InCom WG Report
n° 189 - 2020

FATIGUE OF HYDRAULIC STEEL STRUCTURES




») PIANC

Wate b Ta p tlfat t

PIANC REPORT N° 189

FATIGUE OF HYDRAULIC STEEL STRUCTURES



PIANC has Technical Commissions concerned with inland waterways and ports (InCom),
coastal and ocean waterways (including ports and harbours) (MarCom), environmental
aspects (EnviCom) and sport and pleasure navigation (RecCom).

This report has been produced by an international Working Group convened by the In-
land Navigation Commission (InCom). Members of the Working Group represent several
countries and are acknowledged experts in their profession.

The objective of this report is to provide information and recommendations on good
practice. Conformity is not obligatory and engineering judgement should be used in its
application, especially in special circumstances. This report should be seen as an expert
guidance and state-of-the-art on this particular subject. PIANC disclaims all responsibil-
ity in the event that this report should be presented as an official standard.

PIANC Secrétariat Général
Boulevard du Roi Albert 11 20, B 3
B-1000 Bruxelles
Belgique
llwww.pianc.org
BE 408-287-945

978-2-87223-004-4

All rights reserved



TABLE OF CONTENTS

Glossary
Terminology of Gate Types
Abbreviations
Introduction
4.1  Terms of Reference
4.2 Members of PIANC WG 189
4.3  Acknowledgments and Site Visits
5 Fatigue and Hydraulic Structures
5.1 Nature of Fatigue Problems in Steel Structures
5.2 Description of Typical Hydraulic Steel Structures
5.2.1 Mitre Gates
5.2.2 Rolling Lock Gates
5.2.3 Vertical Lift Gates
5.2.4 Submersible Vertical Lift Gates
5.25 Horizontally Hinged Sector Gates
5.2.6 Submersible Radial Gates
5.2.7 Spillway Radial Gates
5.2.8 Vertically Hinged Sector Gates
5.3 Typical Fatigue Damage Patterns and Cases
5.3.1 Bending of Girders
5.3.2 Gate Distortion
5.3.3 Sharp Corners
5.34 Pure Tension of Diagonals
5.35 Wire Ropes
5.3.6 Fatigue of Gate Drives
6 Fatigue Loads
6.1  Cyclic Loads and Fatigue
6.2 Main Fatigue Loads
6.2.1 Differential Water Head in Lock Gates
6.2.2 Hydraulic Gate Drive Loads
6.2.3 Gate Closing and Pre-Loading
6.2.4 Inertial Loads on Drives
6.2.5 Support Compatibility Loads
6.3 Other Fatigue Loads
6.3.1 Ship Propulsion Loads
6.3.2 Wind Wave Loads
6.3.3 Loads Caused by Flow Oscillation
6.3.4 Machine-Induced Vibration Loads
6.3.5 Snow and Ice Loads
6.3.6 Variable Contact Loads
6.4 Extraordinary Fatigue Loads
6.4.1 Fatigue by System Malfunctioning, Human Error and/or Obstacles
6.4.2 Fatigue Impact of Earthquake Loads
6.5 Calculation Models for Fatigue Stresses
6.5.1 Nominal Stress Calculation
6.5.2 Hot Spot Stress Calculation
6.5.3 Effective Notch Stress Method
7 Fatigue Resistance Analysis
7.1 Fatigue Resistance
7.2 Definition of Design Requirements
7.2.1 Requirements in Terms of Margins to S-N Curves
7.2.2 Requirements in Terms of Calculated Reliability
7.2.3 Requirements in Terms of Service Life
7.3 Joint Classification

A WNPE



7.4 Fatigue and Corrosion
7.4.1 Interaction Mechanism
7.4.2 Recent Insights
7.4.3 Seawater Conditions in Codes
7.5 Structural Models for Fatigue Analysis
7.5.1 Modelling for Fatigue General
7.5.2 Suitable Software
7.6 Codes
Detailed Fatigue Design
8.1 Identification of Fatigue Sensitive Details
8.2 Fatigue in Risk Management Methods
8.2.1 Lists of Critical Components
8.2.2 Ranking the Fatigue Risks
8.3 Fatigue Design of Hydraulic Gate Details
8.3.1 Load Bearing Frame and Skin Plate
8.3.2 Bolted Connections
8.3.3 Gate Hinges and their Anchoring
8.34 Carriages, Rollers, Wheels and (Guide) Rails
8.3.5 Hook-Ups of Drive Systems
8.3.6 Other Fatigue Sensitive Details
8.3.7 Do’s and Don’ts in Welded Joints
8.3.8 Do’s and Don’ts in Other Joints and Details
8.4 Fatigue Design of Gate Drive Details
8.4.1 Hydraulic Cylinders and Their Mounts
8.4.2 Other Components of Hydraulic Drive Systems
8.4.3 Rack & Pinion, Panama Linkage and Geared Drives
8.4.4 Chain and Sprocket Drives and Hoists
Aspects of Construction of Fatigue Resistant Structures
9.1 Material Selection
9.1.1 Yield Limit
9.1.2 Toughness
9.1.3 Production Processes
9.14 Hot Rolled Carbon Steel
9.15 Rolled Quenched & Tempered (QT) Carbon Steel
9.1.6 Thermo-Mechanically Rolled Carbon Steel
9.1.7 Cast and Forged Steel Parts
9.1.8 Stainless Steels
9.2 Fatigue Sensitive Manufacturing
9.21 Welding of Hydraulic Steel Structures
9.2.2 Welding of Thick Components
9.2.3 Welding Pre-Heating and Post Weld Heat Treatment
9.24 Bolting General
9.25 Other Fatigue Sensitive Manufacturing Techniques
9.3 Fatigue Sensitive Assembly Methods
9.3.1 Residual Stresses in Assemblies
9.3.2 Fatigue Strength Impact from Repair Welding
9.4  Aspects of Good Design and Construction Practice
9.4.1 Good Practices in Avoiding Corrosion
9.4.2 Attachment of Secondary Components
9.4.3 Good Practices in General Fabrication
9.4.4 Good Practices for Welding
9.4.5 Good Practices in Quality Control and Quality Assurance in the Field

10 Fatigue Strength of Existing Structures

10.1 Fatigue Properties of Old Materials and Structures
10.2 Relevant Data and Their Sources
10.3 Assessment of Remaining Fatigue Life

10.3.1 Phase I: Preliminary Evaluation

10.3.2 Phase II: Detailed Investigation

10.3.3  Phase lll: Expert Investigation

45
45
46
46
47
a7
a7
48
50
50
51
51
52
52
53
56
57
57
58
58
58
58
59
59
59
60
61
62
62
62
62
62
63
64
65
65
68
68
68
69
69
70
70
71
71
72
73
73
75
76
76
77
78
78
79
81
81
81
82



10.3.4  Fracture Mechanics 83
10.3.5 Phase IV: Remedial Measures 85
10.4 Fatigue Strength Improvement Methods 86
10.5 Regular Inspections, Monitoring Fatigue Damage 87
10.6 Repair of Fatigue Damage 88
11  Conclusions and Recommendations 91
11.1 General Conclusions 91
11.2 Recommendations Concerning Fatigue Loads and Analysis 92
11.3 Recommendations Concerning Fatigue Resistance 92
11.4 Recommendations Concerning Construction 93
11.5 Recommendations Concerning Maintenance and Assessment of Existing Structures 94
12 REFERENCES 94
13 Annexes 97
Annex A — Fatigue Improved Details 97
Annex B — Example of Fatigue Calculation Comparing EN 1993-1-9 and USACE ETL 1100-2-584106
B.1 Introduction 106
B.2 Fatigue Verification According to Eurocode EN 1993-1-9 and DIN 19704-1 107
B.3 Fatigue Verification According to AASHTO LRFD Bridge Design Specifications (6th Edition,
2012) 108
__B.4 Fatigue Verification According to ETL 1100-2-584 108
__B.5 Summary 108
FIGURES
Figure 1 Schematic fatigue crack growth diagram with noticeable crack size and critical crack size............. 14
Figure 2 Schematic fatigue life SUMMANY .........oiiiiiii e 14
Figure 3 Definition diagram of influence of mean stress on fatigue risk..........ccccoiieeeiniiciie e 15
Figure 4 Mitre gate drawing With termMINOIOQY .........cooueieiiiiiiiiiie e 18
Figure 5 Vertical lift gate drawing With terminoIOgY .......coooiiiiiiiiiii e 19
Figure 6 Cracking of mitre gate near MidSPan (USA) ......ooo ittt 22
Figure 7 Typical vertical crack in main girder (note the poor detailing and welding) ............oooocviieeiieinniinneee. 22
Figure 8 Cracking of a vertical lift gate downstream flange initiated at the toe of a weld due to poor original
detailing and WeldiNG (USA).......eiiiiiiie ettt e et e s st e e e s e e e s anrnee e 22
Figure 9 Fatigue cracks in connection of vertical and horizontal girders in Germany’s Main Donau parallel
waterway navigation 10cks [Meinholt, 2002]..........ccciiiiieiiiiieeiie e 22
Figure 10  Weak axis bending in horizontal girders of a vertical lifting gate and consequential bending in
flanges of the vertical diaphragms indicated with compression (C) and tension (T) .......cccccoevvvvneee. 23
Figure 11 Fatigue crack in corner connection of vertical and horizontal girders in Princess Irene locks,
Amsterdam Rhine Channel, the Netherlands [Ryszard Daniel, 2016] ............cccouvveeeiriiiiiiiieeneennnne 23
Figure 12 Distortion of a straight gate to geometrically conform to displaced or worn out support walls, quoin
DEAMS ANA/ON SIlIS ......eiiei e 23
Figure 13 Typical fatigue cracks in horizontal girders of mitre gate, Terneuzen (the Netherlands), after 47
years of service [SChONfeld, 2013].......eiiiiiiieiiie e 24
Figure 14 Fatigue crack in poorly detailed web corner detail, Princess Juliana Channel, the Netherlands, lower
gates with overhead concrete structure of navigation locks at Born [Daniel, 2011] ...........ccccvveeeeenn. 24
Figure 15 Torsional crack in US mitre gate quoin post upstream flange due to deflection at the mitre as a
consequence of lack of mitre contact caused DY WA ...........ocuuiiiiiiiiiiiiiiiie e 24
Figure 16 Original gate details on the left showing square re-entrant corners and cracking, improved details
WIth radii ON the FIGNT. ... e 25
Figure 17 Repaired crack detail with added radius to prevent additional crack initiation ..............ccccevvvveennee. 25
Figure 18 US mitre gates, left: gate installation at Markland Locks (US Army Corps of Engineers photo by
Carol Labashosky), right: gate instrumentation at Melvin Price Lock and Upper Mississippi River
o o3 PO PT R PUPR 26
Figure 19 Ductile fatigue rupture of a top hinge anchorage tension member of Mississippi Melvin Price
[0 Yo TS W 10 10 1= 27
Figure 20 Left: wire rope drum and sheaves and right: outer wire ruptures in a stainless steel wire rope
10 o] 1T ea (To IR (oI = Lo [ 1= T PP PPPPRPP 27
Figure 21:  Principle of evaluation of variable amplitude loads using S-N CUIVES ..........cccccoviieeiiiiiiic e, 29
Figure 22 GENEIAI PIINCIPI. ...ttt ettt et e e ettt e e b e e e e ah b e e e eabn e e e s bbeeeaanbeeeen 30



Figure 23
Figure 24

Figure 25
Figure 26

Figure 27
Figure 28
Figure 29

Figure 30
Figure 31

Figure 32
Figure 33

Figure 34
Figure 35

Figure 36

Figure 37
Figure 38

Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:

Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:

Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74:
Figure 75:

Example of spectrum of load amplitudes for a Navigation Lock in a river with variable discharge

(Meuse river, Sambeek, NL) [Schonfeld, 2013].......cccuviiiieiiiiiiiieee e 30
Example of spectrum of load amplitudes for a Navigation Lock bordering tidal waters (Terneuzen,
N I ST aTo ) 1= (o F2 0 ] PP PPRRTN 30

Bending load of gate retaining water and at the right: reverse bending when opening the gates .... 31
Left: bending load of gate retaining water, middle: bending of gate retaining negative head

difference and right: pre-load to limit deflection in negative load case.........ccccccooiiiieiieiiiiiiiiieeenn. 32
Example of mitre gate with box girders as side posts and folded retaining plate (photographs:

Volker and Hollandia INfIra) ..........oooiiiii et e et e e e e e e et e e e e e e e enes 33
Hartel Canal Barrier near Rotterdam, the Netherlands, with (overtopping) flood gates in closed
position (photograph: fOtOVIEGEr.NI).........viiiiiiee e 34
Single degree of freedom models of gate with oscillating underflow, with indicated vertical rigid

body motion of the gate (left) and elastic response of components (right)..........cccceeeeiiiiiiiieeeeenen, 35
Example of stress concentration factor text book material (taken from BS 7608; 2014).................. 37
Principal of erivation of characteristic S-N curve from experimental failure data [Lotsberg,

P20 PP PP PUPURTOP 40
Principle of SErvICe life CONCEPLS ... c.iii ettt e e e e e eee e e e e enes 42
Example of ship-building stiffener elbow and stiffener diaphragm details with known S-N curve ........
ALA TN TEEIALUIE ...ttt e et et e ane e ne s 44
Examples of ship-building details with known S-N curve data in literature ............cccceveieeeiiieeennee 44
Example of crossing flanges commonly used in older designs and present in existing gates (left)

and photograph of experimental set-up of the fatigue resistance testing of the detail (right)............ 44

Investigated details with crossing flanges: (a) with primary flange in front of secondary flange

(both continuous), (b) with secondary flange interrupted and welded to the thicker primary flange. 45
Definition diagram uniform and localiSEd COMTOSION ..........cueeeiiiiieiiiiie et 46
Generalised impression of effects of seawater condition on fatigue resistance in terms of

SR 0] V=T [ o] (=] o 1= o | SRRSO
Nonlinear stress distribution separated into stress components
example of a fatigue detail (Extract from EN 1993-1-9) .......cccceiviiieiiiiieenniiee e

Typical skin plate weld details [1] (complete joint penetration groove weld)...................

Example of a welded skin plate with stiffeners and main Structure ...........ccccoeciiieiii i
Example of a welded Main SIIUCTUIE .........oouiiii it
Example of skin plate with stiffeners and girder/frame
Location of initiated fatigUE CraCKS ..........uiiiiiiie it
Example of butt weld fatigue details according IIW fatigue recommendations
Example of influence of the slope of a transition according International Institute of Welding fatigue
FECOMMENUALIONS .....eiiiiiiiieiie et e e s e e e et et e st e s s nr e e e enne e e s nnes
Skin plate stiffener types............

Location of crack at weld toe
Example of non-load-carrying attachment according 1IW fatigue recommendations
Fatigue detail with cope hole according IIW fatigue recommendations ...........cccccccveeeiiiiiiieeneeeeene
Fatigue detail with cope hole according EN 1993-1-9
Fatigue cracking through the welds .............cccccconiiiienenn.

Example pre-stressed bolt conNection 0N tENSION .........coiiiuiiiiiiiiiiiii e
Example of beam connections with good fatigue details ...
Open gears pitting; caused by a combination of misalignment and grease problems ...
Rack and pinion EXAMPIE..........coi i e
ROIIEr ChaiN AELAIIS .....coiiiieieieee et e et e e e
Cast Steel pintle ball for large sector gate (left) and cast steel sector gate top hinge (right) ........... 66
ASTM A27 Grade 65-35 bonnet cover being machined and drilled ...
Forged turnbuckles on the diagonals of a vertically framed mitre gate
Forged stainless steel hinge ball for cast steel sector gate hinge depicted on the previous page ... 67
Forged and machined pintle heel being installed onto a forged and machined stainless steel pintle
ball with self-lubricated DEAINMNGS ........coi i e e e e e e 67
Example of corrosion and consequential breaking of bolts of a diagonal of a mite gate (USA) ....... 73
Aluminium spay coated lock gate of Zandkreeksluis, NL, before installation................cccccveereennnnns
Design and assessment conditions, in imitation of [Kuhn et al., 2008] ..........cccccvviiiiiiiieeeiiiieee
Presentation of transition from hole to crack [Petersen, 2013]........ccccveeiiiieeiniiiiennieiee e
Crack opening modes [Petersen, 2013]......ccoouiiiiirieiiiieee it

Crack-growth curves acc. to FKM [Forschungskuratorium Maschinenbau, 2006]
Fatigue assessment of existing structures, in imitation of Kiihn et al. (2008) .........ccccooviiiiieeeeennnnne

Mitre gate skin plate cracking with 50mm hole drilled in an attempt to arrest the cracking.............. 88
Bolt installed in 50mm hole to prevent water from passing through the skin plate of the mitre gate 88
Mitre gate skin plate cracking with 50mm hole drilled in an attempt to arrest the cracking.............. 89
Completed weld repair prior to grinding flUSH...........coooiiii e 89

Completed skin plate weld repair inside surface after ceramic backing removal and bolt
4



ST = = o TR

Figure 76:  Skin plate bolted cover plate repair at Bonneville Dam (USACE)

Figure 77:  Skin plate bolted cover plate repair at The Dalles Dam (USACE)

TABLES

Table 1 Summary of influence of mean stress on fatigue risk

Table 2 Locations of typical fatigue cracking per gate type ........ccovcvvveiiieeeiiiiee e

Table 3 Schematic relation between S-N curves in various codes [Lotsberg, 2016]

Table 4 Relation between Fatigue Design Factors (DFFs) on cycle number and partial material stress factors
......................................................................................................................................................... 40

Table 5 Fatigue Design Factors (DFFs) required for different offshore structure categories and
conditions (criticality and INSPECLIONS)........cuuiiiiiie i e e e e

Table 6 Recommended DELA-VAIUES ............oii it

Table 7 Partial factors in relevant codes for (hydraulic) steel structures

Table 8 Partial factors in EUroCode 1993-1-9 .......coiiiiiiiiiie ittt

Table 9 EXEract from EN L1993-1-0 ...ttt e ettt e e e e e e ettt e e e e e e et e e e e e e e s e nnrnraeaeaeeeaanns

Table 10 Do’s and don’ts in welded joints...................

Table 11 Do’s and don’ts in other joints and details

Table 12 Dates when fatigue checks became mandatory in various countries

Table 13 Important guidance documents for evaluation of existing hydraulic structures...............

Table 14 Common material characteristics and test Methods ............ccccevriiieiiee e

Table 15 Recommended repair methods for welded structures [Kihn et al., 2008]. ....................

Table 16 Recommended repair methods for bolted structures [Kihn et al., 2008] .........ccccovvveiiiieeeiiiieenne




	InCom-WG189
	leere-seite

