0.020
mm 28.5 =05
Machined notch width, N, in, 0.0625 +0.005
mm 1.60 +0.12
Machined notch root angle, N, deg 60 %2
Machined notch root radius, N, in. 0.005 max
mm 0.13 max
Pressed tip depth, £p in, 0.009 +0.002
mm 0.20 +0.05
Pressed tip anple. r, deg 40 +5
Pressed tip root radius, i, in. 0,001 max
mm 0.025 max

4-14. DT specimen machining and notch details.

NOTES:

197,
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4-15, DT energy absorbing system.

NOTES:

198.
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4-16. Lehigh DT energy absorbing system

NOTES:

199,




0.25mm.
,gﬁ 0.010°) rad.
S O3t iy
I~ L/2
S$mm. | 10mm.
72.165 ") "] 10.3947) L‘A
L TYre A Smm. 2
Q.197+ m
i 71 [t0.079%
- i (03545 7
[ =
L 55 mm. ‘.J | 2mm. | sawcur
(2.165 / (0.364°%) 16mm. (£') OR LESS
Tree 8 Smm.
' (0-1%77
0mm.
_!{1 I (eRX 20 N )
[ LSf2
55 mm., _i ! ] e fOmm, _.l 2mm.
{21683 (0.394%) (0.079"
L TYPEC
NoTe—Permissible variations shall be as follows:
Adjaocnt sides shall be at 90 deg 3 10 min
Cross-section dimensions +0.001 in. (£0.025 mm)
Length of specimen (L) +0, —0.100 in, (2.5 mm)
Centering of notch (L /2) +0.039 in. (1 mm): When an end-centering device is necessary to center the specimen

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

Angle of notch +1 deg
Radius of noich +0.001 in. (0.025 mm)
Dimensions to bottom of notch:
Type A specimen 0.315 &+ 0.001 in. (8 & 0.025 mm)
Types B 2nd C specimen 0,197 4 0.002 in. (5 £ 0.05 mm}
Finish requirements 63 uin. {2 um) on notched surface and opposite face; 125 uin. (4 um) on other two

surfaces

4-17. CV¥N specimens

NOTES:

200,



8-mm rad {0.315"}

30%2°

STRIKING EDGE 0.25-mm red (0.010")

4mm {0,157}
?ﬂ,/SPECIMEN
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Center of
t-mm réd Stike ANVIL
0039 40 mm {1574
é‘\\\soﬁe‘
SPECIMEN _ /] ( 54000)
i ) Center of
W Strik
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pecimen
ANVIL—7 Support
PN T, o Pl

4-18. CVN test setup

NOTES:

201,




C-TYPE PENDULUM TAPER EXTENDS
ANVIL TO A POINT
SPACER Unmecdifled Madified

{will jom) {Jomming minimized)

By
‘r i )
L

U-TYPE PENDULUM

SHROUD
ANVIL. Direction of
Pendulum Swing

Linmodified Modified
{will jom) {jamming minimized}

4-19, CVN test setup

NOTES:

202,
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4-20, Typical rules for determining CV¥N fracture appearance.

NOTES::

203,
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FRACTURE

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

a) linear
b slightly non-Ilinear
c) highly non-linear

NOTES:

204.
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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,



4-24.

LOAD
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T

Typical E399 3 point KlC specimens

NOTES:
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1T-4 r.000l2.3501%,200l 1.7e3| 0.7672.480) 1,24C| 0,094 0.350] 1.GO0

iv-8 | 1.000|2.5850 13,200 t.7e3) 0,767 2.480] 1.240] 0,094 0.250[0.650

4-25. Typical E399 compact tension specimen for ch
determination.

NOTES:

208.



FOIL RESISTANCE RECCRDER

STRAIN GAGE"
m 3k
\@@ T, 3 Cy
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mreenexéaémcmuzo W =
KNIFE
Ca T
20k
FJ
ATTACHABLE .
KNIFE £Q5E *500 OHM GASES WILL
PROVIDE GREATER
SENSITIVITY THAN
120 OHM GAGES

4-26. Clip gage for measuring crack opening.

NOTES:

209,
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{(PLASTIC) ZONE SIZE

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

NOTES:

210,
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FATIGUE CRACK — S
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SPECIMEN CROSS-SECTION

4-28, Plastic zone development in a fracture specimen,

NOTES:

211,
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4-29, Effect of thickness of K'C

NOTES:

212,
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4-30, Compliance measurements

a) as crack gets large spring is weaker
b) as plasticity occurs the effective modulus
s reduced

NOTES:

213.
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4-31. Specimen size requirements

NOTES:

214,



i BEND SPECIMEN EDGE OR COMPACT
SPECIMEN LOADING HOLE CENTERLINE

i. ..... REQUIRED FNVELQPE
N=% Max 30° ,'L>i

[
a=04510055 W

AMPL FATIGUE CRACK
CHEVRON (SEE FIG.3-5) |-q
’N TN o

i = riad

STRAIGHT THRU ._
N s

1
NOTE 1—FATIGUE CRACK SHALL BE NOT LESS
THAN 005 9, NOR LESS THAN Q.05 in (1.3 mm].

4-32, E399 Chevron notches

; } j]: ) 4__1&005'
/Mx

NOTE 1—A =B TO WITHIN Q.00 W

NOTE 2—CUTTER TIP ANGLE 90 dag MAX

-NOTE 3—RADIUS AT NOTCH BOTTOM SHALL BE
0.010 in. {0.25 mm) OR LESS

NOTE 4—EACH OF THE TWO PARALLEL NOTCH
SURFACES MUST LIE IN ONE PLANE TO WITHIN
Q.005 W AND MUST BE PERPENDICULAR OR

PARALLEL AS APPLICABLE TO THE SPECIMEN
-FACES TO WITHIN Q005 W

NCTES:

21

3.
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\W PROPORTIONS
a = NOMINAL CRACK LENGTH,
/\ INCLUDING FATIGUE CRACK
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I W, =250
) § =0lo
H =120
D =0.50
} 1l eor” F =2E = lla
8338 |‘/90M- _ B u= THICKNESS
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NOTCH

ENLARGED VIEW

4-33, E399 CTS specimens.

NOTES :
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CRACK STARTER
ENVELOPE (SEE FIG 3-12] o
— S
Y 3
A '1i o=L =
i
| 2W+ O.IW MIN ] WL 0.0 MIN l/\
[ N e -

32

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 £0005-in TIR.

NOTE 3- INTEGRAL OR ATTACHABLE EDGES FOR CLIP GAGE ATTACHMENT MAY BE
USED (SEE FI1G. 3-16)

4-34., E399 3 point bend specimens.

NOTES:

217.



| —
(FATIGUE}
Prima) —
Prisin —
M {FATIGUE_CRACKING)
NO. OF CYCLES FRAGTURE
OF LOADING % TEST
K
Ko —
Kytmax) (FATIGUE)
Ay
Kewnt
NQ. OF CYCLES L FRACTURE
OF LOADING " TEST

4-35,

Fatigue precracking of ch specimens.

NOTES:

218.
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CRACK - L—
93
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4-36. Fatigue precrack requirement

NOTES;

219.
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4-37. 3 point bend specimen setup for testing

NOTES:
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TYPE I

DISPLACEMENT, v ——

4-38,

Typical

load reccrds from a K test.

NOTES:

221.




"= {NEGLECT mNITIAL NON~ LINEARITY}

4-39, 5% secant offset.

NOTES:

222.
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4-40. P-4 record for a tough material.

NOTES:
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4-41. View of 3 point K, Test in progress.

lc

NOTES:

224.
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4-43. Details of Lehigh 3 point bend specimen.

NOTES:
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4-44, Schematic of Lehigh Drop test machine.

ROTES:

227,
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4-45. 3 point bend specimen and loading tup.

NOTES ;
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4-46,

I 2.800
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QAGES

COMPRESSION TENSION
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Loading tup.

NOTES:
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4-47.

LOADING TUP

DROP
WENMSHT

DRILL ROD
CUSHION
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CRACK
TIP

SPECIMEN

SUPPORT
ANVIL

Lehigh dynamic ch measurement system,

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

NOTES:

231.
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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 drill rod
cushions.
NOTES::
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STATIC DYNAMIC

Ke
TEMPERATURE —»
la.} LOADING RATE EFFECTS
I
Pl et
IS Tects
Kc
TEMPERATURE —

Ib.) THICKNESS EFFECTS

4-5], Effects of Temperature, Loading Rate and Thickness
on K .
C

NOTES:
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4-52. Schematic Representation of Correspondence of
Temperature Transition Regions of K and CYN
Curves.

NOTES :

235.
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4-53, Lehigh CVYN Results A7 Steel.

NOTES:
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4-54, 1iehigh K Data A7 Steel --- "R" Values, o Dynamic

K Values, ¢ Static K Values, W Estimate from Equation
4,5, x Point of Maximum Valid K.

NOTES:

237.
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4-55, Lehigh CVN Results A242 Steel.

NOTES:
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NOTES:

239.



JEMPERATURE “C
-200 -5C -100 50 O 50 Joo

140 T 1 T | ! [
80
127 mm
120 0
-===--- 25.4mm e
ool —~— %08mm 140
CVN 120 CVN
t.-ib . ({Joules)
oty o /
/ —{:00
?’
80 | /— 80
; ! Jso
40 |- : /
t
H s —40
!
20 |- ; /
,‘/' —{2C
ol 1 ! 1 [lo
-300 200 -|0O o] [ee} 200

TEMPERATURE ©°F

4-57. Lehigh CVN Results A440 Steel.

NOTES:

240,



TEMPERATURE °C

=100 =60 0
120 T T T T T i
° 120
o ° 12.7 mm
80| Jo 80
. o &b
40L -~ - 40
n
O 1 1 Q
120 Jieo
) 8o Jeo
c K
[kalvTn.) { MHsmm372)
4 40
o 1 ( [}
120 ! T T 1 ™o
’,
sol— . o % Heo
e o "
-
40L ° L] 440
50 8mm
o /] 1 [¢]
-200 =100 5] 106
TEMPERATURE °F
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NOTES:
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4-59. Lehigh CVN Results A588 Steel.

NOTES:
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4-60. Llehigh K Data A588 Steel --- "R" VYalues, o Dynamic
K Values, « Static K Values,® Estimate from
Equation 4.5, x Point of Maximum Valid K.

NOTES:
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4-6|. Lehigh CVYN Results SAE 1035 Steel.

NOTES:
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4-62. Lehligh K Data SAEI035 Steel ---  "R" Values, o
Dynamic K Values, ¢ Static K Values, 8 Estimate
from Equation 4.5, x Point of Maximum Valid K.

NOTES:
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Ib.) THICKNESS EFFECTS

4-63, Effects of Temperature, Loading Rate and Thickness
on K_.
c

NOTES:
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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. Temperature Shift versus Yield Strength.

NOTES:
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CVN Impact Value, ft Ih

ASTM -

Designation Thickness (in.) Zone I* Zone 2¢ Zone 3*
Al6 15 @ 70°F 15 @ 40°F 15 @ 10°F
AS5T2 Up to 4 in, mechaniczlly fastened 15 @ 10°F 15 @ 40°F 15@ 10°F

Up to 2 in. welded 15 @ J0°F 15 @ 40°F 15@ 10°F
A440 15@ 70°F 15 @ 40°F 15 @ 10°F
Addl 15 @ T0°F 15 @ 40°F is@ 10°F
A2 15 @ 70°F 15 @ 40°F 15 @ 10°F
AS5B3** Up to 4 in. mechanically fastened 15 @ 70°F i5@ 40°F 15 @ 10°F
Up to 2 in. welded 15@ 70°F 15@ 40°F 15@ 10°F
Over 2 in. welded 20 @ 70°F 20 @ 40°F 20@ 10°F
Asld Up to 4 in. mechanically fastened 25@ 30°F 25@ 0°F 25@ —3¥°F
Up to 2} in. welded 25 @ 30°F 25 @ O°F 25 @ —30°F
Between 214 in, welded 35@ 0°F 5@ 0°F 5@ —30°F
“Zone | : ini service temperature 0°F and above.
Zone 2: inimum service ¢ e from —1* to —30°F.

Zone 3: minimum service tempeeature from —31° to —G60°F, . i
“ll"xl)he E;ellg point of the material exceeds 65 kai, the lemperaturo for the CVN value for acceptability shall be reduced by 13°F for each increment of 10 ksi
above i

4-66. AASHTO Toughness Reguirements.

NOTES:

249,



FATIGUE LIFE

CRACK INITIATION

CRACK PROPAGATION

FINAL FAILURE

4-67. Stages of a Structures Life.

NOTES:

250,



MATERIAL

DESIGN=— FABRICATION

INSPECTION

4-68. Design Requirements

NOTES:
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FIGURES — SESSION 5

DISCUSSION OF FRACTURE CONTROL PLANS FOR NEW AND OLD BRIDGE STRUCTURES -

PRESENTATION OF CASE STUDIES
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5-1 Overall View of Bryte Bend Bridge, Sacramento,
California

NOTES:

2535,



5-2. View of Twin Structures over River.

NOTES:

254,



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:

256.



e

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 Small Shear Lips.

NOTES:

260.



Origin of Fracture Showing 0.2-inch deep weld crack

5=9.

I.3=-inch Deep Crack

and

NOTES

261.



K, TEST

CRACK
CR EXTENSION

0,
?*w
B

5-10. Schematic of ch

a) fatigue cracked specimen-sharp notch

B) PCR at instability

Test Specimen and P-A Test Record

NOTES:

262.



5-11. Actual Fracture Surface of K[C Test Specimen

NOTES:

263.



SPECIMEN
TEMPERATURE

56 °F

LOAD (P)

DISPLACEMENT (A)

5~12. Actual P-A Test Record for K c Test Specimen -
K - 55 ksivin. (satisfied £S399 Test Method
atCre0°r)

NOTES:

264,
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5-13. Stress-Flaw-Size Relation for Edge Crack in Steel
with K, = 55 ksi/in.
a) critical crack size for oys

b) critical crack size for o

45 ksi
¢) critical crack size for o 2

8 ksi

NOTES:

265.
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5-t4., Stress-Flaw Size Relation for Edge Crack in Steel
with K, = 55 and 150 ksi/Tn.
a) compare a
cr
b) effect of toughness
c} 150 typical

NOTES:

266.



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

NOTES:

| 267.




5-16. Closeup of Additional Plates Attached to Original
Flange Plates

NOTES:

268.



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

NOTES :

269.
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5-18. Schematic Showing flaw size- fatigue life relations
for various critical crack sizes.

a) Region |

b} Region i
c) Region |11
d) Region IV

MNOTES :

270,



5-19. Profile of Quinnipiac River Bridge

NOTES:

211



irder.

Crack in Web of Fascia G

5-20.

NOTES

212.




5-21. Crack on Bottom of Beam Flange.

NOTES :

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

NOTES:
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5-23. Fracture Surface at Flange-Web Junction

NOTES:

275,



Fracture Surface of Web Near Longitudinal Stiffener

5-24.

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

0
PN e

% |
Longitudinal ] :
Stiffener 4Y2"x34""

\\T/IGH Web

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

NOTES:
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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.

=



Stage E: Fatigue Crack
Growth thru Web

wle 4
N

Stage T
{Initig! Crack)

Stage I0: Brittle
Fractura in Web

- Arrested in Flange
Stage I¥' Fatigue

Crack Growth
in Flange

N

5-31. Schematic of Crack Growth Stages

NOTES:

283,
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5-32. CVN Resultfs for Web and Flange Adjacent to Crack.

NOTES:
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