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Bridge engineering learned from failures
-fatigue and fracture control-

Chitoshi Miki
Tokyo Institute of Technology
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Fix it？

or

Scrap it？

Social Infrastructure
Constructed in the Order of Demand (1960s-1970s)

The Greater the Importance
The More Severe the Service Condition 
The Earlier the Used Technology
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The Metropolitan Expressway (40 Years Ago)
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Point-Pleasant Bridge
At 5:00 PM on December 15, 1967 
Overload due to Christmas Rush 
Brittle Fracture of Eye Bars 
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Williamsburg Bridge Open on December 19, 1903 (110 years)
6

Williamsburg Bridge
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Williamsburg Bridge
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Williamsburg Bridge
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Williamsburg Bridge

10

2000 Brittle Fracture 
In Hoan Bridge
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Today's Topics

Steel Bridge Bents

Orthotropic Steel Deck

Fatigue and Repair Cases in Steel Bridges

Recent Investigations on Fatigue Problems

Health Monitoring
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Fatigue and Repair Cases in Steel Bridges
Causes of Fatigue Damage
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Welded  bridges : positively adopted since 1960 
Main highways and railways in Japan

Tomei, Metropolitan Exwy,         
Shinkansen, ……………..

Fatigue damage        1960- in USA
1970- Shinkansen in Japan
1980- Highway bridges in Japan

Sensitive to fatigue
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Repair and retrofit

Identify the cause of fatigue damage
Information from experiences

IIW Com. XIII, WG 5
Collection of damage and repair cases
Arrange these as the database  on internet
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Causes of fatigue damage
1.Weld-defects
2.Inappropriate structural details
3.Unforeseen stresses and displacements
4.Unexpected structural behavior,  

such as vibration

Approach to repair and retrofit
Remove the causes of damage
Increase fatigue resistance

----- Design of New Structures 

Fatigue Cases and Retrofit Works in Steel Bridges 
16

Selection of repair and retrofit methods
and/or replacement
Explanation of the causes of damage is indispensable 

There are cases,
*immediate measure is necessary
*leave the component untouched some years

Depending on the cause of damage
Mechanism of crack initiation and propagation 
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Cause-1: Existence of weld-defects

Cracks
Incomplete penetrations
Slag inclusions
Porosities
Lack of fusions

Butt welds--------NDE

Various types of defects and flaws

-- fatigue

18

Cracked Girder: Fatigue crack initiated from insufficient penetration
Case study-1
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19 20

21 22

23

Fatigue crack propagated through girder flange
Case study-2

Imperfect butt-welding of bottom flanges
24
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Fracture Surface

Unwelded Zone reaches 60-80% of thickness
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Inspection by Ultrasonic Testing and Macro Etching
was conducted to all the joints
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Repairing by bolted splice 
28

Repairing by bolted splice 

Splice only on flange

29 30Case study-3
Songsu Bridge
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31 32

33 34

Cross of girder and beam of bent
Flange plates penetrated into web of bent

Connections between Girders and Bents
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Red rust on paint
indicated fatigue crack

36

Paint film was removed
Difficult to observe fatigue cracks



7

37

Holes and saw cut slit
To isolate fatigue from main structural element
And to release high residual stress 
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Cause-2:Adoption of low fatigue resistance detail

Case-1: Bridges were not designed against fatigue
many cases

Case-2: Allowable stresses were inappropriate
old codes and specifications

Full size and large size fatigue tests
in U.S.A.    1970-
in Japan      1975-

Most of cases, size effects of fatigue performances

Size Effects
Poor Structural Details

Ex. Gusset Joints
Cover Plates

39

Importance of Size Effects

Welded joint specimen

Real scale floor beam of the Seto Bridge 
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Girder specimen at Lehigh University in the US 
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Full Size Fatigue Test --Honshu-Shikoku Bridge--

Box section girder of the Kurushima Bridge
Several types of diaphragms, connections of ribs 
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Full Size Fatigue Test --Honshu-Shikoku Bridge--

Floor beam of the Seto Bridge
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Results of Fatigue Tests  S-N Curve

Wide variation of fatigue strength
Effects of size, joint details, defects,….
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Joint Type

Code Class Fatigue strength
at 2 million cycles (MPa)

Old code '60 D 120
Current code '92 F 65

Sleeper pad Joint Type

Code Class Fatigue strength
at 2 million cycles (MPa)

Old code '60 D 100
Current code '92 F 65

Out-plane gusset (t=20mm)

Joint Type

Code Class Fatigue strength
at 2 million cycles (MPa)

Old code '60 B 150
Current code '92 C 125

Longitudinal welding

Joint Type

Code Class Fatigue strength
at 2 million cycles (MPa)

Old code '60 C 126
Current code '92 F 65

In-plane gusset (t=20mm)

Joint Type

Code Class Fatigue strength
at 2 million cycles (MPa)

Old code '60 D 100
Current code '92 E 80

Cruciform weld

Change of allowable fatigue stresses from ’60 code to ’92 code 
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Poor Structural Details: 
Gusset plate joints

Cover Plates

out-of-plane: on web plate

in-plane: on flange plate

Cover Plates
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Improving works of flange gusset detail 

Lower stress concentration

47

Improving works of flange gusset detail 
48

Fatigue crack initiated from the weld toe 
at the end of a cover plate
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Retrofit details of bolted splice 

Isolate cracks 
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Retrofit by TIG dressing and hammer peening

Gas tungsten arc remelted weld toe

Peened weld toe

Improve fatigue
performance
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Cause-3: Unforeseen stresses and displacements

Shinkansen Train Systems

Cause-4: Unexpected structural behavior (vibration)

52

Tokaido Shinkansen System

53
History of Service Condition of Shinkansen System
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54

Brittle Fracture 
Originated from Fatigue Crack
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55

Retrofitting works at girder to cross beam connections 
56Fatigue crack at the connection between floor beam and 

truss panel point 

57

Retrofitting works: Floor beam and the flange of truss top chord
was connected directly using a connection plate 

Grooving
by applying
water jet

58

Kakegawa

59 60

Fatigue cracks at the cross bracing connection details 
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63 64Fatigue damage in sole plate connection detail at support 

65

Fatigue Crack due to Sympathetic Vibration
caused by High Speed Passage of Shinkansen

End of Vertical Stiffener
[Vibration]

66Fatigue Crack due to Vibration Induced by Wind

The End of Vertical Member 
Ranger Type Bridge
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Spiral wires applied 
to vertical members

Reinforcement of 
vertical members

Wires connecting vertical members

Retrofitting Works

68

Tatara (1999)  270 + 890 + 320 
(The Largest Cable Stayed Bridge)

Rain vibration

Dimple
Pattern

69

Recent Investigations on Steel Bridge Bents
Causes of Fatigue Damage
Retrofitting Works
Material Problems

70Fatigue Problems in Steel Bridge Bents

Stress calculation in design:
frame analysis
+ shear-lag effect
Okumura et-al 1968

more than 5000 bents
in MEX way

No consideration on fatigue
Because of highway structures
and bents

71Damage Case MEX Damage Case MEX IkejiriIkejiri 72
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73

SＦＦSＷＷＦＦ

ＦＷＷＦＷＷ

δ zone

Typical Plate Assembling Methods
74

Fatigue Damage

Splice Plate

Temporary Repair by Bolt Splicing 
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60
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100

Crack

Drilling Stop Holes

Root Crack
No Root Crack

Root Crack

76

φ
100

約100

Applicability was examined
by Specimen, first.

Cut out of Intersection of Three Weld Bead Lines
At Corner by Large Hole Drill

77Application to Actual Structure 78Application to Actual Structure 
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79Application to Actual Structure 80

Diaphram

Column Flange

Beam Flange

Investigations after Hole Drilling 

81

Kanda Bridge

82

Before Retrofitting

83 84
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85

After Retrofitting 
86

Bracket for Retrofit under fabrication

87

Setting Up of Bracket for Retrofit 

Girder for Retrofit

Girder for Retrofit

Bracket for Retrofit

Original Cut-off Girder

88

Pier

Retrofit Bracket

Cut-off Girder
Beam of Bent

Bracket

89

Cut of Cut-off Girder End

Before Retrofit

Retrofit Work

After Setting Up 
of Retrofit Bracket 

90

Removal of Bracket

Before Retrofit

Retrofit Work

After Set Up 
of Retrofit Bracket 
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91

Retrofit Work

92
Kanda Bridge
After Retrofitting Works

93

Fatigue Crack

Hirakawa-Cho
94

Fatigue Crack
crack length 340ｍｍ

95

①

②

①

②

With Circular Column

Column cylinders penetrated
(Beam is larger than column)

96

Original structure

Retrofitting work 

After Retrofitting

Round Bracket

Stiffening Girders

Additional Member
For Beam Stiffening



17

97

FEM Model

Before
Retrofitting

After
Retrofitting

98

99Higashi Ikebukuro 100

Fatigue Crack (Inside of the Pier)

101

Welding plan(at first)

• This is the first case to use 
welding for retrofit of steel 
bridge piers.

• Splice plates(support members) 
were designed by FEM analyses.

Crack inspection

Install splice plates 
with shear bolts

Traffic stress measuring

Full penetration weld 
of unwelded zones.

Traffic stress measuring

Crack inspection

Finish!

done

Strong enough ?

Removing cracks

No
Yes

Fatigue
Earthquake

Lamellar tear trouble !

102Support members for welding
• Decreasing the traffic stress by more than 50%.

Ring flange 
plate
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103Material property(1)
• Sulfur level is not so high, compared to contemporary steels
• Some samples show very low RAZ.

sample chemical compositin(mass %) parameters
No. C Si Mn P S Ni Cu Cr Mo V Ceq Pcm
No.1 0.16 0.29 1.36 0.012 0.012 0.017 0.04 0.018 0.012 0.003 0.406 0.242
No.2 0.17 0.29 1.36 0.012 0.01 0.017 0.04 0.018 0.012 0.003 0.416 0.252
No.3 0.17 0.29 1.35 0.012 0.009 0.016 0.04 0.017 0.012 0.003 0.414 0.251

sample diameter 0.2% load tensile stress elongation RAZ break
No. (mm) Load(kN) N/mm2 Load(kN) N/mm2 (%) (%) point

No.1a 9.99 26.81 342 27.89 356 3 0.2 connection
No.1b 9.99 28.34 362 39.78 508 12 8 A
No.1c 9.99 27.57 352 40.13 512 10 12 A
No.2a 10.00 26.49 337 39.41 502 18 20 A
No.2b 10.00 26.39 336 40.16 511 10 19 A
No.2c 9.99 24.92 318 36.84 470 6 10 A

Z-direction tensile test result

Chemical compositions

JIS G3199 type C sample

Bolt hole 
core sample

104
Material property(2)

• To check results of UT, a core was taken from welded 
section. And cracks were found.

Core position&UT result

105

Material property(3)
• Crack was initiated from HAZ, 

but MnS was found on surface of 
crack. → Lamellar tear

22φcore
Crack section macro

AlO

MnS

106
Sulfur and RAZ

• RAZ is strongly related, but not determined only by sulfur.

Single node is the 
average of 5 samples.

Production data from Hirohata works.

107
History of Sulfur Inclusion in Steel

• Difficult to Apply Weld Repairing to Piers constructed 
before 1967

1967

108
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109Large Scale Loading
Tests (1/3 scaled)

Rectangular Column

110

Large Scale Loading
Tests (1/3 scaled)

Circular Column

(Unit : mm)

1016

70
0

2000

Jig

22
16

23
46

8

as-weld

<Capacity: 1000kN><Capacity: 1000kN>
JackJack

111Full Scale Loading Tests 112

Recent Investigations 
on Orthotropic Steel Deck Bridges

Fatigue Damage Cases
Preventive Works against Fatigue Damage

113

Fatigue Damage Case  - M-Bridge -
Three-Span Continuous Bridge

25 years Old
Traffic Volume 80000/day

Lane

Passing Lane

TokyoChiba

Interval of Transverse Ribs： 2.75m
Interval of Cross Girders ： 11m

Passing Lane

Pavement

Conventional Detail

114

Traffic on M-Bridge

2:00 pm on January 17, 2003
Traffic Volume 80000/day
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115 116

Types of Observed Fatigue Cracks

117

Trough Rib to Deck Plate Connection

Type-1 Fatigue Cracks
118

疲労損傷事例

デッキプレートと縦リブの溶接部

デッキプレート

縦リブ

Type-1 Fatigue Cracks

119

Type-2 Fatigue Cracks

crack

120Crack Modes of the Intersection 
of Trough Rib and Cross-Beam (Type-3)

Trough Rib

Cross-Beam

Deck Plate

Type-3aType-3b

Type-3c

Type-3d
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121

Type-3a Fatigue Cracks
122

Type-3c;occurs from the 
web side toe of the trough 
rib in the boxing weld

Type-3b,c Fatigue Cracks

Type-3b

Transverse
rib

Trough rib

123

疲労損傷事例Type-4 Fatigue Cracks
124

Type-1 
Trough Rib to Deck 
Plate Connection 

Type-2 
Butt Joint of Trough Rib 

Type-3 
Intersection of Trough 
Rib and Cross-Beam

Type-6 
Cross-Beam to Main 
Girder Web Connection

Type-5 
Vertical Stiffener 
to Deck Plate

Trough Rib 
Vertical Stiffener Main Girder Web Cross-Beam 

Deck Plate 

Trough rib

Deck Plate
Deck Plate

Trough rib

Trough
rib

Transverse Rib

Type 1 Type 1 Type 3

Target Fatigue Cracks

125

Fatigue Damage Case  - S-Bridge -
Triple-Spanned Continuous Bridge

126

S-Bridge

Three-Span Continuous Bridge

LaneOther ribs: Conventional Detail
(12mm Thick Deck Plate, 6mm Thick Rib)

230

230

487.5

t=8mm

t=14mm

A
A Part

Thick Deck Plate 
Wider & Thicker Rib

18 years Old
Traffic Volume 33000/day

Fatigue Damage
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127

Crack on the 
Longitudinal Rib

Deck Plate Lower Surface

Longitudinal Rib
Crack

Deck Plate Lower Surface

Type-1 
Trough Rib to Deck
Plate Connection

Type-2 
Butt Joint of Trough Rib 

Type-3 
Intersection of Trough
Rib and Cross-Beam

Trough Rib
Cross-Beam 

Deck Plate 

Fatigue Cracks
128

Fatigue Cracks in The Deck Plate

After Removal of Pavement

welding

Deck Plate
(12mm)

Longitudinal
Rib (8mm)

crack

129

Field Stress Measurements 
130

Field Stress Measurements 
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Retrofit: A Plate Attached to the Deck Plate

Results: N. G.


