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ABSTRACT

Because o f its superior toughness and w eldab ility , high performance steel (HPS) has 

gained increasing popularity for use in highway bridges. Its fatigue resistance, however, 

is not yet well characterized. Established analytical methods that can predict both fatigue 

crack in itia tion and propagation, coupled w ith a material-based testing program, provide 

a sound and cost effective approach to studying fatigue behavior o f I IPS.

In order to obtain the necessary material input parameters fo r the proposed methods, and 

to better understand the properties o f high performance steel, material tests were 

conducted on ASTM  A709 UPS 4S5W steel and on two conventional structural steels to 

characterize their m onotonic and cyclic material properties. HPS 4S5W steel shows high 

strength and good du c tility ,  ̂ in high fracture toughness. Fatigue test results,

however, indicate that HPS 4S5W steel exhib its a fatigue resistance comparable to that o f 

lower strength and toughness structural steels but w ith sign ificantly higher fatigue lim it.

Fatigue life  prediction analysis was performed on six common structural details o f w hich 

test results are available in literature. 'H ie proposed methods predicted fatigue lives o f all 

details w ell, comparing w ith  the lest results. HPS shows s ligh tly  higher fatigue resistance 

than conventional structural steels in the high cycle fatigue region fo r non-weldcd details. 

However, fatigue resistance o f HPS welded details is s im ila r to that o f conventional 

structural steels welded details. The current fatigue design provisions are still applicable 

to HPS welded details.
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a  exponent in damage parameter versus fatigue life  curve, exponent in total

strain energy density versus fatigue life  curve 

a  exponent in plastic strain energy density versus fatigue life  curve

a t exponent in plastic plus tensile elastic strain energy density versus fatigue

life  curve

f t  geometry parameter in an I-girdcr; material constant in obtaining latigue
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/?,, crack front shape correction factor
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stress)
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CHAPTER 1. 

INTRODUCTION

1.1. Background

Compared lo conventional structural grade steels, high performance steel (UPS) provides 

superior strength, improved w cldah ility . greatly enhanced fracture toughness, high 

ductility , and weathering characteristics. The improved performance o f HPS is achieved 

through lone r levels o f carbon, the addition o f a lloying elements, and advanced thermal- 

mechanical processing techniques, resulting in a low carbon, fine grain, martensitic 

microstrueturc.

A lthough the development o f HPS in North America spans on ly the past decade, it is 

rapidly gaining popularity for use in highway bridges. It is estimated that there are more 

than 200 HPS bridges in various stages o f design and construction in the United States 

(W ilson 2004). However, u tiliz ing  the fu ll benefits o f HPS w ith  higher yield strengths 

(say, higher than 585 MPa) may not be possible under current design standards because 

the fatigue lim it state is like ly  to control the design (Sause 1996). This observation is 

based on the assumption that the fatigue performance o f details made o f HPS is the same 

as for conventional structural steels. Research to date on HPS has mainly focused on 

design aspects related lo strength, ductility , and stab ility  o f  HPS members. Little 

attention has been paid to its fatigue properties.

1.2. Objectives and Scope

A comprehensive research program aimed at investigating the fatigue characteristics o f 

HPS and methods o f fatigue life  prediction and their app licab ility  lo  conventional details 

fabricated using HPS was initiated at the University o f A lberta. The principal objectives 

o f the study are lo:

I . Answer the fundamental question o f whether the high toughness o f I IPS provides any 

benefit in fatigue resistance.

I
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2. Develop an experimental database from which the key HPS material properties 

related to fatigue can be established.

3. Develop a method to predict the fatigue life  o f components and structures from crack 

in itia tion to final fracture, considering the effects o f m ultiaxia l stress state and mean 

stress.

4. Study the fatigue resistance o f conventional details made w ith  HPS and compare with 

those made w ith  conventional structural grade steels.

5. Make recommendations for fatigue design o f HPS.

Although HPS have also been developed in Europe and Japan, the research project 

presented in the fo llo w in g  has focussed on HPS developed in the United States and 

specified in A S TM  A709 as grade HPS 485W, where W  indicates that the steel is also a 

weathering steel. Other im portant issues in fatigue, such as effects o f variable amplitude 

loading, m ultip le  crack interaction and corrosion are not investigated in this study.

1.3. Methodology

Since fatigue testing o f large scale details is time consuming and expensive, analytical 

techniques that have been developed lo predict both the crack in itia tion  and propagation 

stages o f fatigue life  from cyc lic  material tests are attractive alternatives lo testing in 

investigating the fatigue resistance o f HPS. D ifferent approaches to fatigue life  

prediction are assessed by comparing predicted fatigue response to test results from 

specimens made o f conventional structural steels and HPS. The validated approach and 

cyclic and fatigue material properties for HPS can be used to predict the fatigue life  o f 

HPS details and to develop fatigue design curves fo r HPS. A  validation o f various 

fatigue life  prediction approaches through comparison w ith fatigue tests on conventional 

grade steels and HPS provides a useful tool to assess the fatigue performance o f HPS 

details.

2
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1.4. Thesis Organization

The Literature Review (Chapter 2) summarizes the background inform ation about: (1) 

current fatigue design specifications and fatigue detail categories: (2) major fatigue life  

prediction techniques; (3) previous research on high performance steel; and (4) fatigue o f 

high strength low a lloy steel. In Chapter 3. Fatigue Life P rediction , analytical techniques 

and procedures that are used to predict the fatigue life  o f various structural details are 

described in detail. Based on the fatigue life  prediction approaches, material fatigue tests 

were carried out to provide the input in form ation for prediction o f UPS fatigue 

performance and compare w ith those o f more conventional structural steels. The details 

o f the experimental program, including the test results and associated discussion, are 

presented in Chapter 4, Experimental Investigation. Results o f  Analysis (Chapter 5) 

presents the fin ite element analysis and fatigue life prediction results o f six common 

structural details. F ina lly, Summary, Conclusions and Recommendations are proposed in 

the last chapter (Chapter 6) o f this thesis.
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CHAPTER 2. 

LITERATURE REVIEW

2.1. Introduction

A review o f lour aspects related to fatigue o f high performance steel is presented in this 

chapter. First, current fatigue design specifications and detail categories are b rie fly  

reviewed because o f the frequent comparisons o f test results and fatigue life predictions 

w ith existing fatigue design curves throughout the thesis. Fo llow ing this, the main 

fatigue life prediction techniques are introduced, including a b rie f discussion o f their 

development, application, advantages and lim itations. Because high performance steel is 

a relatively new material, its properties and applications as well as available fatigue 

research arc reviewed. Lastly, since high performance steel is essentially a high strength 

low alloy steel, fatigue o f conventional high strength low alloy steel is mentioned.

2.2. Fatigue Design Standard and Detail Categories

2.2.1. Introduction

Widespread application o f welding in the fabrication o f steel structures since the 1950s 

triggered research into fatigue problems in c iv il engineering, as welding produced more 

severe fatigue details compared to riveted and bolted jo in ts. A t the same time, more 

tra ffic  and heavier loads became prevalent on bridges (Fisher cl ul. 1998). Extensive 

investigations o f the fatigue strength o f steel beams under the National Cooperative 

H ighway Research Program set the foundation for all subsequent fatigue research studies 

and for current design standards (Fisher el ul. 1970: Fisher e/ ul. 1979).

Fatigue tests on many different welded details have shown that the stress range, A <r, is 

the most imporlant stress-related parameter that describes the fatigue life o f a structure 

(Fisher el ul. 1970; Fisher et ul. 1974). The stress range is defined as A rr = a  -  (T .'  1 '  o  nux u iiii

where <rnm and u mn arc the maximum and m inim um  applied stresses, respectively.

4
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For welded details, it has been found that other stress parameters such as stress ratio, 

R = a nm ! a nuK • arK* mean stress, a m = (<rmn + <7iim ) /2  , have a negligible effect on

fatigue resistance (Fisher et al. 1998). The dependence o f fatigue life solely on stress 

range is largely a reflection o f the presence o f high tensile residual stresses, coupled with 

high stress concentrations, at some locations o f welded details (Fisher et al. 1998). Since 

the residual stresses can be expected to be more moderate in rolled, riveted, and bolted 

connections than in welded details, the conclusion that the stress ratio does not influence 

the fatigue life  o f a non-wcldcd detail is not necessarily correct.

For c iv il engineering structures, it is generally agreed that the strength and grade o f steel 

have a negligible effect on fatigue resistance. The effect o f the strength, hence grade of 

steel, have therefore been neglected in design standards. However, fo r noil-welded 

details, the material characteristics, or more precisely the microstructure o f steel, can 

have an influence on fatigue resistance; an increase in fatigue life  w ith an increase in the 

yield strength o f the steel has been observed in case o f high cycle fatigue (Stephens et al. 

2000).

Fatigue curves have trad itiona lly  been plotted as straight lines when stress range Act and 

fatigue life  N  arc expressed with log scales. The fatigue curve is represented by the 

equation log /V = log A -  m log A rr . where A is the fatigue life  constant and m is the slope 

o f the straight line.

2.2.2. C lassification o f Fatigue Details (Detail Categories)

It is standard practice in fatigue design o f c iv il engineering structures to separate various 

structural details into categories in accordance to their fatigue resistance and nominal 

stress range. The classification o f fatigue details is mainly based on the severity o f the 

stress concentration in the various structural details. W hile  many o f these details have 

been tested in research programs, some were merely categorized using engineering 

judgement (Fisher et al. 1998).

5
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Each category o f weld details has an associated nominal stress range versus fatigue life  

curve, com m only referred to as a S-N  curve. The fatigue curves adopted by the 

American Association o f State H ighway and Transportation O ffic ia ls (A A S H TO  1998) 

for components and details susceptible to load-induced fatigue cracking, which are also 

used in the Canadian h ighway bridge design standard C A N /C S A -S 6 (CSA 2000), are 

illustrated in Figure 2-1. S -N  curves are presented for eight categories o f weld details, A 

through E ’ , in order o f decreasing fatigue strength. Each detail category consists o f a 

straight line w ith  a slope o f 3 and a horizontal part, which represents the constant 

amplitude fatigue lim it (G AEL). The slopes have been standardized at 3 because the 

slope o f the regression line fit to the test data fo r welded details is typ ica lly  in the range 

2.9 to 3 .1 (Fisher et al. 1998). The effect o f the welds and other stress concentrations arc 

reflected in the ordinate o f the S -N  curves for the various detail categories. The CAFE 

occurs al an increasing number o f cycles fo r low er fatigue categories. The AASH TO  

specification and CSA standard include descriptions and illustrative examples fo r various 

fatigue design categories, as well as fatigue life  constants, A, and G AEL for each detail 

category. K lippstein (1987) suggested that there is a need to establish the C A F L  more 

accurately using statistical approaches.

As seen Figure 2-1. the highest allowable fatigue stress ranges are provided by fatigue 

Category A, which includes details with no stress concentration such as the base metal o f 

plain rolled plates w ith flame-cut edges (w ith lim ita tions on surface roughness) and rolled 

sections. Low er stress ranges are specified fo r details o f increasing notch severity, such 

as: Category L3 for bu ilt-up members with continuous longitudinal fille t welds, or high- 

strength bolted connections; Category C  w ith  welded transverse stiffcncrs; Category D 

for welded attachments longer than 50 mm or greater than 12 times the attached plate 

thickness, but less than o r equal to 100 mm, or riveted connections. More details about 

detail categorization are given in the design code (CSA 2000).

2.2.3. Design Curve versus Mean Curve

The fatigue curves presented in North American design standards (Figure 2-1) are based 

on extensive experimental data and are generally represented by a line set at two standard

6
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deviations below the mean regression line. For reasonably large numbers o f test data, the 

corresponding confidence lim it is estimated to be approxim ately 95%, w ith  a 95% 

survival lim it (Fisher et al. 1998).

The standard deviation o f the results o f tests specifica lly designed fo r the establishment 

o f fatigue design curves and other comparative data in other relevant fatigue studies 

available in literature varied from 0.078 to 0.273, w ith  an average o f 0.25 (K lippstein 

1987).

2.2.4. Fracture Toughness Requirement

Toughness considerations are included in the A A S H TO  Specification (1998) in the 

section on “ Fatigue and Fracture Considerations” . The Charpy V-Notch (C V N ) impact 

requirements vary, depending on the type o f steel, type o f construction, whether welded 

or mechanically fastened, and the applicable m inim um  service temperature (three 

temperature zones were specified: Zones 1, 2, and 3 w ith  decreasing service 

temperature). The fracture toughness requirement is necessary to avoid brittle fracture 

that prevents achievement o f adequate fatigue resistance o f a structure. Charpy V-Notch 

tests provide a useful means o f screening out materials that would be susceptible to brittle 

fracture at small crack sizes.

2.3. Fatigue Life Prediction

2.3.1. Introduction

Fatigue design philosophy has evolved from  fatigue lim it and in fin ite  life  criteria to 

approaches based on fin ite  life  behaviour (E lly in  1997). A t present, there are two major 

numerical approaches to predict the fatigue life  that a component or structure can sustain 

before failure: empirical correlation approach, and fracture mechanics approach (E lly in  

1997; D ow ling  1999). The empirical correlation approach uses a damage parameter to 

correlate w ith  fatigue test results, in which fatigue life  calculation is generally performed 

w ith respect to final fracture or crack in itia tion . The application o f fracture mechanics 

approach is widespread, especially for crack propagation life. In this section, general

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



descriptions, development and applications as well as advantages and disadvantages o f 

the two major approaches are reviewed.

2.3.2. Em pirical Correlation Approach

In order to predict the fatigue life  under a specified condition, d ifferent empirical damage 

parameters, D, have been proposed to correlate w ith the fatigue life  (number o f cycles to 

failure, N ). The damage parameter to fatigue life function generally lakes the form  o f

D = F ( N l )<r + Dn , where </.<(). F > 0  and as N t —> °o, D  —» /)„ ( Df) is the

corresponding value at the fatigue lim it) (E lly in  1997). The coeffic ient /-'and exponent a  

are evaluated by a best fit technique from experiment data. The above function is shown 

schematically in Figure 2-2. The em pirical correlation approach is generally divided into 

three categories, i.e.. stress-based method, strain-based method and energy-based method, 

when stress, strain or energy is used as the damage parameter, respectively.

2.3.2. L Stress-based method

The stress-based method that underlies many fatigue specifications is the most w ide ly 

used method. It proceeds from the nominal stresses in the critica l cross section and 

compares them w ith  the nominal stress S -N  curve, which comprises the influence o f 

material, geometry and surface condition (Radaj and Sonsino 1998). The stress-based 

method emphasizes nominal stresses, rather than local stresses and strains, and norm ally 

employs elastic stress concentration factors and empirical m odifications to account for 

the concentration effect o f notches (Leis el al. 1973). Stress-based methods have been 

shown in some cases to predict fatigue lives that d iffe r from  test values by more than two 

orders o f magnitude (Everett 1992). The stress-based method is most applicable to cases 

o f high cycle fatigue where material response is mostly clastic. However, the accuracy o f 

life  prediction depends heavily on an accurate evaluation o f the severity o f stress 

concentrations at the fatigue detail.

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23.2.2. Strain-based method

The strain-based method has found wide applications in fatigue analysis, especially for 

fatigue crack in itia tion  life  calculation. In itia lly  developed in the late 1950s and early 

1960s for ductile metals at re latively short lives, the method also applies where there is 

little  p lasticity at long lives. Now it is a comprehensive method that can be used in place 

o f stress-based methods (D ow ling  1999). In contrast to the stress-based method, the 

strain-based method considers the plastic deformation that may occur in localized regions 

where fatigue cracks initiate. The strain-based method assumes the material in highly 

strained areas, such as at a notch root, behaves s im ila rly  to material in a smooth specimen 

under cyc lic  strain controlled loading w ith the same strain (M orrow  and Socic 1981). 

Thus, the evaluation o f inelastic strain at the critical location is one o f the key parts in 

fatigue life  prediction. The method can account d irec tly  for the difference in stress 

concentrations among different fatigue details through an inelastic fin ite  element 

evaluation o f the strain d istribution. D ow ling (1982) has reported that the estimated life 

is not very sensitive to the calculated strain, thus m aking the use o f the local strain 

method a useful tool for the prediction o f crack in itia tion  life.

The strain-based method uses a cyclic stress versus strain curve and a strain versus life 

curve instead o f the S -N  curve used in stress-based method. The coefficients and 

exponents that define these curves are treated as fatigue properties o f the material. At the 

early developmental stages for the technique, there were insufficient fatigue data to 

quantify the fatigue properties o f many engineering metals and various equations were 

proposed to correlate the fatigue properties to the tensile properties (M orrow  and Socic 

1981). The widespread adoption o f closed-loop mechanical testing systems and the 

development o f the strain-based method has largely elim inated the need for these 

empirical equations and there is an abundance o f data defin ing the fatigue properties o f 

numerous engineering metals (Rice et al. 1988).

For engineering materials al room temperature, cyclic  hardening or softening is usually

rapid at first and then approaches a stable condition. The stable cyclic stress versus strain

curve is often defined using the Rambcrg-Osgood equation (D ow ling 1999). The curve

9
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can he determined from several companion specimens cycled at various constant strain 

amplitudes or from a single specimen in conform ity w ith the incremental step test method 

(M orrow  and Socie 1981). The companion lest approach is preferred because in certain 

steels the two methods may not lead to the same result because o f the interaction between 

the d ifferent levels o f strain amplitude (Hatanaka 1990). In the strain versus life  curve, a 

linear log-log relation between elastic or plastic strain amplitude and fatigue life 

according to the Coffin-M anson equation is used (D ow ling  1999). It should be noted that 

at long lives, the strain versus life  curves tend to be very flat and may even be horizontal 

for steels exh ib iting a fatigue lim it. L ife  predictions made in this region can be expected 

to be on ly  estimations w ith in  factor o fte n  or more (M orrow  and Socie 1981). However, 

in fatigue testing, the scatter in fatigue life  also increases w ith  increasing life.

2.3.2.3. Energy-bused method

Experimental observations have confirm ed the significant role that plastic deformation 

plays in the fatigue damage process. As cyclic plastic deformation is related to slip along 

crystallographic planes and dislocation movement, cyc lic  stress is related to the resistance 

to such movement at the m icroscopic level and strain energy is dissipated during such 

irreversible deformations (E lly in  1997). The energy-based method uses energy as a 

damage parameter to characterize fatigue, emphasizing the interrelation between stress, 

strain, and the fatigue damage process. It unifies high and low cycle fatigue, and has the 

potential to bridge fatigue data obtained in d ifferent laboratories using specimens o f 

d ifferent geometry and size and tested under d ifferent controls (Chan and M ille r 1982: 

Sarihan 1994). As a re lative ly new method (m ainly developed in the last two decades), it 

has not been w idely used but the method seems promising.

Com m only, the total absorbed energy to the point o f fatigue failure is assumed to depend 

on the total number o f cycles sustained and the fatigue damage during each cycle is 

assumed to relate d irectly  to the area under the hysteresis loops o f the stress versus strain 

curve obtained during cyclic loading (E lly in  1997). Various measures o f energy have 

been proposed depending on the stress level, namely, the plastic strain energy density per

cycle (A IT '') ,  the total strain energy density per cycle ( A H '), and the plastic plus tensile
10
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elastic strain energy density per cycle (AVI7') .  The AW7'' c rite rion  is more appropriate 

when the plastic strains are large, and AW7 is believed to be more suitable fo r small strain 

magnitude because during high cycle fatigue the plastic strain energy is very small and is 

d iff ic u lt to measure accurately. The plastic plus elastic tensile strain energy density per 

cycle,AM 7' ,  was proposed to predict the mean stress effect (K u jaw ski and E llyin 1995) 

and is believed to be more suitable fo r deformation contro lled situations.

2.3.3. Fracture Mechanics Approach

For many engineering structures, the major portion o f fatigue life  is expended in 

propagating a crack from  an existing flaw, that is, only the fatigue crack propagation life  

needs to be determ ined (Jaskc 1995). The use o f fracture mechanics in fatigue 

propagation life  prediction has become widespread since it was first applied to fatigue 

crack growth 40 years ago (Paris 1998).

The parameter describ ing the stress fie ld  around the advancing crack tip is an important 

component in the fracture mechanics approach. The stress intensity factor. K, is used in 

linear-elastic fracture mechanics (LE FM ) when the nominal stress versus strain response 

is essentially elastic. When plasticity effects are considered, various parameters have 

been proposed, among which CTO I )  (crack tip  opening displacement) and ./-integral are 

most com m only used in clastic-plastic fracture mechanics (EPFM ). In highly ductile 

materials and where the crack tip plastic zone is large, EPFM may be more appropriate. 

However, fo r small-scale plasticity conditions, the K  approach, corrected fo r the effect o f 

the small plastic zone effect, offers the greatest advantages regarding the correlation o f 

crack growth data (Nowack 1983).

Crack propagation life  calculations arc carried out from a specific in itia l crack size to a 

final crack size at fa ilure, which may be determined from the material fracture toughness. 

However, a number o f parameters arc d iff icu lt to determine in practice, especially the 

in itia l crack size and shape. Brock (1989) suggested that in itia l weld defects such as 

porosity, undercut, lack o f  fusion, and lack o f penetration can be identified, and the in itia l 

size can be determined on the basis o f weld qua lity  control criteria. To determine

11
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fracture toughness, plane strain conditions are generally required in standard tests. 

However, most steels have insuffic ien t thickness to maintain plane strain conditions 

under normal loading and service temperatures (Nowack 1983). Non-standard specimens 

can provide valuable inform ation i f  parameters like the geometry factor fo r the specimen 

is known (Broek 1989).

2.4. High Performance Steel

2.4.1. Introduction

2.4.1.1. M a te ria l properties

Prim arily due to the A IS I/FM W A /U S N  (American Iron and Steel Institute/Federal 

H ighway A dm in istra tion /U .S . Navy) jo in t program starting in 1994, high performance 

steels (HPS) w ith  unique properties, intended princ ipa lly  for h ighw ay bridge applications, 

have been successfully developed. Because o f advanced chemical composition and 

processing practice, HPS possess improved w eldability, toughness and corrosion 

resistance, as w e ll as comparable strength and duc tility  (Krouse 1999). Grade 

HPS 4S5VV, the firs t one developed and commercialized in the HPS program, was first 

fu lly  integrated in to  the ASTM  A709 standard in 1997 and the A A S H T O  specification in 

1999. The latest specifications also include grade HPS 345W . Grade HPS 690W is 

expected to be included in the near future (W ilson 2004).

The low carbon content (0.11% max) and carbon equivalent (CE) place HPS in Zone I o f 

the G raville  weldabi lity  diagram shown in Figure 2-3, m aking it unsusceptible to heat 

affected zone (H A Z ) hydrogen induced cracking, and thus having improved weldabi lity'. 

O nly m in im al precautions are necessary when welding steels w ith  such low carbon 

content (W ilson  2004).

A 0.006% m axim um  sulphur level w ith calcium treatment fo r inclusion shape control is 

specified to provide HPS w ith improved toughness, as characterized by a targeted Charpy 

V-Notch energy absorption o f 48 J at -23°C  (ASTM  2002a). W right et al. (1995) tested 

over 80 compact tension specimens o f HPS 485W  and demonstrated that HPS has much

12
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higher toughness than the more conventional structural grade steel ASTM  A572, and the 

material remains ductile at testing temperatures as low  as -40°C . The toughness 

enhancement o f UPS typ ica lly  observed is far in excess o f that required by design 

standards (W righ t ct al. 2001).

High performance steel also has weathering properties, i.e., it has the ab ility  to perform 

under normal atmospheric conditions w ithout corrosion protective coatings. An 

atmospheric corrosion resistance index can be used to indicate the resistance o f a steel to 

long-term corrosion exposure; the higher the index, the more corrosion resistant the steel. 

The index can be calculated from  the chemistry o f the steel as fo llow s (ASTM  2002b):

Index = 26.01 (% Cu) + 3.S8 (% N i) + 1.20 (%Cr)  + 1.49 (% Si) + 17.28 ('TP) -

7.29 (% C u)(% N i) -  9.10 (% Ni)(% P) -  33.39 (% C u)2 (2 -1)

HPS has a m inim um  weathering index o f 6.0. which is the same as conventional 

weathering steels.

A tighter range o f chemistry for HPS is specified so that the performance can be more 

reproducible from  plate to plate and producing m ill to producing m ill. HPS 485W is 

produced by quenching and tempering (Q & T ) or Thcrm o-M cchanical-Contro llcd 

Processing (TM C P). Because the Q & T  process lim its plate lengths to 15.2 m in North 

America, TM C P  practices have been developed on the identical HPS 485W chemistry to 

produce plates up to 38 m long and 50 mm thick (W ilson 2000). The differences 

between Q & T  and TM C P processing arc shown schematically in Figure 2-4. TMCP 

includes controlled ro lling  below the austenite reerystalli/.alion temperature, and with or 

w ithout accelerated cooling o f water spray. HPS 345W , an HPS version o f the more 

common 345W  grade w ith improved w eldability and toughness, is provided from the 

exact chem istry o f HPS 485W  but processed using conventional hot ro lling  or controlled 

ro lling  (Figure 2-4). Other requirements imposed on the manufacture o f HPS are that 

they are made o f k illed steel, have low nitrogen level (0.015% max), have a fine grain 

structure, and arc made using a low hydrogen practice (A S TM  2002a).

13
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2.4.1.2. Applications

Since plates from  the firs t m ill heat o f HPS 485W  were produced in 1996 and I IPS was 

first used in bridges in 1997, there has been steady growth in the use o f IIPS in bridges. 

It is estimated that there are more than 200 HPS bridges in various stages o f design and 

construction (among which more than 100 were open to tra ffic  in 2003) in the United 

States (W ilson  2004). Because o f its greater strength, the use o f HPS 483W generally 

leads to 3-10% project cost savings, while the best result to date is a 28% reduction in 

weight and 18% reduction in cost (W ilson 2004). A lthough some in itia l plate girder 

bridges were made entire ly o f HIPS 483W, hybrid  designs w ith  HPS 483W in highly 

stressed flange locations and 343W in webs and other flange locations have become 

popular.

2.4.2. Research on HPS Components

Momma and Sause (1993) studied the potential cost reduction resulting from the use o f 

HPS in bridge design. The reduction in weight o f steel was used as a measure o f 

potential cost reduction. The cross sections o f two existing i-g irde r bridges, one simplc- 

spati and one continuous-span, both orig' designed w ith  343 MPa yield strength 

steel, were redesigned using HPS with y ie ld strengths o f 483 MPa. 383 MPa. and 

690 MPa. When the fatigue lim it state was excluded from the redesign, weight reduction 

was often not observed at yield strengths greater than 483 MPa. This is because the 

A A S H TO  design specification of that time d id  not permit the criteria for compact 

sections to be used fo r steels with these higher yie ld strengths, a restriction which was 

based on the lower du c tility  capacity o f conventional high strength steels. It should be 

noted that only the high strength o f HPS was considered in the study: the potential gains 

from improved weldabi lity , fracture toughness and other properties were not considered.

So far, the focus o f many o f the experimental and numerical studies on HPS has 

addressed lim ita tions o f design standards that prevent the fu ll u tiliza tion  o f HPS in bridge 

designs, and p rim arily  on HPS 483W steel (A z iz inam in i cl al. 2004). Some o f the most 

significant studies conducted to date include:
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1. Flexural capacity and ductility  o f compact and non-compact I-shapcd HPS plate 

girders in the negative moment region (Yakel et al. 1999; Barth et al. 2000; Sause 

and Fahnestock 2001) -  The studies show that non-compact plate girders are able to 

develop a moment capacity in excess o f their y ie ld moment capacity and, in many 

situations, the plastic moment capacity. Compact plate girders are able to develop 

their plastic moment capacity but are not able to provide the required inelastic 

rotational du c tility  o f 3. In order to achieve adequate d u c tility  fo r compact sections, 

more stringent flange and web compactness and bracing criteria  are proposed for 

HPS 4S5W I-shapcd beams (Thomas and Earls 2003). The proposed changes include 

a maximum flange slenderness ratio o f 5.5, a web slenderness ratio lim it o f 54. and an 

unbraced length lim it equal to depth o f the cross section.

2. D u c tility  o f HPS 4S5W plates in tension (Dexter ct al. 2002) -  The ab ility  o f HPS 

plates, which have a relatively high yield to tensile strength ratio, to develop large 

tensile strains w ithout fracture was investigated. Experimental and analytical 

research was conducted to determine the duc tility  performance o f tension members 

and the tension flange o f flexural members fabricated w ith  HPS 4S5W steel. W ide 

plate tension members performed well in the experiments and the tensile duc tility  o f 

HPS 485W  was found to be well w ith in the required range for structural steel. 

A lthough it is not clear what level o f ductility  is required, the researchers indicate that 

an elongation in the range o f six to ten limes the yield strain would be required. 

Three point bending tests o f ten large scale girders also demonstrated good 

performance o f the tension flange in flexure.

3. Shear capacity o f hybrid HPS plate girders (Hash and A ziz inam in i 2001) -  It has 

been shown that the best use o f HPS in plate girders is in the hybrid form where 

flanges arc made o f 485 MPa steel and the web o f 345 MPa steel (Horton et al. 2003). 

resulting in the most economical design. Results from extensive testing and refined 

fin ite  element modeling suggest that tension fie ld action contributes significantly to 

the shear capacity o f non-compact hybrid sections. Interaction between shear and 

moment was found to be negligible.
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4. Innovative HPS highway bridge girder concepts (K u lick i 2000) -  Various options 

that include I-shaped girders w ith  composite webs, corrugated webs, and tubular 

flanges have been investigated to lake fu ll advantage o f HPS. Some o f the 

advantages o f these systems include the elim ination o f transverse and longitudinal 

stiffeners that are unfavourable fo r fatigue, a higher a llowable web slenderness, and 

enhanced s tab ility  o f compression flange.

5. Use o f HPS in seismic applications (Dusicka et al. 2003) -  F u lly  reversed low cycle 

fatigue tests at strain amplitudes between 1% to 7% and large scale shear link 

experiments were conducted. HPS 485VV showed low cycle fatigue life  and 

deformation capacity s im ila r to conventional grade 343 steel. The HPS 4S5W shear 

link components demonstrated a s im ila r ductile hystcrelic response to those fabricated 

from grade 345 steel.

6. L ive loud deflection criteria for HPS bridges (Barth cl al. 2003) -  Because o f the 

high strength o f  HPS, the L/800 live load deflection criterion was found to be the 

contro lling lim it state for some design situations, particu larly in cases with high span- 

to-depth ratios. An average o f approximately 20% more steel may be required to 

meet the deflection lim it. The rationale behind the current lim it was investigated and 

it was found that there is no relationship between either reported bridge damage or 

objectionable vibration characteristics and a direct check o f live  load deflections.

7. Strength and d u c tility  o f undermatched weldments (Kaufmann and Pensc 2000) -  

Undermatched w eld ing was investigated because the use o f undcrmalchcd 

consumables can reduce the potential fo r hydrogen cracking and conventional 

consumables fo r Grade 345VV are readily available, 'les t specimens consisting o f 

HPS 485W  steel plates and conventional weld metals fo r Grade 345W steel were 

fabricated w ith  a fu ll penetration groove weld at the centre o f the specimens. Three 

wide plate tension test results showed that the overall yie ld and tensile strength 

consistent w ith  the base metal were reached i f  the undcrm aiching o f the weld metal 

strength to the plate was no more than 18%. A ll undcrmalchcd weldments indicated
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reduced but suffic ient duc tility  w ith strains at fracture o f 5 to 7%, which arc well 

above the typical strain for bridge members under the most severe service conditions.

8. Fatigue and fracture resistance o f HPS members considering the superior toughness 

o f the material -  Relevant research studies arc discussed in detail in the fo llow ing 

section.

2.4.3. Fatigue and Fracture Performance o f 1 IPS Components

2.4.3.1. fionnna and Sause (1995)

Momma and Sause (1995) found that the fatigue lim it state can control the design o f HPS 

members. W eight reduction w ith  increasing yield strength is not possible beyond a yield 

strength o f 485 MPa when fatigue Category C ’ details (transverse stiffcners and 

diaphragm connection plates attached to the web and flange plates o f I-section girders) 

are taken into account. The researchers thus suggested developing new fatigue resistant 

connection details to avoid these Category C ’ details. This conclusion is based on the 

assumption that the fatigue performance o f details made o f HPS is the same as that o f 

those made w ith conventional steel. Fatigue therefore represents one o f the barriers to 

effective use o f HPS.

2.4.3.2. Takamori and F isher (2000)

Three geom etrically identical huge scale HPS 485W  plate girders w ith coverplatc and 

transverse stiffener details were tested by Takamori and Fisher (2000) to evaluate the 

effect o f ultrasonic pcening on the fatigue strength o f welded jo ints. Each girder was 

6.7 m long and 0.9 m deep. The flanges and web were made o f HPS4S5W  steel, 

whereas the covcrplatcs and the stiffcners were made o f ASTM  A588 Grade 50 

weathering steel. U ltrasonic pcening was applied to the weld toe o f transverse stiffcners 

welded to the web and flanges (Category C )  and to the welds at the coverplatc ends 

(Category E ’ ). The girders contained both as-welded details and ultrasonic pcening 

treated details. Altogether, 11 out o f the 18 welded details on the specimens were treated

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



by ultrasonic pcening, and the remaining seven were le ft untreated, including four 

stiffencrs and three coverplatc details.

The data from the as-welded details are consistent w ith previous research on sim ilar 

details made o f conventional structural steels. U ltrasonic pcening was found to improve 

the fatigue strength o f all welded details: the transverse stiffcners improved to 

Category B fatigue resistance and the coverplatc details achieved Category C. Three 

ultrasonic pcening treated details remained uncracked at the end o f the fatigue tests which 

were terminated because fatigue cracks in itia ted in fabrication defects at the bottom 

flange in the constant moment region. Because o f this fa ilure mode, three data points at 

longitudinal wcb-to-flange welds were obtained, even though the girders were not 

in itia lly  designed to test fatigue Category B details. The AA S H TO  Category B fatigue 

resistance curve shows a lower bound to the test data.

2.4.3.3. Kai<[mann and Pease (2000)

Four 6.7 m long and 0.9 m deep welded plate girders made o f HPS 485W steel were 

tested to investigate the effect o f weld undermatching on fatigue resistance (Kaufmann 

and Pensc 2000). Two test specimens were fabricated w ith a flange thickness transition 

detail consisting o f a fu ll penetration groove weld performed with an undermatched 

electrode, 'f l ic  test results were consistent w ith A A S H TO  fatigue Category B. Two test 

data o f the web-to-flange fille t welds fabricated w ith  undermatched weld metal also 

indicated a fatigue resistance sim ilar to Category B. It was thus concluded that there was 

no decrease in fatigue performance due to undermatching.

2.4.3.4. W right (2003)

W right (2003) investigated the fatigue and fracture performance o f fu ll size HPS

I-girdcrs, emphasizing the effect o f high toughness o f HPS on fracture resistance o f the

girders. The girders were tested under cyclic loads to develop fatigue cracks, chilled to a

low temperature, and subjected to an overload stress to attempt to initiate fracture. I f  no

failure occurred during the overload cycle, the fatigue cracks were grown larger and the

overload test was repealed until eventual failure. The fracture tests w'cre performed at
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load rates and temperatures that simulated service conditions fo r AASHTO  Zone 2 

applications. Linear elastic, elastic-plastic, as well as lim it load analyses were performed 

to determine how best to predict the behaviour o f the girders. A total o f four test girders 

were fabricated, two from  each o f the steel grades studied, HPS 485W  and HPS 690W. 

A ll girders were about 1.0 m deep and more than 8.8 m long. For each grade o f steel, one 

girder was fabricated w ith  no welded attachments, representing a fatigue Category B, and 

a saw-cut notch on one o f the flange lips was used to a rtif ic ia lly  in itia te a fatigue crack at 

a small number o f loading cycles. The other g irder contained transverse stiffcner 

attachments on the web. which represents a fatigue Category C \  common in highway 

bridges, latch girder was doubly symmetric in an attempt to perform  fracture tests on 

both flanges by turning the girder upside down. However, the replicate tests on 

Category C ' detail girders were not successful because o f  d ifficu lties  encountered in 

repair.

The fatigue crack in itia tion  lives for two test girders w ith  Category C  stiffcners fall 

w ith in  the expected statistical scatter o f data based on the literature. However, W right 

(2003) asserts that it is not statistically conclusive because there are only two data points. 

One flange edge crack in itiated unexpectedly from the flame-cut edge o f the HPS 485W  

girder containing stiffcners. and the data point fe ll just below the fatigue Category B 

curve. The huge settle I-girder fracture test results indicated that HPS is immune to 

brittle  fracture down to a temperature o f-34°C .

HPS 485W  steel was found to be capable o f reaching the yield lim it state on the net 

section in bending, w hile  the tested HPS 690W  steel was not able to reach yield. W right 

(2003) suggested that the overall impact o f using high toughness steels in l-girders is to 

increase the crack tolerance, thus greatly increasing the probab ility  o f detecting fatigue 

cracks through visual inspection.

2.4 . 5. Summary

Although the enhanced toughness o f HPS is utilized to s im p lify  welding and elim inate 

special toughness requirements for fracture critica l members (M erlz  1999), little work has
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been done to investigate the fatigue resistance o f HPS itself. As fatigue design 

requirements have been observed to lim it the fu ll u tiliza tion  o f the increased strength ol 

HPS, an investigation is required to ascertain whether o r not the toughness enhancement 

can be utilized to liberalize the fatigue provisions (M ertz 1999).

A ll four studies on fatigue o f HPS components available in literature were conducted at 

Lehigh U nivers ity  and F IIW A . The majority o f them were experimental investigations 

on large-scale plate girders w ith welded attachments (fou r point bending and a stress ratio 

o f about 0.1). Based on this research, Fisher and W right (2001) concluded that the 

fatigue performance o f HPS welded details is the same as for conventional steel welded 

details and, therefore, the existing AASH TO  fatigue guidelines also apply to HPS bridge 

structures. They further suggested that fatigue susceptible welded details must be 

avoided through innovative cross-section designs or by weld improvement treatments.

2.5. Fatigue of High Strength Low Alloy (HSLA) Steel

HPS is indeed a high strength low alloy steel. Fatigue research on conventional HSLA 

steels that are w ide ly  used in ships and offshore structures is re lative ly abundant (Boyer 

1986), especially fo r the h ighly tough HSLA-80 steel. W ith very high toughness, the 

critical crack size may be increased considerably. However, it was found that fatigue 

properties do not s ign ifican tly  improve w ith  increasing toughness (Thomas 1996).

Fatigue testing has been conducted on over 100 large scale H SLA-80 steel 1-shaped 

beams, featuring details o f longitudinal wcb-to-flange fille t welds and transverse groove 

welds (Dexter et al. 1993), and on 78 large scale H SLA-80 I-shapcd beams w ith  various 

types o f one-sided and two-sided longitudinal welded jo in ts  for the web-lo-flangc 

connections (D exter et al. 1995). The lower confidence lim its  for the S -N  curves o f the 

HSLA-80 weld details were not sign ificantly different from  those o f s im ila r weld details 

fabricated from plain carbon-mangancsc steel. The researchers concluded that fatigue 

strength o f this steel is no belter than that o f ordinary structural steel, in spite o f the fact 

that the sections showed ductile crack extension and no brittle  fracture (Dexter et al. 

1995).
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2.6. Summary

From the literature review, it can be concluded that the most appropriate manner to 

predict the fatigue life  o f  a structural fatigue detail is to combine an empirical correlation 

approach together w ith  a fracture mechanics approach, the form er fo r crack in itia tion life  

and the latter fo r crack propagation life. Both the strain-based and energy-based methods 

seem prom ising for the form er because the damage parameter can be physically related 

with the fatigue damage process. However, the necessary fatigue properties o f HPS for 

these methods need to be obtained, ideally from  companion specimens. Because o f the 

small stresses generally present in fatigue problems, the plastic zone at the tip o f cracks is 

lim ited and LEFM  is therefore a useful tool fo r fatigue crack propagation life prediction.

A number o f experimental investigations on large scale plate girders made o f HPS and 

conventional H SLA steels w ith  welded attachments indicate that, in spite o f their high 

strength and fracture toughness, the fatigue resistance o f welded details in these steels 

was not s ign ifican tly  different from  that o f s im ila r details in conventional steels.
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CHAPTER 3.

FATIGUE LIFE PREDICTION

3.1. Introduction

Because o f the high cost o f large scale fatigue testing, reliable analytical techniques to 

predict both the crack in itia tion  and the crack propagation stages o f fatigue life  are 

desirable to investigate the fatigue resistance o f high performance steel details. The 

fatigue life  prediction approaches investigated in this research include stress-based, 

strain-based, and energy-based methods for fatigue crack in itia tion and the early stage o f 

crack propagation, and linear elastic fracture mechanics for the crack propagation stage. 

As some o f these methods have not been used in conventional c iv il engineering 

applications, a general review o f these analytical techniques is first presented.

3.2. Description of the Analysis Methods

3.2.1. General Procedure

The general fatigue process comprises microstructural phenomena, including moving 

dislocations, mi croc rack in itia tion on slip bands and further crack growth by local slip 

mechanisms at the crack tip (E lly in  1997). Tor engineering applications, the process can 

be described approxim ately by the in itia tion  and propagation o f a crack, as shown in 

Figure 3-1. Thus, the crack in itia tion phase actually includes the physical crack in itiation 

and part o f the stable physical crack propagation phases. The number o f cycles required 

to initiate and to propagate a crack to a certain length, e.g., o f the order o f one m illim etre, 

is taken to represent the fatigue life  o f a smooth specimen ( /V/ ), and is referred to as the

crack in itia tion  life  ( A , ) in the case o f large components.

The fatigue material properties coupled w ith an inelastic fin ite  element analysis can be 

used to predict the fatigue life  o f details under various load conditions. This procedure 

requires the cyclic  stress versus strain curve obtained from stabilized hysteresis loops so 

that the fin ite  clement analysis results o f monotonic loading represent the stabilized
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condition after material cyclic hardening or softening. The stresses and strains calculated 

at the critical location (the “ hot spot” ) using an inelastic finite element model are used 

with the material strain-life, stress-life, or energy-life curves to calculate the crack 

initiation and early crack propagation stages of the fatigue life. The fatigue crack 

propagation life can be calculated from a linear elastic fracture mechanics approach, 

applied from an initial crack length to the critical crack size. The general fatigue life 

prediction procedure is illustrated in Figure 3-2.

The above procedure can be used to derive mean S-N  curves for various fatigue details. 

As is commonly done, a suitable design curve could then be obtained by subtracting two 

standard deviations on the stress axis from the mean predicted fatigue life curve to 

account for variability. The standard deviation observed from previous fatigue tests on 

similar details can be used for this purpose.

The finite element program ABAQUS, Version 6.3 (2003). is used in this work to 

quantify the critical stresses, strains, and/or energies needed for the fatigue life 

calculations. A metal plasticity model with isotropic hardening was specified by giving 

stress and plastic strain pairs in accordance to the mean material cyclic stress versus 

strain curve. Static nonlinear analysis can then be carried out with general analysis steps 

for various loading cases. For each loading case, the stress, strain, and/or energy 

response according to maximum load and load amplitude can be obtained directly from 

finite element analysis. The response o f a material cycled between £mm and £nm is 

illustrated in Figure 3-3, where ABA represents the stable hysteresis loop response for 

subsequent cycles. I f  the unloading and loading branches o f the hysteresis loop are 

assumed to be geometrically similar, it follows that both the maximum stress response 

and the stress amplitude response can be obtained from the cyclic stress versus strain 

curve.
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3.2.2. Fatigue Crack In itia tion  L ife

3.2.2.1. U n iax ia l fa tigue  under fully-reversed condition

Stress-based method

Stress has been used for a long time as a damage parameter to correlate w ith the fatigue 

life. S im ila r to S -N  curves, the relation between stress amplitude A a / 2  and the number 

o f cycles to fa ilure, N t , can be approximated by a straight line when the stress amplitude

and the fatigue life  are both expressed on a log scale, thus resulting in:

A a l 2  = a \ ( N  ( )b (3-1)

i

where a  f is the fatigue strength coefficient, and b is the fatigue strength exponent. Both 

parameters can be obtained experimentally.

Strain-based method

From Equation (3-1), the elastic component o f strain amplitude, A N  12. can be obtained 

as follows:

A s < / 2  = ^ 7 ( N j )b (3-2)

where E  is the modulus o f  elasticity. The plastic strain amplitude A n 1’ 12 versus fatigue 

life  can also be linearized on a logarithm ic scale fo r low  cycle fatigue. The relationship 

between the plastic strain amplitude and fatigue crack in itia tion  life  can be expressed in 

the fo llow ing  form :

A £ ' ' l 2  = £ f ( N f y  (3-3)
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where f  is the fatigue duc tility  coefficient, and c is the fatigue duc tility  exponent, both 

determined experimentally.

By adding the elastic and plastic components o f strain amplitude, liquations (3-2) and 

(3-3) respectively, the relationship between the total strain amplitude. A f  12 , and fatigue 

life  can be expressed as:

The cyclic stress versus strain curve can be modeled by the Ramberg-Osgood equation as 

follows:

where K'  is the cyc lic  strength coefficient and n' is the cyclic  strain-hardening exponent. 

Energy-based method

Energy approaches arc based on the assumption that fatigue damage is d irectly related to 

the area under the hysteresis loops created during cyclic loading. The area under the 

hysteresis ' , is related to the plastic deformation taking place during a load cycle,

which relates to the 'fatigue damage' sustained during one load cycle.

Three measures o f energy arc illustrated in Figure 3-4, namely, the plastic strain energy 

density, A W '\  the total strain energy density, A H ', and the plastic plus tensile elastic 

strain energy density, A W '. They arc related as:

A f  / 2 = A f*' / 2 -t- A f " / 2 = ° y  {N t )" + e, ( N , )‘ (3-4)

 1- (  )
E K '

(3-5)

A li; A W '1 A oA c  
AW  = -------- + ---------- (3-6)

9 9

and
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A ll7' = AW7'' + ^ -  
IE

(3-7)

Methods to obtain the plastic strain energy density per cycle, A l l7'', corresponding to the 

area under a hysteresis loop w ith  a stabilized stress range o f A a and plastic strain range 

o f A f ' \  are presented in Appendix A.

The energy versus crack in itia tion  life  curves that relate the various measures o f energy 

as fatigue damage parameter w ith  fatigue life  are expressed as:

A l l " '  = FI, ( N I )“ " + AIV0" (3-8)

A ll7 = E ( N t ) "  + A lf '0 (3-9)

A ll7' = F , ( N , ) a' + A l l7,,' (3-10)

The coefficients F  , / \  Ft , the exponents a r , (X, a t , and the corresponding measures o f

energy at the fatigue lim it A l l7,/' , AIT0 , AU7n' are material properties determined

experimentally. The plastic strain energy approach, expressed by liquation (3-8). is more 

appropriate when the plastic strains are large, while the total strain energy approach, 

expressed by Equation (3-9), is believed to be more suitable for small strain magnitudes. 

The plastic plus tensile clastic strain energy approach expressed by Equation (3-10) is 

believed to be more appropriate to predict mean stress effect (Kujawski and E lly in  1995).

3.2.2.2. Mean stress effect

For many loading cases, the mean stress is not zero. A lthough the mean stress effect is 

often neglected in fatigue life  calculations for welded details, the high residual stresses in 

such details tend to obliterate any possible effect o f applied mean stress. However, in 

non-weldcd details, the effect o f mean stress must be accounted for in the fatigue life 

calculations. Models to account for the effect o f mean stress w ith the stress-based, strain-
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based and energy-based methods have been proposed. These models are presented in the 

fo llow ing.

Stress-based method

M orrow  (D ow ling  1999) proposed a collection to account fo r the mean stress effect as 

follows:

where <Jm is the mean stress and the other variables are the same as for Equation (3-1).

The effect o f the tensile mean stress is thus equivalent to a reduction o f the fatigue 

strength coefficient. The model assumes that a given combination o f stress amplitude 

A c / 2 and mean stress c m is expected to have the same fatigue life  as a fu lly  reversed

stress amplitude o f ( A c / 2 ) H , where ( A c / 2).., = — A rr / j-_ _  M orrow  correction

for stress-based method was found to work reasonably well for structural grades o f steels 

(D ow ling  1999).

Strain-based method

For the strain-based method, the mean stress effect can be corrected by the Smith, 

Watson, and Topper (SW T) model. The model appears to give good results for a wide 

range o f materials and is a good choice for general use (D ow ling  1999). The SW T model 

assumes that the fatigue life  for any level o f mean stress is a function o f the product o f 

the maximum stress and the strain amplitude, c iluxA f7 2 .  The model can be expressed 

as:

A c / 2  = ( c ,  — <Tin)(/V ! ) ’’ (3 -M )

(3-12)

where the various parameters arc as defined earlier.
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Energy-based method

The A W ' criterion expressed by Equation (3-10) takes the mean stress effect into 

account w ithout m odification, as mean stress is im p lic it in the A l l7' calculation. E lly in  

(1997) developed a more general expression that exp lic itly  includes the mean stress in the 

formulation as fo llow s:

where the coeffic ient l ] is a material property varying from 0 to 1 and characterizes the 

material sensitiv ity to mean stress. It can be evaluated from a few fatigue tests conducted 

at different mean stress levels in the high cycle region.

3.2.2.3. Energy-based crite rion  fo r  nudtiax ia l stress state

M ultiax ia l stress states arc encountered in the m ajority o f structural components. 

Equivalent-stress, cquivalent-strain, and energy-based criteria that relate the m ultiaxia l 

fatigue life  w ith uniaxia l conditions have been proposed (E lly in  1997). However, it is 

generally agreed that the equivalent stress and strain arc insensitive to hydrostatic 

pressure (mean stress) and fail to account fo r the path dependency o f the cyclic plastic 

deformation. The essential interaction between stress and plastic strain is inherently 

included in the energy-based method. Moreover, the calculated energy for a stale o f 

stress and strain is a scalar, independent o f coordinate system.

The A W ' measure o f  energy was expanded as a m ultiaxial fatigue failure criterion under 

proportional loading by E lly in  (1997):

D = A W '' + / (
<r„, . (A rx /2 ) : 

A r r / 2  IE
(3-13)

(3-14)

A W "
+ A W e* = K , ( N j )“ ' + A W 0

P
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where all the data on the right hand side o f the equation are uniaxial material properties, 

and the m ultiaxia l constraint factor p> is an indication o f the severity o f m ultiaxia l stress 

stale and is defined as fo llows:

p  = (\ + v) (3-16)

where v  is the effective Poisson’ s ratio and is obtained from  (E lly in  1997):

v = , *  -i-', (3-17)
( i - 1>‘ - ) ( £ ,  + ) + ( v  -  u 1’ ) ( f ':  +  *■;')

In the above equations, f ,  , t \  , and / \  are principal logarithm ic (true) strains w ith 

f, < f , Superscripts c and p refer to the elastic and plastic values, respectively.

For structural grade steels, v ‘ = 0 .3  and u 1' can be taken as 0.5.

Both AU ’ '’ and AU;<’ can be obtained from the results o f a Unite clement analysis. 

A lternative ly, equations are available to calculate the energy directly. For example:

where a " " ' is the von Mises equivalent stress at maximum load and /,"uv is the first

invariant o f the stress tensor at maximum load. A U " ’ can be calculated in the same 

manner as in Equation (A -7). except using equivalent stresses anti strains.

3.2.3. Fatigue Crack Propagation L ife

3.2.3.1. Basic procedure

Fatigue crack propagation life  can be predicted using linear elastic fracture mechanics 

(LE FM ). Using the well known Paris crack growth model, the crack growth rate da I dN

a r r (3-18)
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and the stress intensity factor range AK  fo llow  a straight line relationship on a log-log 

scale, i.e.,

d a l (IN = C (AA ') (3-19)

where the constant C and exponent in are material properties obtained from 

experimental data. Integration o f liquation (3-19) gives the fo llow ing  expression for the 

fatigue life:

where at is the in itia l crack size, and a f is the final crack size.

The stress intensity factor range AK is normally defined as the algebraic difference 

between the stress intensity factors corresponding to the maximum and the m inimum

operational de fin ition  o f A K  = A'nm for the cases where load ratio A’ < 0 , which

essentially means that only the tension portion o f the stress cycle is considered in the 

fatigue life calculation. Caution should therefore be exercised to make sure that a AK 

defin ition is consistently used in both the fatigue crack propagation life  calculation and 

the material data da I (IN  versus AK .

The determination o f the in itia l crack size, and the final crack size, a . arc discussed

further in the fo llo w in g  two sections. Section 3.2.3.4 to Section 3.2.3.6 present a 

summary o f the stress intensity factor equations available in the literature that best apply 

to fatigue prediction o f common structural details.

3.2.3.2. In it ia l crack size nt

The demarcation between crack initiation and propagation stages is not easily defined. 

The approximate value o f in itia l crack size a t is norm ally taken as an engineering size
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crack that is easily v is ib le  w ith  the naked eye, approximately l~5m m . The rationale is 

that it' the in itia l crack size is chosen to be too small, small crack effects may need to be 

considered and LEFM  may not apply (E lly in  1997). However, a non-arbitrary defin ition 

o f the in itia l crack size as the boundary between the in itia tion and propagation phases is 

desirable.

The results o f fatigue testing up to a defined crack in itia tion  are considered for this 

purpose. However, the crack size a itse lf cannot be treated d irectly  as such a criterion, 

as a 1 mm crack in a smooth fatigue coupon does not necessarily behave the same way as 

a 1 mm crack in a structural component, such as a large girder, fo r example. Moreover, it 

was noticed from the test program presented in Chapter 4 that a fatigue crack is norm ally 

unstable at the end o f a smooth specimen fatigue lest, which is defined as a 5(TT drop o f 

tensile load capacity.

From an engineering point o f view, the start o f the crack propagation phase should be 

when the crack growth becomes stable. Stable crack propagation can be considered to 

start at a point o f an in itia l stress intensity factor range AA'( (shown in Figure 3-2) above 

which LEFM  applies. This corresponds to the range where the logarithm  o f crack growth 

rate d a l  (IN  shows straight-line relation w ith the logarithm o f the stress intensity factor 

range A A '. From this A K t , the corresponding in itia l crack size at in fatigue details can

be calculated, which should vary in size depending on geometry and loading condition o f 

the detail. The British standard BS 7910 (BS1 1999) recommends a more precise two- 

stage law for fatigue crack growth rate properties, shown in Figure 3-5, along with the 

s im plified law. 'Hie transition o f the mean fatigue properties between Stage A and Stage

B occurs at A K  o f 196 M P a fm rn  (6.2 MPa f i n  ) for steels in a ir w ith  load ratios 

A’ > 0 .5 .  Findslrom  ct al. (2000) studied fatigue crack growth threshold in structural 

materials in air. For the four types o f steel investigated, which included a low  alloy steel, 

it was demonstrated that-the log d a l d N  versus log AK  curves became linear at about

AK  o f 6 MPa f m  . It is therefore believed that A K : o f 6.2 M P a fm  can be used to 

determine the in itia l crack size ar
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3.2.3.3. F ina l crack size a t

The final crack size a f is determined from  the fo llow ing  tw o modes o f failure: fracture,

or yie lding due to overload on the remaining net section. When inform ation on the plane 

strain fracture toughness K IC , or the critica l fracture toughness K c that is most 

applicable to the actual application o f the structural components is not available, 

empirical equations can be used to estimate K IC. The fracture toughness, K IC, used fo r

the critical crack size calculation, for example, can be conservatively estimated from the 

fo llow ing em pirical correlation (Barsom and Rolfe 1999):

where CVN  is the standard Charpy V-Notch energy at the transition temperature in

3.2.3.4. General expression o f  stress intensity facto r

A general expression fo r the stress intensity factor, K  , can be defined as fo llow s 

(Anderson 1995):

where a  is the reference stress and a is the crack size. The expression is applicable to 

the analysis o f all test specimens presented in Chapter 5, except the large scale plate 

girders tested by W righ t, because more suitable expressions fo r the girders are available 

as presented in Section 3.2.3.5 and 3.2.3.6.

The crack front shape correction factor. /?,,, at the m inor sem i-axis tip  o f a part-through 

elliptical crack is:

(3-21)

Joules, for E in MPa and K IC in M P a ^ fn i.

(3-22)
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(3-23)

where a le  is the aspect ratio o f the e llip tica l crack. The crack front shape correction 

crack /?,, fo r a straight through thickness crack is 1.0.

The free surface correction factor, /?v , fo r an edge crack can be taken as a constant ol 

1.12 (Anderson 1993).

The fin ite  w id th  correction factor, /7U. , is calculated using one o f the fo llow ing  two 

equations:

where IT is the plate dimension in the direction o f crack size. Equation (3-24a) is used 

for a straight through thickness crack, while liquation (3-24h) is used lo r  a three- 

dimensional crack as (he net ligament around a part-through crack is believed to provide 

more crack opening restraint (A lbrecht and Yamada 1977).

By integration o f Green’s functions (Anderson 1995), the stress gradient correction 

factor, [ iG , is obtained as:

where the A coeffic ients arc the constants in a fourth order polynom ial fitted through the 

normalized stress d istribution in the uncrackcd structure at the location o f the latigue 

crack. In a three-dimensional crack problem in some structural components, the stress 

distribution is symmetric about the centreline o f plate thickness and norm ally only hall o f

(3-24a)

(3-24b)
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the plate thickness is modelled. By simple mathem atical m anipulation. f l (i is found to he

(3-25) can be used to calculate flG for a crack size a < t l 2 , where / is the plate 

thickness. For a crack size « > / /  2 ,  f iG{a) -  fJG(t -  a) , where fJa( t-a )  can he 

obtained from Equation (3-25) directly.

3.2.3.5. Thumbnail web crack

Newman and Raju (1984) developed a general solution for a semi-e'", ’ c a I surface crack 

in a finite thickness plate subjected to a uniform stress as n in Figure 3-6. The 

expression is applicable to analysis of a thumbnail web crack at the transverse sliffener 

details of plate girders, as presented in Chapter 5. The parameter / in Figure 3-6 is the 

web plate thickness, and IF is the distance in the web depth direction between the crack 

centre and the top surface o f the bottom flange. The proposed stress intensity factor takes 

the following form:

a symmetric function , 1 ‘ the centreline o f plate thickness as well. Thus, Equation

(3-26a)

where.

Q = 1 + I.464U//C)1"5 (3-26b)

(3-26c)

M, = l. l3 - ( ) .0 9 ( t f /c ) (3-26d)

(3-26c)

+ I4| 1.0 -(« /t:)]~ 4 (3-26f)
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/ (, = | ( « / c ) : cos: 0  + sin : ('V|O::5 (3 -2 6g )

(3-26h)

(3-26i)

3.2.3.6. Two-lip through thickness web crack in I-girders

In the analysis presented in Chapter 5 of a two-tip through thickness web crack at the 

transverse stiffener detail of plate girders, the solution of such a crack in an I-girder 

proposed by Feng (1996) is used. The crack and girder geometry and terminology are 

presented in Figure 3-7. The solution was developed by fitting an equation to the results 

of a finite element parametric study that calculated the stress intensity factor K for a 

practical range o f l-girder geometry. The solution accounts for the geometric constraint 

added by the tension flange to the web crack. The U and L subscripts correspond to the 

upper and lower crack tips, respectively:

The coefficients at) to are listed in Table 3-1 for the upper and lower crack lips.

(3-27a)

(3-27b)

(3-27c)

(3-27d)

(3-27e)
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3.2.4. Evaluation o f Prediction Methods

Fatigue life  prediction models can only be used effective ly i f  the prediction results are 

verified by experimental data. For assessing fatigue life  prediction methods, the scatter 

o f the “ actual life /pred icted life ”  ratio obtained from a large number o f predictions can be 

a good crite rion . Heuler and Schuetz (1986) claimed that a fatigue life  prediction method 

should be considered adequate i f  the ratios for all predictions lie w ith in  the range o f  0.5 

to 2.0. A lte rna tive ly , i f  90% o f the prediction ratios fa ll in to a range o f 1.0 to 2.0. the 

method is considered suitable and conservative. However, the above criteria are overly 

strict and are almost impossible to meet for test results w ith  large variations. For 

example, fo r specimens tested under the same stress conditions in the high cycle fatigue 

region, the d ifference between the longest and the shortest fatigue life  m ight be one order 

o f magnitude. It is therefore felt that the mean regression line and the scatter band o f the 

test results could be used as a more realistic criterion to evaluate the fatigue life 

prediction methods. As long as the predicted fatigue life  fa lls w ith in  a 95% confidence 

interval, the prediction model is considered accurate.

3.2.5. Design Curve

The predicted fatigue life  versus nominal stress range should be treated as a mean fatigue 

life  curve because they are obtained using nominal load, nominal geometry, average 

material properties and average crack information. For design purposes, a larger 

probability o f survival is required. By assigning this mean curve as the 50% confidence 

lim it, other curves w ith  any specified constant confidence lim its  could be obtained, for 

example, those corresponding to upper and lower 95% confidence lim its.

For design purposes, a fatigue curve is usually obtained from  test results at two standard 

deviations on the stress axis below the mean curve. The design curve obtained this way 

represents approxim ate ly a 95 % probab ility  o f survival fo r a large number o f test results 

(K lippstc in  1987). The standard deviation ,v can be calculated as

fZ O o g N ,  -  log TV,.,) 2 

v 7^2
, where N t and A% arc the i lh tested fatigue life  and the i '1' 
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estimate from  the regression line, respectively. The constant n is the number o f data 

points used fo r the regression analysis.

The variation observed in fatigue test results is not observed when the fatigue life  is 

calculated using the analytical procedures outlined above. It is therefore not possible to 

obtain a representative standard deviation .v for the analytically predicted curve. In fact, 

the standard deviation in predicted fatigue life  is strictly governed by the variations in the 

smooth specimen fatigue test results, the crack growth rale test results, the sizes and 

shape o f fatigue cracks. There are also other parameters not included in the material 

tests, such as residual stresses and size effects ( i f  s im ilar details are found in components 

o f d ifferent sizes), that create variab ility  in the fatigue resistance o f structural details. 

Since detailed inform ation about the variab ility  o f these parameters is not always 

available, a standard deviation observed from previous fatigue tests can be used as a 

reasonable value fo r this purpose. In the absence o f a standard deviation for a particular 

set o f test results, ,v o f 0.25, expressed in log o f load cycles, can be used to derive a 

design curve, as this value was observed from fatigue tests on a large number o f details 

and has been recommended for all the fatigue curves in design standards (K lippste in 

1987).

3.3. Considerations for Welded Details

3.3.1. Potential Problems w ith  W elded Details

Since the 1950s, w e ld ing has become a common method o f jo in in g  steel elements in 

fabrication and welded details have been the most common locations for fatigue cracking. 

However, fatigue prediction o f welded details is still considered particu larly complicated 

because o f the fo llo w in g  uncertainties (Radaj and Sonsino 1998):

I. W elding defects and imperfections: No weld is completely perfect, 'l'hc welding 

defects could include cracks, porosity, slag inclusions, incomplete fusion or 

penetration, and imperfect shape etc. The shape, location, size, and distribution o f
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imperfections arc all random variables that arc also affected by welding methods and 

workmanship.

2. Inhomogeneous materials -  Variations in material properties do exist in regions o f 

varying m icrostruciure such as the weld metal, heat affected zone (IIA Z ), and the 

base metal.

3. W eld ing residual stresses -  Due to the nature o f the welding process, welding 

residual stresses exist and vary through the weld, H A Z , and base metal.

4. W eld geometry -  Weldmcnts usually cause geometrical discontinuities and weld 

profiles are usually irregular.

5. Possible m ultip le  crack interaction -  Fatigue cracks at welds can either be single 

part-through cracks, or they can initiate at m ultip le  adjacent points and eventually 

jo in  to form  a long and shallow crack. Unfortunately, the number and location o f 

flaws that serve as crack in itia tion points are unpredictable.

3.3.2. S im p lify ing  Assumptions

For engineering applications, it is undoubtedly loo complex to take into account all the 

above-mentioned characteristics o f welded structures. The fo llow ing  sim plify ing 

assumptions were made in this research to facilitate the fatigue life  prediction o f welded 

details. Assumptions were made regarding w eld ing defects and imperfections, 

inhomogeneous materials, welding residual stresses, weld geometric parameters and 

possible m ultip le  crack interaction.

3.3.2.1. Fatigue crack in itia tion  and propagations stag<’.s

It is generally accepted that cracks arc the most harm ful weld delects, particularly when 

located at the surface. Therefore, welding codes do not a llow  the presence o f a crack in a 

welded jo in t. For example, both the Structural W eld ing Code (AW S 2002) and Bridge 

W elding Code (A A S H T O  and AWS 1995) specify visual inspections, during which no
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crack or lack o f fusion is allowed. The acceptable weld p ro file , s i/e  o f undercut and 

density o f porosity are also specified in welding codes. In addition, the use of 

radiography, magnetic particle, ultrasound and/or liqu id  penetrants is recommended to 

identify potential imperfections. The International Institute o f W eld ing divides welded 

jo in ts  into low, medium, and high quality classes that m ain ly  reflect the quality o f 

workmanship and are intended to be used for quality control (Raj cl <il. 2000). The lim its 

o f the numbers, sizes and locations o f the weld defects are specified in the quality classes. 

Again, cracks and lack o f fusion are not permitted in any case, and incomplete 

penetration and elongated cavities are not permitted except in low  quality class welded 

joints.

In summary, no code allows the most harmful defects, such as detectable cracks in 

w'elded structures. W eld ing indeed causes frequent imperfections, but microcracks in the 

order o f the grain size can exist and remain undetected even in smooth fatigue coupons 

and plain materials. Therefore, although crack in itia tion life  o f welded details can he 

conservatively neglected in fatigue life predictions, it is fe lt that this part o f the fatigue 

life  —  that includes the in itia tion  o f microcracks and the grow th to a technical crack — 

should be included in the analysis o f welded details to provide more accurate results. 

Besides the criteria outlined in Section 3.2.3.2, the in itia l crack size u could be taken as

cither the size o f in itia l weld defects such as porosity, undercut, and lack o f penetration 

identified by non-destructive flaw' inspection, or conservatively as the in itia l size 

determined on the basis o f w'cld quality control criteria (Radaj and Sonsino I99S). There 

is increasing evidence that the initiation and early growth o f fatigue cracks becomes the 

contro lling portion o f the fatigue life at long lives (Everett 1992).

3.3.2.2. Fatigue m ateria l properties o f  base metal, weld metal and 11 A /

Research on the variations o f fatigue properties among base metal, I I A /  and weld metal 

are neither extensive nor conclusive. Available research seems to indicate that although 

there is variation in fatigue material properties, this variation is rather small and may he 

practically overlooked.
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Lee cl al. (2000) studied the variations o f crack in itia tion  and propagation properties in a 

butt-welded jo in t o f AH36 steel, a Korean steel used m ain ly  in the ship-building industry 

with a y ie ld  strength o f 33-1 MPa, produced in a thcrm o-m echanically-controllcd process 

(TMCP). Single edge notched specimens were made from  the welded plate at varying 

distances from the fusion line. The resistance to crack in itia tion  and growth was found to 

increase from the base metal towards the weld metal as the contents o f fine acicular 

ferrite became larger. However, both the variation o f fatigue crack in itiation life  in the 

weldment and the ratio o f the crack growth rale o f the base metal to the weld metal at a 

fixed AK  are m ostly w ith in  a factor o f 2. The difference may be disregarded in practical 

applications.

For a comparison o f fatigue crack in itiation properties, Radaj and Sonsino (1998) 

obtained smooth specimens from a fillet-welded detail made o f one weld metal and two 

base metals o f fine-grained steels. The cyclic stress versus strain, strain versus life, and 

energy versus life  curves for the three materials were found to be very similar. In fact, in 

the long life  range (life  longer than 1()6 cycles), the weld metal even had slightly better 

properties than the base metal, although the difference was negligible. In a sim ilar study 

on a T-shaped welded tubular jo in t made from a normalized C -M n steel (Radaj and 

Sonsino 1998), the cyc lic  stress versus strain curves o f the I1AZ and the weld metal were 

found to be sim ilar. The strain versus life  curve o f the H A 7. was only s lightly lower than 

that o f the base metal in the high cycle fatigue region (longer than 1(P cycles), and the 

resulting energy versus life  curves were quite sim ilar between H A Z  and base metal, with 

H A Z  offering  s ligh tly  belter performance.

Maddox (1974) com piled fatigue crack growth rate data on various weldments including 

structural C -M n steels. The fatigue crack growth rate in the weld metal and in the H AZ 

was found to be equal to or less than that in the base metal. It was suggested that the 

upper bound o f the scatter band established by testing the base metal at room temperature 

may be used as a conservative estimate o f fatigue properties o f the weld metal and the 

HAZ.
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Therefore, it seems possible to use base material properties fo r the weld metal and HAZ. 

One may argue that the difference between the materials is negligib le because weld metal 

and base metal have comparable hardness values, whereas the hardness peak in the H A Z 

is only restricted to a re lative ly small volume.

3.3.2.3. Residual stresses

Welded structural components usually contain residual stresses o f yie ld stress magnitude 

(Gurney 1968) that cause early local material y ie ld ing when external loads are applied. 

The influence o f weld ing residual stresses, however, is reduced by cyclic  loading il the 

ductility  o f the material is suffic iently high and the cyc lic  loading su ffic ien tly  severe, that 

is, w ith amplitudes higher than the endurance lim it (Radaj and Sonsino 199S). In the 

fatigue crack in itia tion  life  predictions, mean stresses caused by cyclic loading arc 

considered e xp lic it ly  and the effect o f neglecting the residual stresses may not be 

significant.

Fatigue cracks in regions o f tensile residual stresses propagate under high stress ratios. 

The high stress ratios affect the magnitude o f the threshold stress intensity factor range 

and the unstable fracture region, but have only a small effect on the fatigue crack growth 

rate in the stable crack growth region (Barsom and Roll'c 1999). Moreover, a residual 

stress fie ld  does not change the stress intensity factor range needed for fatigue crack 

propagation life  prediction using LEFM .

3.32.4. Weld p ro file

The weld geometry parameters such as radius o f curvature at weld toe or weld root, slope 

o f weld contour near weld toe, or amount o f weld reinforcement, arc norm ally variables 

that show large scatter and are seldom reported. Thus, fo r s im p lic ity , only the stress
o

concentration due to a perfect fille t weld geometry p ro file  (w ith  a 45 slope and equal leg 

sizes) w ill be considered in this work.
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3.3.2.5. Crack configuration

When a single long crack is considered in LE FM , coalescence among several small 

cracks has already happened (Radaj and Sonsino 1998). In general, fatigue cracks in 

most common structural details are sem i-e llip tica l, have initiated at the weld toe and their 

aspect ratio remains approxim ately constant during propagation (BSI 1999; Brock 1989; 

Fisher ct al. 1974).

3.4. Stress Intensity Factor at Transverse StiH’ener Detail in Plate Girders

3.4.1. A B A Q U S  Contour Integral Evaluation

The stress intensity factors used in the LEFM  approach for cracks in homogeneous, linear 

elastic materials can be obtained from A B A Q U S  contour integral evaluations. Several 

contour integral evaluations are possible at each location along the crack front. Each 

contour consists o f a ring  o f elements completely surrounding the crack tip or crack front 

from one crack face to the opposite crack face. Stress intensity factor estimates from 

d ifferent contours may vary because o f the approximate nature o f the fin ite  element 

solution; the estimate from the first ring o f elements abutting the crack front normally 

does not provide an accurate result. However, su ffic ien tly  accurate contour integral 

estimates from A B A Q U S  can usually be obtained even w ith quite coarse meshes.

The infin itesim al strain assumption is usually made to model sharp cracks and refined 

focused meshes around the crack tips arc norm ally provided. Second order elements 

must be used w ith a collapsed face to create singular stress fields at the crack tip. Figure 

3-8 shows the collapsed 20 node brick element. Square root s ingularity, which is most 

suitable for linear elastic materials, can be obtained by constraining the nodes on the 

collapsed face o f the edge planes to move together and m oving the adjacent mid-side 

nodes to the 'A points (A B A Q U S  2003), as depicted in the figure.
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3 .4 .2 . Stress In te n s ity  F a c to r fo r O ne C ra c k  S ize

Stress intensity factor expressions for a tw o-tip  through thickness web crack at a common 

structural fatigue detail, the transverse stiffencr detail in plate girders, are not available in 

the literature. Expressions for the stress intensity factor specifica lly  applicable to the 

girder HPS-485W-C1 tested by W right (2003), which w ill be analyzed in detail in 

Section 5.7, were obtained from a fin ite element analysis. The global model o f girder 

HPS-4S5W-CI and the submodel in the v ic in ity  o f a transverse stiffencr are shown in 

Figure 3-9 and Figure 3-10, respectively.

Second order solid elements were used to model the transverse s tiffencr region: element 

C 3D I5 for the stiffener-to-web weld and wcb-to-flange weld and element C3D20R for 

the rest o f the model. The mesh sizes along the web depth were approximately equal so 

that calculations o f stress intensity factor for cracks o f various lengths could be 

performed easily. The largest element size in the z direction (d irection o f the depth o f the 

girder) is 3.4 mm. Sym m etry about a vertical plane at the web centreline was exploited 

by modelling the g irder on one side o f this plane only. Figure 3-10 shows part o f the 

finite clement model w ith  a tw o -'', '' 3 ckness web crack. To expose the crack,

only one side o f the model is shown. The crack size is 6.4 mm and the lower crack tip is 

located just above the end point o f sliffener-to-web weld. The through thickness crack 

was represented by two sets o f separate nodes along the crack length.

The stress intensity factor fo r the upper crack tip was requested as an output from  the 

analysis. Table 3-2 shows the calculated mode I stress intensity factor range at the upper 

crack tip o f the crack shown in Figure 3-11. The reference stress range A rr , taken as the 

nominal stress range at m id-bottom  flange, is 108.7 MPa. A t any crack front location, the 

AA' values are very stable from contours 2 to 8, indicating the path independency was 

obtained and the mesh was suffic iently refined for stress intensity factor calculations. 

Because contour I yielded a different stress intensity factor range value than contours 2 

to 8, it was omitted from  the average A K  value calculation. Figure 3-12 shows the 

average A K  estimates at different positions along the upper and low er crack fronts. The
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surface (contour JO) is expected to have the largest value because the stress is the largest 

at that location (Figure 5-31). However, fin ite element results indicate that the largest 

A K  was obtained from contour J2. It is believed that insuffic ien t accuracy o f the results 

at the submodel boundary is the cause for this inconsistency. Therefore, a curve was 

fitted from the calculated average A K  at positions J2 to .110 and the curve was 

extrapolated to the web surface .10. The extrapolated value o f A K  at the web surface was 

used for the crack. The stress intensity factor range A K  from  the fin ite element analysis

is 11.1 MPayfm and 11.7 MPayfm fo r the upper crack tip  and lower crack tip, 

respectively. Both values arc about 62'T o f those calculated using Equations (3-27). 

which ignores the existence o f the stiffencr (18.3 MPa^m fo r upper crack tip and 

I S.6 MPayfm fo r lower crack tip).

3.4.3. Stress Intensity Factor Expressions for Various Crack Sizes and Positions

To be able to calculate the crack propagation life, the value o f the stress intensity factors 

for various crack lengths and positions are required. Ideally, the stress intensity factor 

should be expressed as a function o f these factors so that numerical integration could be 

carried out easily. It is expected that a two-parameter function sim ilar to the one 

proposed by Feng (1996) should be able to simulate the stress intensity factor at the two 

crack lips for the particular geometry o f the girder studied. The function f l ; , takes the

fo llow ing  form:

fm  n ~ aD + +</r,A ,~  + '6  A  A  (3-28)

where the parameter r. is related to the crack position, the parameter An. represents the 

crack size, and they are defined the same as those in Equations (3-27), w ith some o f their 

constituent parameters defined in Figure 3-7. The < / - / ,  term for the geometry o f the

girder 1IPS-485W -CI is 965.7 mm (W right 2003).
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For girder HPS-4S5W-C1, the experimental observations indicated that the values o f £ 

and AH. are 0.8542 and 0.1048, respectively, for the in itia l crack. For the final crack,

£ = 0.8218 and Au = 0.5799. Therefore, for fatigue crack propagation life  calculation o f 

girder H PS-485W -C I, £ is assumed to vary from 0.8 to 0.9 at an increment o f 0.01 or 

0.02 (i.e., 0.80, 0.82, 0.84, 0.85, 0.86, 0.88, 0.90), and AK is taken to vary from 0.1 to 0.6 

at an increment o f 0.1. For any combination o f £ and Aw, the amount o f eccentricity c 

and the crack size au can be calculated from Equations (3-27c) and (3-27d). The upper 

and lower crack tip position (measured vertically from the m iddle o f the bottom flange) 

can then be determined as Zv -  965 .7 /2  -  e + uK and Z, = 9 6 5 .7 /2 - e - a n. . 

respectively. The nodes in the fin ite element model w ith the closest position were 

selected and £ , Ah , c , and an were then calculated again based on the actual positions o f 

the crack tips. A total o f 34 cases o f two-tip w'eb crack w ith varying position and size 

were studied: the combinations o f e , An , e , and an are listed in Table 3-3.

Table 3-3 shows the calculated stress intensity factor ranges at the upper and lower crack 

tips for various crack lengths located at various positions along the potential crack plane. 

A sofuvare w'as used to fit Equation (3-28) to the obtained fin ite  element results. The 

resulting coefficients a0 to r/7 are presented in Table 3-4. Figure 3-13 and Figure 3-14 

present a 3D view' o f the function f  and the fin ite  clement results fo r the upper crack tip 

and the Enver crack tip, respectively. The function show's good agreement with the fin ite  

clement results.
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T a b ic  3 -1  C o e ffic ie n ts  fo r  T w o - T ip  W e b  C rac k  in I-G ird e rs  (F e n g  1 9 9 6 )

C oeffic ient
Upper Crack T ip 

(U)

Low er Crack T ip

(L)

ao 0 0

tfi 1.02395 1.02052

cl 2 -0.02824 -0.03142

* 3 -0.02660 -0.02S41

a4 -0.51095 0.48403

a5 -0.00309 -0.02169

a<j 0.66587 -0.19538

a7 0.02106 0.10116

a s -0.03243 -0.02670

a 9 0.00337 0.00206

a in 0.02660 0.03282

a i i 0.00483 0.01704

a 12 -0.14302 -0.20652

a l 3 -0.01281 -0.06069

a i4 -0.04610 -0.28079

Table 3-2 Finite Element A K  Estimates at Upper T ip o f a 6.4 mm T w o-T ip  Web Crack

Crack
Front

Location
1 2

A K  Value ( M Pa -Ji 
at Contour 

3 4 5

nun ) 

6 7 8

Average Value. 
Contours 2-8

( M P aJnun  ) ( MPayjm  )

JO 323.2 319.4 319.8 319.6 319.6 319.6 .319.4 319.4 319.54 10.10

J1 337.6 333.6 333.8 333.8 333.8 333.8 333.6 333.6 333.71 10.55

J2 343.8 340.0 340.4 340.2 340.2 .340.2 340.0 340.0 340.14 10.76

J3 335.6 331.2 331.6 331.6 331.4 331.4 331.4 331.2 331.40 10.48

J4 328.4 324.8 325.2 325.0 325.0 325.0 324.8 324.8 324.94 10.2S

J5 315.8 311.8 312.2 312.2 312.0 312.0 312.0 31 l.S 312.00 9.87

J6 302.4 299.2 299.4 299.4 299.4 299.2 299.2 299.2 299.29 9.46

J7 288.8 285.2 285.4 285.4 285.4 285.2 285.2 285.2 285.29 9.02

J8 274.2 271.0 271.4 271.4 271.2 271.2 271.2 271.0 271.20 8.58

J9 267.6 264.2 264.4 264.4 264.4 264.4 264.2 264.2 264.31 8.36

J 10 260.8 257.8 258.0 258.0 258.0 258.0 257.8 257.8 257.91 8.16

Extrapolated Value: 11.12
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Table 3 -3  F in ite Elem ent AK  Estimates for Various C rack S i/es and Locations

Case £ K e  * *
Upper Cr,aek Tip Lower Crack Tip

AK . / ' AK f
No. (mm) (mm) ( MPayfm ) <MPa 4m 1

1 o . s o 0.10 3 S 7 . 5 0 9 . 6 0 1 2 . 1 4 0 . 6 4 3 2 12.10 0 . 6 4 1 1

2 0 . 8 0 0.20 3 S 7 . 5 0 1 9 . 2 0 1 5 . 7 0 0 . 5 S 8 2 1 5 . 1 6 0 . 5 6 S 0

3 0 . 8 0 0 . 3 0 3 8 7 . 5 0 2 8 . 8 0 1 7 . 5 0 0 . 5 3 5 3 I S . 0 S 0 . 5 5 3 1

4 0 . 8 0 0 . 4 0 3 S 7 . 4 3 3  S .  3  3 1 8 . 3 2 0 . 4 8 5 8 1 7 . 4 2 0 . 4 6 1 9

5 0 . 8 0 0 . 5 0 3 8 7 . 4 5 4 7 . 9 5 1 8 . 5 0 0 . 4 3 8 6 1 8 . 8 4 0 . 4 4 6 6

0 O . S O 0 . 6 1 3 8 7 . 7 5 5 7 . 8 5 1 8 . 1 2 0 . 3 9 1 ! 1 9 . 1 6 0 . 4 1 3 5

7 0. S 2 0 . 0 9 3 9 5 . 5 0 S . 0 0 1 1 . 4 2 0 . 6 6 2 8 1 1 . 2 8 0 . 6 5 4 7

S 0 . 8 2 0.20 3 9 5 . 5 0 1 7 . 6 0 1 5 . 0 8 0 . 5 9 0 1 1 5 . 6 6 0.6128

9 0. S 2 0 . 3 1 3 9 5 . 4 6 2 7 . 1 6 1 7 . O S 0 . 5 3 8 0 16.60 0 . 5 2 2 9

10 0 . 8 2 0 . 4 1 3 9 6 . 9 5 3 5 . 0 5 1 7 . 9 4 0 . 4 9 7 4 1 8 . 0 4 0 . 5 0 0 2

I I 0 . 8 2 0 . 5 0 3 9 5 . 5 5 4 3 . 2 5 1 8 . 4 6 0 . 4 6 0 8 1 9 . 0 2 0 . 4 7 4 8

12 0 . 8 2 0 . 6 1 3 9 5 . 8 5 5 3 . 1 5 1 8 . 5 8 0 . 4 1 8 4 1 7 . 4 4 0 . 3 9 2 7

1 3 0 . 8 4 0.10 4 0 5 . 1 0 8.00 1 1 . 5 2 0.6686 1 2 . 2 6 0 . 7 1 1 6

1 4 0 . 8 4 0 . 1 9 4 0 5 . 1 0 1 4 . 4 0 1 4 . 1 2 0.6108 1 5 . 1 6 0 . 6 5 5 8

1 3 0 . 8 4 0 . 3 1 4 0 4 . 9 9 2 3 . 8 9 1 6 . 3 2 0 . 5 4 8 2 1 6 . 6 4 0 . 5 5 8 9

1 6 0 . 8 4 0 . 3 9 4 0 5 . 0 5 3 0 . 3 5 1 7 . 2 2 0 . 5 1 3 1 1 8 . 2 0 0 . 5 4 2 3

1 7 0 . 8 4 0 . 5 1 4 0 6 . 9 5 3 8 . 6 5 1 7 . 9 4 0 . 4 7 3 7 1 8 . 9 2 0 . 4 9 9 6

I S 0 . 8 5 0 . 0 9 4 0 9 . 9 0 6 . 4 0 11.12 0 . 7 2 1 6 1 1 . 7 0 0 . 7 5 9 2

1 9 0 . 8 5 0.20 4 1 1 . 4 3 1 4 . 3 3 1 4 . 3 0 0 . 6 2 0 2 1 4 . 4 2 0 . 6 2 5 4

20 0 . 8 5 0 . 3 0 4 0 9 . 7 5 2 2 . 2 5 1 6 . 0 2 0 . 5 5 7 5 1 6 . 8 6 0 . 5 8 6 8

21 0 . 8 5 0 . 4 0 4 0 9 . 9 5 2 8 . 8 5 1 6 . 9 6 0 . 5 1 8 3 I S .  3 4 0 . 5 6 0 5

22 0 . 8 5 0 . 4 9 4 1 0 . 1 5 3 5 . 4 5 1 7 . 6 2 0 . 4 8 5 8 1 8 . 8 0 0 . 5 1 8 3

2 3 0.86 0.10 4 1 6 . 2 6 6 . 3 6 1 1 . 5 6 0 . 7 5 2 3 1 0 . 6 2 0 . 6 9 1 2

2 4 0.86 0.21 4 1 4 . 5 9 1 4 . 2 9 1 4 . 6 2 0 . 6 3 4 9 1 4 . 6 6 0 , 6 3 6 7

2 5 0.86 0 . 3 0 4 1 4 . 6 5 2 0 . 7 5 1 5 . 8 6 0 . 5 7 1 6 1 7 . 0 8 0 . 6 1 5 5

2 6 0.86 0 . 4 0 4 1 4 . 8 5 2 7 . 3 5 1 6 . 7 8 0 . 5 2 6 7 1 8 . 3 4 0 . 5 7 5 7

2 7 0.86 0 . 5 0 4 1 5 . 0 5 3 3 . 9 5 1 7 . 3 8 0 . 4 8 9 7 1 7 . 0 2 0 . 4 7 9 5

2 8 0.88 0.11 4 2 5 . 7 5 6 . 2 5 1 0 . 7 6 0 . 7 0 6 5 1 1 . 0 6 0 . 7 2 6 2

2 9 0.88 0 . 1 9 4 2 4 . 2 5 1 1 . 1 5 1 4 . 2 0 0 . 6 9 8 1 1 4 . 1 2 0 . 6 9 4 2

3 0 0.88 0 . 3 0 4 2 4 . 4 5 1 7 . 7 5 1 6 . 5 4 0 . 6 4 4 5 1 6 . 7 0 0 . 6 5 0 7

3 1 0.88 0 . 4 2 4 2 4 . 6 5 2 4 . 3 5 1 7 . 1 4 0 . 5 7 0 2 1 6 . 2 0 0 . 5 3 8 9

3 2 0 . 9 0 0.10 4 3 3 . 8 4 4 . 9 6 9 . 9 1 ) 0 . 7 2 9 5 1 0 . 5 4 0 . 7 7 6 7

3 3 0 . 9 0 0.21 4 3 5 . 6 8 9 . 9 3 1 2 . 8 0 0 . 6 6 7 0 1 3 . 6 6 0 . 7 1 1 8

3 4 0 . 9 0 0 . 3 0 4 3 4 . 2 5 1 4 . 7 5 1 4 . 9 4 0 . 6 3 8 6 1 4 . 1 0 0 . 6 0 2 7

* Refer lo Figure 3 - 7  for a definition o f e  and aK.
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T ab le 3 -4  Coefficients fo r T w o -T ip  W eb Crack in G irder H P S -4 8 5 W -C 1

C o e f f i c i e n t

U p p e r  C r a c k  T i p

(U)

L o w e r  C r a c k  T i p  

(L)

- 1 0 . 3 2 5 9 1 . 2 6 6 1

2 4 . 9 1 1 6 - 2 . 4 4 1 6

5 0 . 5 3 2 4 - 2 8 . 3 9 6 4

- 1 3 . 0 2 X 1 2 . 1 7 5 9

- 5 . 4 5 6 2 5 . 1 6 6 6

a s - 1  I S . 5 7 8 2 6 4 . 1 3 2 9

6 8 . 3 3 9 1 - 3 6 . 9 2 9 3

U  7 7 . 0 7 6 7 - 6 . 0 1 4 4
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Figure 3-2 Illustration o f Fatigue L ife  Prediction Procedure
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cyclic stress vs. strain curve

Figure 3-3 Illustration of Cyclic Loading and Unloading Behaviour
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Figure 3-4 Illustration o f Various Measures o f Energy
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Figure 3-8 Collapsed 20 Node Brick Clement from  ABAQ US
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Figure 3-10 Submodel in the Vicinity o f Transverse Stiffencr Detail
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Figure 3-12 Calculated l\K  at Various Locations of the Upper Crack Front of a 6.4 mm 

Two-Tip Web Crack in Girder UPS-485W-CI
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Figure 3-13 C o rrec t ion  Factor fo r  the Stress In tens ity  Factor at the I ipper Crack Tip
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Figure 3-14 Correction Factor for the Stress Intensity Factor at the Lower Crack Tip
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CHAPTER 4. 

EXPERIM ENTAL INVESTIGATION

4.1. Introduction

Chapter 3 outlined analytical techniques used to predict the fatigue life  (crack initiation 

and propagation up to fracture) o f various details. The use o f these techniques requires 

both cyc lic  and monotonic material properties. Experimental w ork was therefore 

conducted to characterize the monotonic, cyclic, and fatigue properties o f high 

performance steel. The material test results obtained from UPS and conventional 

structural steel grades are presented and compared. Chemical analyses. Charpy Y-Notch 

tests, and tension coupon tests were used to characterize the chemical and monotonic 

mechanical properties. Fatigue tests on smooth specimens were conducted to 

characterize the fatigue crack in itia tion  and early stage crack propagation properties 

under both fu lly  reversed stress and positive mean stress conditions. The fatigue 

endurance lim it was also determined from tests on smooth specimens. The results o f the 

fu lly  reversed tests were used to obtain cyclic stress versus strain curves and stress 

amplitude, strain amplitude, and energy per cycle versus crack in itia tion  life  curves. The 

effect o f mean stress on fatigue crack in itia tion resistance was evaluated. Crack growth 

rate tests were conducted to determine the stable crack growth characteristics. Finally, 

the fracture resistance o f the steels used in this program was defined from fracture 

toughness tests. Table 4-1 presents the test matrix used in this test program to 

characterize four different steels.

ASTM  A709 Grade I1PS4S5W steel (ASTM  2002a). the steel currently being used in 

UPS bridge projects in the United States, was used in the test program. Since an 

important aspect o f the research program was to provide a comparison between the 

performance o f I IPS and other structural steel grades, tests w'cre conducted on ASTM A7 

steel (A S T M  1965), which represents steel commonly encountered in older structures, 

and G 40.2 I 350W T steel (CSA 1998), which represents modern steels w ith  a specified 

low' temperature toughness requirement.
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The experimental investigation presented in this chapter also includes fatigue tests on a 

plate w ith a central c ircu la r hole to compare the fatigue performance o f a simple fatigue 

detail made o f HPS w ith the performance o f the same detail made o f conventional 

structural steel. Test results from the HPS detail is used for a partial validation o f the 

methods adopted in the analytical investigation outlined in Chapter 3.

4.2. 'Pest Program

4.2.1. A nc illa ry  Tests

4.2 .1.1. Chemical analysis and m icrosiruclure examination

Chemical analyses were conducted to confirm  the chemical compositions o f the steels 

used in the test program. The analyses were conducted at a commercial metallurgical 

laboratory, where various analysis methods were used depending on the a lloy ing 

elements and levels. The results o f the analyses were reported to w ith in  2% accuracy.

Steel samples o f approxim ate ly 10 mm square were obtained from  each plate specimen 

for mctallographic examinations. The samples were polished and etched with a 2% nital 

solution.

4.2.1.2. C ltarpy V-Notch impact tests

Strictly speaking. Charpy V-Notch (C V N ) impact tests do not provide a good measure o f 

fracture toughness (Barsom and Rolfe 1999). Nevertheless, they are comm only used by 

industry for qua lity  contro l. Charpy tests were therefore conducted on the steels used in 

the test program. The m inim um  Charpy impact energy level fo r HPS 4S5W is specified 

to be 48 J at -23°C  (A S T M  2002a), which is s ign ificantly higher than more com m only 

used structural steel grades.

Standard Charpy V -N otch specimens were obtained from  three UPS 485W plates o f 

d ifferent thickness (6.4 mm, 19 mm and 51 mm). The specimens from the 6.4 mm plate 

were half-size (5 mm x 10 mm), while the specimens from the 19 mm and 51 mm plates
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were full-size ( l O m m x  10 mm). Three Charpy specimens from the 51 mm plate were 

obtained at the locations illustrated in Figure 4-1. Standard half-size specimens were also 

obtained from a 6.4 mm th ick A 7 steel plate and full-s ize specimens from a 38 mm thick 

G40.21 350W T steel plate. A ll specimens were oriented in the ro llin g  direction and the 

notch root was oriented in the thickness direction. Test temperatures varied from -75°C 

to +25°C. A ll tests were conducted in a commercial laboratory in accordance with 

ASTM A370 (A S T M  2000a).

4.2.1.x Tension coupon tests

Both the Charpy impact tests and tension coupon tests were conducted to confirm  the 

steel grades used in the lest program. Standard sheet-type tension coupons were obtained 

from the 6.4 mm HPS 485VV steel plate in both the longitudinal (ro lling ) and transverse 

directions, and from  the 6.4 mm A7 steel plate in the transverse direction only. Standard 

plate-type tension coupons were made from  the 51 mm HPS4S5W  steel plate and the 

38 mm G40.2I 350W T steel plate in longitudinal direction. A ll tension coupon tests 

were conducted in accordance w ith  A S TM  A370 standard (A S TM  2000a). The sheet- 

type coupons were machined as 50 mm gauge length coupons and tested in a MTS 1000 

universal testing machine at an average testing strain rate o f about 10 pe/sec in the elastic 

range and 50 pe/scc after strain hardening. The plate-type coupons were machined as 

200 mm gauge length coupons and tested in a MTS 6000 universal testing machine at 

strain rates s im ila r to those used fo r the 50 mm gauge length coupons.

4.2.2. Smooth Specimen Fatigue Tests

Fatigue tests were conducted on smooth specimens to study the fatigue crack in itia tion 

properties o f HPS 4S5W steel under a fu lly  reversed condition (FR series) and at levels o f 

mean stress varying from 226 MPa to 483 MPa (MS scries). A ll specimens were 

designed and tested in accordance w ith  A S T M  standard E606 (2000b).
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4.2.2.1. Test m atrix

FR series - f u l ly  reversed series

The cyclic  stress versus strain curve and the stress amplitude, strain am plitude, or energy 

per cycle versus fatigue life  curves were obtained from the uniaxial fatigue tests 

conducted under a fu lly  reversed stress or strain condition. The m ajority o f the 

specimens (33 out o f 44) were tested tinder a strain control condition. A  strain-controlled 

test is believed to be a fa ir representation o f the condition typ ica lly  experienced by (he 

material in yielded zones because at h ighly stressed regions, plastic deformation is 

controlled by the surrounding elastic matrix (E lly in  1997). Specimens were fatigue 

tested under strain amplitudes varying from 0.1% to 0.625%. The cyc lic  waveform was 

sinusoidal and applied at frequencies ranging from  2 Hz at 0.625% strain amplitude to 

10 Hz at 0.1% strain amplitude, w ith the frequency held constant for a ll specimens at the 

same strain amplitude. The average strain rale was therefore held constant at about 

0.05/sec fo r all specimens at all strain amplitude levels. A ll tests were started in tension.

Tests were also conducted to obtain the fatigue endurance lim it under fu lly  reversed 

stress cycling. As stress control is equivalent to strain control in the high cycle fatigue 

region, eleven tests were conducted under stress control for the HPS 485W  steel, six on 

the 6.4 mm plate, and five on the 5 ! mm plate. A ll stress-controlled tests were conducted 

at 10 Hz. Considering the large variations in fatigue life  at stress levels near the fatigue 

lim it, a statistical approach is more appropriate to determine the fatigue lim it. The well- 

known Probit method requires that a m inim um  o f 30 specimens be used to establish the 

fatigue lim it (L itt le  and Jebe 1975). The large number o f test specimens and long testing 

duration required made it unfeasible fo r this research project. An alternative approach to 

determine the fatigue lim it is the up-and-down (or staircase) method, which tends to 

home in on the fatigue lim it fa ir ly  rapid ly w ith  fewer tests. The approximate level o f the 

fatigue lim it was thus estimated w ith the up-an-down method, whereby the test stress 

range is adjusted based on each successive test result in an attempt to converge to the
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endurance lim it (L ittle  and Jcbc 1975). The stress spacing used in the up-and-down 

method was approxim ately 1 '7 to 3‘T o f the tensile strength o f the material.

MS series -  mean stress effect series

It is generally agreed that a tensile mean stress is usually detrimental to the fatigue 

resistance o f metals in both high cycle fatigue and low cycle fatigue regimes (Stephens et 

al. 2000). When the effect o f mean stress is investigated, tests are generally run in one o f 

two modes: strain-controlled cycling w ith constant mean strain or stress-controlled 

cycling w ith  constant mean stress. In low cycle fatigue, mean stress relaxation is known 

to occur in strain-controlled mode and the mean strain does not appreciably affect fatigue 

life. On the other hand, additional damage is caused by accumulated cyclic  creep strain 

when tests are conducted in the stress-controlled mode (F lly in  1997). The mean stress 

effect was investigated in this test program under stress control in the high cycle region 

where the two types o f  tests are equivalent. The cyclic  creep strain effect was m inim ized 

by conducting tests at small stress amplitude levels. The effect o f mean stress was 

evaluated fo r I IPS 4S5W steel al two tensile mean stress levels.

4.22.2. Test sped mens

Smooth specimens w'ere machined from the 6.4 mm and the 51 mm UPS plates and the 

6.4 mm A7 steel plate. The reduced section o f the smooth fatigue test specimens was 

8.3 mm w'ide by 6.0 mm thick. The smooth fatigue lest specimen dimensions are shown 

in Figure 4-2. Flat sheet-type specimens were used because the more common circular 

cylindrica l specimens could not be obtained from  the 6.4 mm th ick steel plates. For the 

51 mm UPS plate, three specimens w'ere obtained through the plate thickness direction, in 

a s im ila r way as illustrated in Figure 4-1 for the C VN  specimens. A fte r machining, all 

specimens were polished w ith fine emery paper to a maximum surface roughness o f

0.2 pm. In order to relieve the machining residual stresses, the specimens w-crc stress 

relieved at 593°C fo r 2 hours and then left to cool slow ly in the furnace.
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4.2.2.3. Test set-up and instrumentation

A ll smooth specimen fatigue tests were conducted at room temperature in a MTS 1000 

closed-loop servo-controlled universal testing machine. Figure -4-3 shows a typical lest 

specimen in the testing machine. Load was measured w ith a load cell and a 10 mm gauge 

length extensometer w ith fu ll scale range o f 20.000 pt- w as used to measure the total 

axial strain in the reduced section. Cyclic signals w ith the desired amplitude and 

frequency were produced by the m icro -p ro file r that was controlled with the program 

LabView™ . Load and strain readings were sampled al a rate o f 250 11/ and real time 

stress versus time, strain versus time, and stress versus strain curves were displayed to 

facilitate m onitoring o f tests. The data, as well as peak values, were recorded at preset 

intervals during the tests.

The tests were terminated when the maximum tensile load had dropped to 50% o f its 

measured in itia l value. This allowed the crack to propagate approximately 50% to 60C< 

through the cross section o f the specimen (A S TM  2000b). Tests that did not lead to 

failure o f the test specimen were stopped at 107 cycles, which is defined herein as a run

out.

4.2.2.4. T ria l tests

Several trial tests were conducted to ensure that the specimens could be aligned in the 

testing machine w ithout creating secondary bending strains greater than 5% o f the mean 

normal strain (i.e., 50 pe bending strain is alhnved for a test conducted with 0.1% strain 

amplitude). Four strain gauges were mounted on the reduced section and load was 

applied m onotonically up to a stress o f 300 MPa and average strain o f 0.15%. The strain 

gauges mounted on opposite sides o f the specimen were found to be in good agreement 

(less than 3% difference between opposite gauges), which indicated negligible bending 

strain. The difference between the extensometer and mean strain gauge readings was also 

negligible.
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4.22.5. Test procedure

The smooth specimens fatigue tests were conducted as fo llows:

1. Preparation o f test specimen -  The cross-section dimensions were measured to an 

accuracy o f 0.001 mm at three locations along the reduced section. The m inimum 

area was used to calculate stress from the measured loads. Tw o stiffen ing plates 

(25 mm x 25 mm X 100 mm) were placed at each gripping end o f the test specimens 

tested under fu lly  reversed loading at a strain amplitude larger than 0.4 ‘.7. These 

plates were used to prevent buckling o f the test specimens in the compression 

excursions.

2. Installation o f test specimen -  The specimens were aligned carefu lly in the hydraulic 

grips to prevent loading o f the test specimens during gripping. To ensure that no load 

was applied during gripping, the lower grip pressure was turned on s low ly to allow 

the necessary time for adjusting the displacement set point. A 10 mm gauge length 

extensometer was then mounted to the test specimen. In order to avoid creating 

pressure points at the extensometer knife edges, small patches o f epoxy were placed 

on the test specimens where the knife edges were to he mounted. These prevented 

direct contact o f the knife edges w ith the surface o f the test specimens.

3. Testing -  As explained above, tests were conducted under either load or strain 

control. The maximum and m inimum stress lim its  were set e lectronically to stop the 

lest when the failure criterion was met. Load and displacement upper and lower 

lim its  were also set to protect the extensometer against any unexpected events. A fter 

failure o f the specimens, the fracture location, the appearance o f the fracture surface 

and any unusual features were recorded.

4.2.3. Crack G row th Rate Tests

Crack growth rate tests were conducted on the 6.4 mm HPS 485W  steel and on G40.21

350W T steel to obtain the steady state crack propagation properties.
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4.2.3.1. Test specimens

The middle tension M (T ) specimen was chosen over the more com m only used compact 

tension C (T) specimen because M (T ) allows the use of' hydraulic grips and tension- 

compression loading. The specimens from HPS 485W  steel were 100 mm wide, 300 mm 

long and 6 mm thick. The straight through notch in the centre o f each specimen was 

20 mm long and 2 mm wide and was made by electrical-discharging machining (EDM ). 

The specimens were prepared in accordance to AS I ’M  E647 standard (ASTM  2000c). 

A ll specimens were stress relieved using the same procedure as for the smooth fatigue 

specimens. Figure 4-4 shows the geometry o f the M (T ) specimens and the notch detail.

The ASTM  standard (2000c) requires that the two cracks emanating from the machined 

notch shall not d iffe r by more than 2.5 mm (2.5% o f specimen w idth), and the crack 

length measurements on the front and back surfaces shall not d iffe r by more than 1.5 mm 

(25% o f specimen thickness). The front/back crack length requirement was easily 

satisfied for the M (T ) specimen configuration. However, the first three trial tests failed to 

satisfy the tw o cracks length symmetry requirement, although the specimens were aligned 

in the testing machine w ith great care. A fte r the cracks had propagated through about 

half o f the specimen width, the two crack lengths started to d iffe r sign ificantly (i.e., the 

crack was no longer centered). The d ifficu lty  in keeping the crack centered during the 

fatigue test makes the M (T ) specimen d ifficu lt to use fo r crack growth rate testing.

On the other hand, single-edge tension SE(T) specimens o ffer two distinct advantages 

over the M (T ) specimens: (1) on ly one crack tip needs to be monitored; (2) the crack 

symmetry requirement is no longer an issue. Tw o SE(T) specimens were therefore cut 

from one M (T ), as shown in Figure 4-4. The new ly exposed edges were then milled. 

The finished specimens were about 48 mm wide. A lthough the SE(T) crack growth rale 

test specimen is not part o f the ASTM  E647 standard specimen geometries. Blatt et al. 

(1994) demonstrated that the SE(T) specimen can be used successfully for fatigue crack 

growth testing o f m onolith ic and composite materials. B latt et al. (1994) demonstrated 

that the crack growth rale versus stress intensity factor range data obtained from the
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SE(T) specimen correlates well w ith data obtained from standard compact tension C(T) 

specimens. A comparison o f the crack growth behaviour obtained from  one M (T) 

specimen and one SE(T) specimen for IIPS 485W  steel also indicated that the crack 

growth rate obtained from the SE(T) specimen is in good agreement w ith that obtained 

from  the standard M (T ) specimen. The SE(T) specimen was therefore adopted for this 

test program.

The geometry and notch details for specimens obtained from G40.21 350W T steel are 

s im ila r to those SE(T) specimens from UPS 4S5W. except the specimen thickness, width 

and length were 12 mm, 75 mm and 400 mm. respectively. As the 350W T steel plate 

was 38 mm th ick, three specimens were obtained through the thickness: one specimen at 

the m iddle plane and two specimens near the surfaces. A total o f twelve specimens were 

made from  350W T steel.

4.2.3.2. Pre-cracking and testing

A ll crack growth rate tests were conducted using a closed-loop servo-hydraulic controlled 

universal testing machine. Figure 4-5 shows a typical test specimen in the testing 

machine. The tests were conducted at room temperature at a frequency o f 10 Hz. The 

grip  length at both ends o f the specimens was about 50 mm. which made the specimen 

length to w idth ratio / / / I V  about 4. The specimens were d ivided into various groups, 

tested under different load ratio, R (m inim um  load/maximum load). Three specimens 

each were tested at R o f — 1 reversed), 0, and 0.5 for HPS 4S5W steel. Six and two 

specimens o f G40.2I 350W T steel were tested at a load ratio. R, o f 0.1 and 0.5. 

respectively. The load ratio was kept constant for both pre-cracking and testing.

Each specimen was pre-cracked and tested under constant load conditions in accordance 

to the ASTM  specified procedures. The m inim um  and maximum loads were maintained 

w ith in  ±2% throughout more than 95% o f (he test duration. In order to initiate a fatigue 

crack from  the notch w ith  m inim al plastic damage at the crack tip, while making the pre

cracking w ith in  a reasonably short time, a cyclic load w ith the maximum load about 8%

larger than that used during testing was norm ally used to in itiate and grow the crack up to
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2 mm. The load was then dropped and the crack was further propagated to about 4 mm 

by the time the in itia l crack satisfied the code requirement fo r starting the test. A 

complete test matrix o f the specimen number, specimen location, load ratio, and 

maximum testing load is presented in Table 4-2 fo r both I IPS 4S5W and 350W T steels.

4.2.3.3. Crack length measurement

An electronic im aging system was employed to visually m onitor the crack length on the 

front surface, part o f which is depicted on the photograph o f the test setup presented in 

Figure 4-5. The imaging system consisted o f a high resolution and high magnification 

d igita l camera w ith  close focus zoom lens, a fibre optic illum inator and LabVicw 

program, which was used to m onitor the number o f load cycles and collect photographs 

o f the crack tip  al preset load cycles. The interval at which photographs o f the crack tip 

were collected varied from  6000 cycles to 500 000 cycles, depending on the crack length 

and the expected crack growth rale. When the preset cycle was reached, the cycle count, 

the m inim um  and maximum loads, and the m inimum and maximum strains were 

recorded. The strain data were obtained from a 10 mm gauge length extensometer 

mounted to the SE(T) specimen on the edge o f the notch opening. The crack length on 

the specimen back surface was monitored at regular intervals w ith a self-illum inated 

reticle microscope. During the in itia l stage o f the testing program, the microscope was 

also used to measure the crack length on the front surface to compare w ith the digital 

camera and the readings were found to be in good agreement.

The crack tip was identified clearly when the dig ita l camera was used at a magnification 

o f about 50X. A t this high magnification, only an area 7.8 mm x 6 mm could be 

monitored w ith the camera, thus requiring the camera to he regularly re-adjusted in order 

to observe the crack tip. A scale w ith resolution o f 0.5 mm was placed on the specimen 

to determine the actual length o f crack. To facilitate the detection o f the crack tip, a thin 

coat o f white wash was applied w ith the brush strokes perpendicular to the expected 

crack plane. The crack length could be read d irectly from the photographs. A  sample 

photograph is shown in Figure 4-6. M icrosoft Photo Editor™ was used to help determine
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the crack length since it can show the position o f individua l pixels on the photograph. 

The slight m isalignment between the graduated scale and the edge o f the specimen was 

taken into account by considering the offset between the notch edge and the 10 mm scale 

line (see Figure 4-6).

The recorded load and strain data were also used to calculate the crack length from the 

compliance method as outlined in the ASTM  standard. The compliance method assumes 

that the crack length can be related to the crack mouth opening displacement (CM O D ) 

that could be converted from strain readings. The relation between the non- 

dimensionalized crack length, a lW  ( IF is the width o f the SH(T) specimen) and the non- 

dimensionalized C M O D , //. for specimens with a length to w idth ratio I I  / IF  o f 4, was 

given by Blatt cl al. (1994) as fo llows:

a / IF = 1.2928 + 2.3435// -  46 .9715 1 '2 + 160.9788/,/' -  236.7674/74 + 131.4813 / /5 (4 -1)

where U  = r — — , E is the modulus o f elasticity. B is the specimen thickness, and C 
JEBC + 1

is the com pliance, taken as the slope o f the upper linear part o f the load-displacement 

curve, CM O D  / / ’ . The equation is valid in the range 0 .1 < a /W  < 0.95 .

4.2.4. Fracture Toughness Tests

Fracture toughness o f HPS was determined in accordance w ith the recently developed 

ASTM F I 820 standard (2000d). The lest method is particularly useful when material 

response cannot be anticipated prior to testing. By using the resistance curve procedure 

outlined in the standard, a resistance curve can be obtained from a single test specimen by 

unload-rcload sequences that produce crack extension. Depending on the specimen 

behaviour, the fracture toughness parameter K ow l can be obtained from the tests.

The fracture toughness test specimens were made from the 51 mm thick HPS plate,

which was the thickest plate available for this test program. Standard singlc-cdge bend

SE(B) specimens, shown in Figure 4-7, were used for the material toughness tests. Three

specimens were machined from the steel plate along the ro lling  direction and stress
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relieved. A 45 mm long straight through notch was machined at the edge o f the test 

specimens at m id-length. In order to obtain a conservative lower bound o f fracture 

toughness, specimens were tested at a temperature as low as -51°C, which corresponds to 

the lowest anticipated service temperature for A A S H TO  Zone 3 (1998). Four sim ilar 

specimens were obtained from  the 38 mm G40.21 350W T steel plate. The machined 

edge notch fo r these specimens was 35 mm long. The specimen thickness and test 

temperature fo r each specimen are listed in Table 4-3.

4.2.4.1. Test procedure

The fracture toughness tests were performed in a 1000 kN servo-hydraulic load frame. 

Fatigue pre-cracking to form  the edge crack was performed under constant amplitude 

load control in a 3-point bending setup until a fatigue crack initiated from  the machined 

notch and propagated to about 4 mm long. The pre-cracking procedure was monitored 

w ith the same high magnification digital camera that was used in the crack growth rate 

tests. The fracture toughness tests were performed on the pre-cracked lest specimens 

under displacement control.

A typical lest specimen in the test fixture is shown in Figure 4-8. A 4.5 mm range c lip  

<iau<>c was installed on knife edues to measure the C M O D  at the notched edsje durina 

testing. Another set o f knife edges was installed al about 4 mm closer to each other and 

was used after the c lip  gauge had reached its lim it in the first set o f knife edges, thus 

giv ing the c lip  gauge a total range o f 8.5 mm. A L V D T  was installed to measure the 

load-line displacement. Unfortunately, the resolution and stability o f the LV D T  at low 

temperature was later found to be inadequate to measure the displacement accurately. 

The displacement from the machine actuator was therefore used to approximate the load- 

line displacement. This displacement includes the elastic compression o f the test fixture, 

indentation o f the specimen at the loading , ' ' , and the deformation o f the testing 

machine. I lowever, these additional deformations arc believed to be insignificant.

In order to conduct the fracture toughness tests al low temperature, the test specimen and

test setup were both enclosed in a specially designed environmental chamber made o f
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high density polyurethane foam. Figure 4-9 shows a picture o f the low temperature test 

setup. D ry ice was placed in the chamber and three electric fans were used to circulate 

air through the dry ice to bring the temperature o f the specimen to the desired test 

temperature. The temperature o f the test specimens was measured using two thermistors, 

one on the front surface and the other on the back surface, w ith in  20 mm from the 

expected crack trajectory. The temperature was controlled by adjusting the speed o f three 

fans in the chamber. The specimens were exposed to the test temperature for at least 

1 hour p rio r to testing to allow  through thickness temperature stabilization and the 

temperature variations during testing was controlled w ith in ± 3 °C .

Periodic 15 to 20 kN unloadings were performed to measure the specimen compliance 

and calculate the amount o f crack extension occurring during the test. A linear regression 

analysis was used to determine the slope o f the unloading part o f load versus crack mouth 

opening displacement curve. The crack length was calculated using the compliance 

equation for SE(B) specimen geometry given in ASTM  E1820 as fo llows:

a /W  = 0 .999 748 -3 .9504 /7  + 2.982IT /2 -3 .2 1 4 0 8 (7 ’ + 51.51564(/4 - 1 13.031(/s (4-2)

where U = —j = L =— , E  is the modulus o f elasticity, B is the specimen thickness, and C 
J l iB C  + 1

is the compliance obtained at an unloading/reloading sequence.

The test was terminated either al fracture o f the test specimen or when the c lip  gauge 

lim it was reached under stable crack extension. Depending on behaviour, different 

parameters are calculated from the data to provide measures o f fracture resistance as 

described in the fo llo w in g  sections (ASTM  2000d).

4.2.4.2. P lane-strain ins tab ility

Plane-strain fracture toughness ( K IC ) is obtained when instab ility  occurs w ithout 

significant crack tip plastic deformation. A  conditional load (PQ) is determined from the 

load versus CM O D  data based on 95% secant line and K Q is calculated as fo llow s:
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(4 -3 )

where f ( a l \ V )  is a geometry function o f the SE(B) specimen given as:

f ( a / \ V )  =
?ja / W )'n- [1.99 -  (a / W )(I -  a I U/ )(2 .15 -  3.93(u / U7) + 2.1(a / W )1)] 

2(1 + 2u/U; )(l - a / W y ' 2
(4-4)

The fo llow ing  tw o requirements must be met for K n to be the size independent 

parameter ( K lc ):

where IJnw is the maximum load the specimen was able to sustain, and <TySin is the 0.2% 

offset yield strength at testing temperature.

4.2 .4 .x E lasiic-p las lic  instab ility

Instability preceded by a significant amount o f crack tip p lastic ity is analyzed by using 

the ./-integral approach. The calculated ./ is the summation o f the elastic and plastic 

components o f the strain energy density around the crack tip:

The elastic component ./,,, is a function o f K  (calculated from Equation (4-3) ignoring the 

Q subscripts and selling a equal to in itia l crack size a t ) as fo llows:

(4-5)

(4-6)

(4-7)

f t  r ' 1
(4-8)
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The plastic component J , is calculated from the area under the load versus load-line 

displacement curve ( A ,)  as follows:

(4-9)

where b: is the in itia l uncracked ligament (b i = W - a t ). For small plastic deformations, 

,/w dominates and ./ can he directly related to K.

When instab ility  occurs during a test, single p o in t./ values can he calculated to quantify 

toughness al the point o f instability. I f  instability occurs before the onset o f stable crack 

extension, the toughness is defined as ./ . I f  ins tab ility  occurs after stable crack

extension, the term ,/ is used.ii

4.2.4.4. Stable crack extension

When cracks extend by stable tearing, a J-R resistance curve can be constructed, showing 

how ./changes as a function o f crack extension. A S TM  E 182n , .  ales an incremental 

algorithm for applying Equations (4-7) to (4-9) to calculate J as plastic strain increases 

during testing. Crack length is periodically calculated during testing using the unloading 

compliance method. I f  the data meet certain requirements, ,/,( can be calculated as the

point where stable crack extension begins during the test. S im ilar to the K IC calculation

procedure, a provisional J Q is calculated from the power law regression line o f the

qua lify ing  data in the form of:

where A a is the crack extension. I f  J Q meets a scries o f qualification criteria, ,/t, = J IC.

A spreadsheet was set up to process the raw data obtained from fracture toughness tests 

and implement the ASTM  E 1820 calculation procedure.

In ./ = In C, + C\  ln(Ac/) (4-10)
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4.2.4.5. Effect o f  temperature on y ie ld  strength

The effect o f temperature on yie ld strength must be considered in analyzing fracture 

toughness data. Procedures for qualify ing K IC a n d .//r require knowledge o f the yield 

and tensile strength at the test temperature. W right (2003) demonstrated that the effect o f 

temperature on yie ld strength o f steels with er,.v < 485 MPa, tested al a slow load rate as 

specified in AS TM  A307, can be accounted for using the fo llow ing  equation:

666500
a n r n - fTi s + -------------------------------------------- 188.9 (4-11)

” ,M ,s (9.55 + log (TySlJ} ){T  + 273)

where a )S(/ | is the yie ld strength at temperature T (°C ) and a YS is the room temperature

0.2% offset yie ld strength. As the shape o f the stress versus strain curve for temperature 

T  > -SO °C is s im ilar to that at room temperature (W righ t 2003), a constant yield to 

tensile strength ratio can be assumed. The effective yield strength ery , defined as the 

average o f yie ld and ultimate tensile strength, can also be obtained.

4.3. Test Results

4.3.1. A nc illa ry  Tests

4.3.1. J. Chemical composition and m icrostructure

As the changes in chemical composition requirements from old to modem structural 

steels are m inim al (A S TM  1965; CSA 1998), chemical analysis was not conducted on 

G40.2I 350W T steel. The chemical compositions o f the HPS 485W  and A l  steels 

investigated in this program are presented in Table 4-4 (a). Table 4-4 (b) lists the 

chemical requirements for the two steels as specified in the associated material standards 

(A S TM  2002a; ASTM  1965). The chemical analysis o f each steel reveals that they both 

fall w ith in  the specified lim its. It is noted that, as expected, the HPS has a significantly 

lower carbon and sulphur content than A7 steel, and higher contents o f alloy elements 

such as copper, nickel, chrom ium , and aluminum. For this particular HPS, the total alloy
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content (excluding carbon, manganese, phosphorus, and sulphur) is approximately 1.5%, 

and the weathering index is 6.6 as obtained from Equation (2-1).

Figure 4-10 shows the microstructures of (a) G40.21 350W T steel, and (b) HPS 485W 

steel, under an optical microscope. The 350W T steel shows a typical fetritc-pearlite 

m icrostructure. However, the HPS 4S5W steel has a more or less uniform  microstructure 

o f tempered martensite. The recrystallized structure consists o f fine ferrite w ith small 

spheroidal cementile particles at the grain boundaries and w ith in  the grains. Fine carbide 

particles precipitated during the tempering treatment o f the quenched steel o ffer 

“ obstacles”  to advancing cracks (Smith 1993); therefore, toughness o f the steel is 

improved. Figure 4-10 also shows a finer grain size for the HPS 4S5W steel than fo r the 

G40.21 350W  steel.

4.3.1.2. Charpy V-Notch impact toughness properties

Results from the Charpy V-Notch impact tests conducted at varying temperatures are 

presented in Table 4-5 and Table 4-6, for half-size specimens and full-size specimens, 

respectively. The test results are also presented in graphical form  in Figure 4-11 and 

Figure 4-12. The equivalent energy absorption values o f fu ll-s ize  specimens from the lest 

results on the half-size specimens were obtained by m u ltip ly ing  the absorbed energy by a 

ha lf size specimen by 2.0 in accordance to ASTM  A370 (2000a).

Comparison between HPS 4S5W and A7 steel

The Charpy V-Notch energy versus temperature curves shown in Figure 4-11 for ha lf

size HPS 485W  and A7 steel impact specimens arc remarkably d ifferent. A lthough there 

is no significant difference in upper and lower shelf energy between the two steels, the 

ductile to brittle  transition temperature, taken at ha lf o f the upper shelf energy, is 

s ign ifican tly  lower fo r HPS 485W  than for A7 steel (-50°C  fo r HPS 485W compared to 

+ I2°C  fo r A7).
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Comparison between d ifferent p late thicknesses o f  HPS 4S5W steel

Charpy impact tests conducted on specimens obtained from  HPS o f three d ifferent plate 

thicknesses (51, 19, and 6.4 mm), also corresponding to d ifferent heats o f steel, are 

presented in Figure 4-12. There is a large difference in toughness between the different 

plate thicknesses o f HPS and the 6.4 mm plate seems to have the lowest toughness, while 

the 51 mm plate has the highest value. Charpy tests on the 19 mm plate, which has the 

intermediate toughness, were conducted only at room temperature. The 6.4 mm plate. 

19 mm plate, and 51 mm plate are thus identified hereafter as HPS(LT), H PS(M T), and 

HPS(HT), respectively. The su ffix  represents the relatively low, medium, and high 

toughness character o f the three HPS plates.

The energy absorption o f the HPS(HT) plate is larger than that o f the HPS(LT) plate. As 

the ro llin g  process itse lf causes some material variations in the plate thickness direction 

due to reasons such as residual stress and carburization. the variations in C V N  energy 

might have been caused by the way the specimens were prepared (fo r example, there is 

not much material removed from  the surface for the half-size specimens; and three 

specimens were made in the plate thickness direction fo r the 51 mm plate as indicated in 

Figure 4-1). However, a closer look at the C VN  test results from the 51 mm plate does 

not indicate any noticeably d ifferent trend between the middle specimens and the side 

specimens, as shown in Figure 4-13.

Although the exact reason for the large variation in energy absoiption between the 

d ifferent HPS plates is not known, such variations are like ly  caused by the fact that all 

three heats were early HPS heats produced with the thermo-mechanically controlled 

process (TM CP). However, as shown in Figure 4-12, even the HPS plate w ith  the lowest 

energy absorption, w ith an average o f 85 J al -24°C , easily met the requirement for 

HPS 485W  steel, which is 48 J at -23°C .
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Comparison between UPS 4S5W and 350WT steels

Test results o f  fu ll-s ize Charpy specimens o f 350W T steel at a temperature ol -45°C  are 

shown in Figure 4-12 as w ell, alone w ith all the results fo r HPS 485W  steel. The average 

energy absorption from  the three 350W T specimens was 139 J at -45°C , which satisfies 

the toughness requirement (40 J m inim um ) for Grade 350W T steel of Category 4. It is 

apparent that the 350W T steel has energy absorption capability comparable to that o f the 

51 mm I iPS steel plate.

Examination o f  fracture  surfaces

Figure 4-14 shows the appearance o f the fracture surface o f typical C VN specimens o f 

IIP S (LT) steel plate at various temperatures. The light areas on the fracture surfaces in 

Figure 4-14 indicate areas o f b rittle  fracture, whereas the darker and dull areas represent 

the ductile fracture surface. It is apparent that the percentage o f ductile fracture area 

increases as temperature increases. A selected sample was examined in a scanning 

electron microscope to iden tify  the fracture mechanism. Typical photographs o f fracture 

surfaces at +25°C, -75°C , and —15°C are shown in Figure 4-15. Figure 4-16. and Figure 

4-17, respectively. Figure 4-15 shows a typical ductile fracture characterized by 

m icrovoid coalescence. The m icrovoids arc extremely elongated, indicating almost pure 

shear fracture. A t low temperature (-75°C ), the fracture surface shows a typical brittle 

fracture mode, characterized by cleavage facets. A lso typical o f brittle fracture is the 

river pattern observed in Figure 4-16. W ith in the transition range (-45°C ). the fracture 

surface presents a m ixture o f ductile fracture regions and brittle fracture regions, as 

shown in Figure 4-17.

4.3.1.3. Tensile properties

A summary o f the static tensile properties o f the HPS 485W , A l,  and G40.21 350W T 

steels used in the test program is presented in Table 4-7. Figure 4-18 shows typical stress 

versus strain curves o f the steels.
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HPS(LT) is the on ly  steel o f  the four steels tested in this program that does not display a 

yie ld plateau. The yie ld strength, defined by 0.2% offset method, is 8% to 13% lower 

than the specified 485 MPa. This is consistent w ith Fochl and Manganello's (1996) 

observation on stress versus strain behaviour o f some earlier heats o f HPS 485W  steel. 

Compared to HPS(LT), HPS(HT) shows a s ligh tly  higher yield strength but 20% lower 

tensile strength: 518 MPa for HPS(HT) and 653 MPa for HPS(LT). The tensile strength 

o f HPS(HT) is also 11% lower than the specified m inimum o f 585 MPa fo r UPS 485W 

steel. The large differences in material strength between the HPS 485W  and A7 steels 

are evident from Figure 4-18. The measured tensile strength o f the A7 steel just reaches 

the specified m in im um  requirement o f 380 MPa. The tensile strength in the longitudinal 

direction is expected to be slightly higher. The mean static yield strength o f the 350W T 

steel was measured at approximately 365 MPa, which satisfies the requirement fo r this 

grade o f steel.

A lthough the d u c tility  o f UPS 485W is not as high as that o f A7 steel, it is considered to 

be very good w ith  at least 23% elongation at rupture, measured on a 50 mm gauge length, 

and a 44% reduction o f area. The ASTM  A709 (2002a) requires a m inim um  elongation 

o f 19% over a 50 mm gauge length; how'cvcr, the m inimum elongation over a 200 mm 

gauge length is not specified. Both HPS plates satisfy the standard requirements. 

HPS(HT) show's better duc tility  than IIPS(LT). The apparent elongation o f the tw o steels 

is about the same, but the gauge length for HPS(HT) is 200 mm, w h ile  it is only 50 mm 

fo r HPS(LT). A  larger value o f elongation can be expected for HPS(HT) i f  the gauge 

length were 50 mm. The typical stress versus strain curves in Figure 4-18 fo r HPS(HT) 

and 350W T end at an elongation o f about 16% because the LV D Ts that were used to 

measure the strains in the tests were out o f range.

A ll longitudinal coupons w'ere observed to fracture at the centre o f the gauge length, 

whereas all the transverse coupons fractured very close to the gauge marks, w ith in  the 

gauge length. A ll coupons displayed typieal ductile cup and cone fracture surfaces, 

except fo r HPS(HT) steel, which displayed an irregular fracture pattern as shown in 

Figure 4-19. Besides the major fracture surface perpendicular to the axis o f specimen,
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large secondary cracks formed that were oriented parallel to the applied ioad. The reason 

fo r such a crack pattern is unknown, although it probably relates to the triaxial tensile 

stress state around the necking area.

4.3.2. Fatigue Crack In itia tion  Properties

A  total o f 44 fatigue tests on smooth specimens o f HPS(LT). HPS(MT), and A7 steels 

were conducted in the fu lly  reversed (FR) series. The fatigue material specimens were 

oriented both in the longitudinal and in the transverse directions. The fatigue tests were 

conducted w ith  strain ranges varying from  0.2% to 1.25% under strain control, or w ith 

stress ranges varying from  480 MPa to 610 MPa under stress control. The test results are 

presented in Table 4-8 where the total strain amplitude, stress amplitude, fatigue life, 

elastic and plastic components o f the strain amplitude, and plastic strain energy density 

per cycle are shown. Table 4-9 presents the fatigue test results from the mean stress 

(M S) effect series. The mean stress, stress amplitude, total strain amplitude, fatigue life  

and plastic strain energy are tabulated in the table. A total o f  13 specimens oriented in

the longitudinal direction were tested at a mean stress to stress amplitude ratio. ,
A r r /  2

o f 1 or 3, o f which nine were obtained from  HPS(LT) steel and four from IIPS(HT). A ll 

stress and strain amplitude values were obtained from stable hysteresis loops (at 

approximately ha lf-life ) as explained in the fo llow ing  section. The plastic strain energy, 

AH7' ' , was also measured directly from  these recorded stable hysteresis loops.

4.3.2.1. FR series - f u l ly  reversed series

The test results w ith fatigue life  around and longer than 10s cycles were used to

determine the fatigue lim it o f HPS 485W  steel. The cyclic stress versus strain curves, the

stress, strain, and energy versus life  curves were obtained from  a regression analysis o f

test results at various strain amplitudes. The test run-outs, indicated in subsequent figures

by an arrow attached to the test result symbol, were excluded from the regression

analysis. In addition, the specimens w ith  zero plastic strain (taken as less than 5 pi-) were

excluded from the regression analyses on plastic strain, and the specimens w ith negligib le
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plastic strain energy (less than 0.10 M J/m 3) were excluded from the regression analyses 

on plastic strain energy.

Cyclic response

It was observed that material response varies w ith number o f cycles during the early stage 

o f a fatigue test. For stra in-contro lled tests, i f  the uncontrolled stress decreases with 

increasing number o f cycles, the phenomenon is called strain softening w hile  the opposite 

is called strain hardening. The stress versus strain response (hysteresis loops) arc 

illustrated in Figure 4-20 (a) fo r strain softening, and Figure 4-20 (b) fo r strain hardening.

In the current test program, both cyc lic  responses were observed in the early stage of 

fatigue testing —  strain softening in A7 and IIPS(HT) steels and strain hardening in 

HPS(LT) steel. However, material response stabilized after approxim ately 500 cycles, 

thus a stable stress versus strain behaviour was reached after 1% to 25% ol the total 

fatigue life . In order to ensure that a stable condition was used, the hysteresis loops at 

about ha lf o f the fatigue life  were used to obtain material fatigue lim it, cyclic stress 

versus strain curves and the associated stress/strain/energy versus life  curves.

Fatigue lim it

The fatigue lim it is defined as the stress amplitude level below which no fatigue failure 

takes place (i.e., the fatigue life  is in fin ite ). The results obtained trom  the stress 

controlled tests are presented in Figure 4-21 (or HPS 485\V steel. The figure also 

includes some data from the strain controlled tests.

These combined results, as shown in Figure 4-21, can be used to evaluate the fatigue 

lim it. For HPS(LT), the fatigue lim it is found to lie between 265 MPa (largest stress 

amplitude w ith  no failures) and 321 MPa (smallest stress amplitude w ith  no run-outs). 

Two run-outs and one failure at 7 .4X I06 cycles were observed at a stress amplitude o f 

298 MPa, which indicates that the fatigue lim it is like ly close to 300 MPa. On the other 

hand, the fatigue lim it fo r HPS(HT) lies below 285 MPa, w ith  tw o failures at less than
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1 m illion  cycles at a stress amplitude o f about 285 MPa. The fatigue lim it can be 

reasonably estimated to be approximately 270 MPa. w ith one run-out and one specimen 

HPS(I1T)-FR-10 that failed at 4.3 m illion  cycles near the lower grip.

The difference between the fatigue lim its o f the two HPS steels can be attributed to the 

difference in tensile strength between the two steels (Table 4-7). Fatigue research has 

indicated that the fatigue lim it is closely related to the tensile strength level (Breen and 

Wene 1979). W hile the yie ld strength for the two steels are approximately the same. 

HPS(HT) has a much knvcr tensile strength than HPS(LT) (518 MPa fo r HPS(HT) 

compared to 653 MPa for HPS(LT) for coupons oriented in the longitudinal direction).

The fatigue lim it has also been shown to be a function o f surface roughness (Boyer 

1986). Since the fatigue tests were conducted on polished specimens, the fatigue lim it for 

fatigue Category A details (hot rolled smooth details w ith in  0.025 mm surface 

smoothness (CSA ZZZZ',', can be obtained by m u ltip ly ing  the observed fatigue lim it by a 

surface roughness correction factor o f 0.67 for HPS(LT) and 0.75 fo r HPS(I IT) (Boyer 

1986). The correction factors are different for the two grades o f HPS because the surface 

roughness effect has been found to be a function o f material strength (Boyer 1986). 

A pp ly ing these correction factors brings the Category A fatigue lim its , expressed in term 

o f stress amplitude under fu ll reversal, for both HPS plates to approxim ately 200 MPa. 

whereas the corresponding value in the current bridge design standard is 82.5 MPa 

(165 MPa i f  expressed as a stress range) (CSA 2000). This indicates that HPS has the 

potential to provide a distinct advantage over conventional structural steels in the high 

cycle fatigue region.

Cyclic stress versus strain curve

An illustration o f the procedure used to obtain the cyclic stress versus strain curve by 

jo in ing  the tips o f the stable hysteresis loops at various strain amplitude levels is shown 

in Figure 4-22. The cyclic strength coefficient K ' and the cyc lic  strain-hardening 

exponent n ' , defined in Equation (3-5), arc obtained by using a least square regression 

analysis to f i t  a line through the stress amplitude versus plastic strain amplitude data
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according to Equation (3-5), where the modulus o f elasticity E  is obtained from tension 

coupon tests and the mean value o f which is presented in Table 4-7. The values ol the 

material constants K ' and n arc presented in Table 4-10.

The cyc lic  stress versus strain curves for the two heats o f UPS 485W  steel in both the 

longitudinal (ro lling ) and transverse directions and A7 steel in the transverse direction are 

shown in Figure 4-23, along w ith the typical monotonic stress versus strain curves fo r 

11PS(LT) in the longitudinal direction and A7 steel in transverse direction. A comparison 

o f the monotonic and cyclic  stress versus strain properties o f HPS485W  and A7 steels 

presented in Figure 4-23 indicates different strain response. A t small strain ranges A7 

steel cyc lica lly  softens, whereas HPS(LT) cyc lica lly  hardens s ligh tly, which increases the 

maximum stress it can sustain during high cycle fatigue. The test results indicate that 

HPS 485W  has some benefit for high cycle fatigue conditions in terms o f strength.

Stress versus life  curve

Plots o f stabilized stress amplitude, A < r /2 , obtained at half o f the fatigue life o f the 

smooth specimens, versus number o f cycles to failure, N f . are presented in Figure 4-24

for tw o heats o f HPS 4S5W steel in the longitudinal and transverse directions and for A7 

steel in the transverse direction. A comparison between the transverse and longitudinal 

test specimens from IIPS(FT) indicates that the material coupon orientation has no 

significant effect on the stress amplitude versus fatigue life  data. However, there is a 

significant difference in fatigue life  between the HPS and the A7 steel, which is caused 

by the large difference in strength between the tw o steels.

The stress amplitude. A r r /2 ,  versus fatigue life, N t . (stress-life) curve in Figure 4-24 is

expressed mathematically by Equation (3-1), where the fatigue strength coefficient r r / is

the stress amplitude corresponding to the stress-life curve intercept at one cycle, and the 

fatigue strength exponent b represents the slope o f the stress-life curve, 'f l ic  constants
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O' and h, obtained from  a regression analysis o f the stress amplitude versus life  data, are 

presented in Table 4-10.

Strain versus life  curve

The fatigue test data, expressed in terms o f total strain amplitude, A f / 2 ,  versus fatigue 

life, N ; . arc presented in Figure 4-25 for the UPS in the ro lling and transverse directions

and A7 steel in the transverse direction. The difference between the transverse and 

longitudinal fatigue properties for HPS(ET) is insignificant. There is also no apparent 

difference between the fatigue resistance o f two HPS steels and A 7 steel.

The strain amplitude versus fatigue life  (s tra in -life ) curve in Figure 4-25 is expressed 

mathematically by Equation (3-4), where the fatigue ductility  coeffic ient ( ' f is the strain

amplitude corresponding to the plastic strain line intercept at one cycle, and the fatigue 

ductility  exponent c represents the slope o f the plastic strain line.

Figure 4-26 illustrates the regression analysis fo r HPS(LT) steel in the ro lling  direction. 

The elastic and plastic components o f the strain amplitude, A A  /2  and A f ' ’ / 2 .  

respectively, are plotted separately and a regression analysis o f this data (shown as 

dashed lines in Figure 4-26) was used to determine the coefficients and exponents used in 

Equation (3-4). A lthough fatigue life  is conventionally plotted on the x-axis in fatigue 

data presentation, it was taken as the dependent variable in all regression analyses.

Table 4-10 presents the parameters used in Equation (3-4) fo r the steels tested in this 

program. Although Figure 4-25 shows no significant difference between the d ifferent 

steels, Table 4-10 presents the s tra in -life  constants obtained from  a regression analysis 

on the individual steel samples.

The exponents o f the cyc lic  stress versus strain, stress versus life , and strain versus life  

curves presented in Table 4-10 fall generally w ith in  the expected range for the m ajority 

o f steels. The expected range for the cyc lic  strain-hardening exponent n' is from  0.05 to
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0.25. The range for the fatigue strength exponent b is -0 .05  to -0 .15 w ith  an average 

value o f -0 .0 8 5 , and the fatigue d u c tility  exponent c can vary from -0 .4  t o -0 .8  with a 

mean value o f about -0 .6  (E lly in  1997).

Energy versus life  curve

The fatigue test results fo r 1 IPS 485W  and A7 steels are presented in Figure 4-27, Figure 

4-28, and Figure 4-29 as fatigue life  as a function o f the plastic strain energy density per 

cycle, A l l " ’ , the total strain energy density per cycle, A H ', and the plastic plus tensile 

elastic strain energy density per cycle, A l l7' , respectively. The three measures o f energy 

were described in Figure 3-4. The three figures show no significant difference between 

the different steels and the different orientations. The plastic strain energy damage 

parameter, A l l " ' ,  for the HPS(MT) specimens presented in Figure 4-27 does not seem to 

correlate w ell w ith  the test results at fatigue lives longer than 1(P cycles. This is because 

A l l " '  is very small in the high cycle fatigue region and is therefore d iff ic u lt to measure 

accurately.

The energy density per cycle, A l l " ' ,  A l l ’ , and A l l " , versus fatigue life , A' , (energy-

life) curves presented in Figure 4-27 to Figure 4-29 can be expressed mathematically by 

Equations (3-8) to (3-10). The coefficients P ( , F. /■’ and the exponents a ^ , a. a t are

obtained from a regression analysis o f the experimental data ( A l l " ' ,  A l l7 , and A l l "  

versus fatigue life). The lim itin g  value o f A l l " ’ , i.e. the value o f A l l " '  as the fatigue life  

approaches in fin ity , for most steels is in the range o f 1()'4 to 5 x l0  2 M J /n r \ w ith a mean 

o f about 1.5x10'- M l/m  ’ (E lly in  1997). This represents only a very small percentage o f 

A l l " '  for cases where the plastic strains are large enough for the plastic strain energy 

approach to be considered appropriate and is therefore normally neglected (i.e.. 

A ll/0,’ = () ). The lim itin g  value o f A l l7 . A ll7,, , can be approximated as

AaAe  2 (A n /2 )~  . , . n imv: ( A n /2 ) '
( - y - ) v -  = <--------p ----sim ila rly . A l l7, = =.{................................ lh e

stress amplitude A n / 2 fo r a fatigue life  approaching in fin ity  was obtained by
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extrapolating the material stress versus life  curve to 107 cycles. The coefficients, 

exponents and lim iting  values fo r Equations (3-8) to (3-10) are presented in Table 4-11.

4.3.2.2. MS series -  mean stress series

A total o f 13 specimens were tested to evaluate the effect o f mean stress on fatigue life 

and to evaluate i f  available life  prediction models are suitable fo r HPS. The models 

considered for correcting fo r the mean stress effect include M orrow ’s model (Equation 

(3-11)), the Smith, Watson, and Topper (SW T) model (Equation (3-12)), and Ellyin 's 

models (Equations (3-13) and (3-14)). The parameters used in this series o f tests are 

summarized in Table 4-9. The stress amplitude was varied from 143 MPa to 288 MPa,

and the ratio o f mean stress to stress amplitude, —— — , was set at 1 fo r 10 tests and 3 for
A r r /2

the remaining tests.

Figure 4-30 shows the test results in terms o f stress amplitude versus fatigue life  and the 

stress-life curves obtained from  fu lly  reversed tests for HPS(LT) and HPS(HT) steel. 

The horizontal part o f the lines is the fatigue lim it obtained from the lest program. The 

tests w ith  mean stresses other than zero all fall below the fu lly  reversed fatigue curves 

indicating that mean tensile stress reduces the fatigue life. The reduction in fatigue life 

varied from  a factor o f 2 to a factor o f 10, which increased with an increase in the mean

stress ratio, - Considerable variation in fatigue life  was observed for the HPS(LT)
A c r/2

specimens w ith  —^ — o f 3, all tested at s im ila r stress level, w ith two run-outs and one 
A a !  2

specimen fa iling  very early. The stress amplitude was about 150 MPa, which is probably

close to the fatigue lim it for this mean stress ratio. A t this stress ratio, the maximum

stress o f 600 MPa was very close to the tensile strength o f the material (653 MPa).

Tensile plastic ity was a like ly  com petitive failure mechanism. The mean stress ratio o f 3

is the upper bound that could be experim entally investigated for the steel. The equivalent

fu lly  reversed stress amplitude (A e r/2 )..,, as defined in Section 3.2.2.2 fo r M o rrow ’s

mean stress correction, is plotted in Figure 4-31 for the test results from the MS series
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and compared w ith  the fu lly  reversed stress-life curves. The corrected test results arc 

found to fall very close to the stress-life curves indicating that M o rrow 's  mean stress 

correction is a suitable parameter to account fo r mean stress effect in HPS.

Figure 4-32 shows the test results from the MS series tests in terms o f strain amplitude 

versus fatigue life. A  comparison o f the test results w ith the regression lines for the fu lly  

reversed strain test results indicate once again that the mean stress effect is significant. 

The Smith, Watson and Topper (SW T) model can be applied to account for the mean 

stress effect. A plot o f the SWT parameter, i.e. the maximum stress times the strain 

amplitude (see Liquation (3-12)). versus fatigue life  is shown in Figure 4-33. The close 

p rox im ity  o f the test results to the regression lines from the fu lly  reversed stress results 

indicates that the correction proposed by Smith, Watson and Topper provides a good 

approximation o f the mean stress effect.

Figure 4-34 shows the test results compared w ith the total strain energy versus fatigue life  

curves. The test results fa ll well above the energy-life curves, by a factor o f at least 2 on 

the life  scale, ind icating that the A W ' parameter is overly conservative. H llyin (1997) 

indicated that the parameter would generally overestimate the mean stress effect i f  the 

magnitude o f mean stress is large and suggested that the use o f the total strain energy Ire

restricted to small values o f mean stress to stress amplitude ratio (-■—  - < 0 .1 ). The
A a / 2

more general total strain energy parameter D  in Equation (3-13). w ith // in Equation 

(3-14) is taken as 1.0, was considered. The 13 test data and the revised energy-life curves 

arc shown in Figure 4-35. However, the regression line o f HPS(LT) steel docs not seem 

in good agreement w ith  the test results, and unconservativc predictions arc like ly  to result 

from this correction model.

4.3.2.3. Examination o f  smooth fa tigue specimens

A ll the test specimens that failed during the fatigue tests, except specimen HPS(HT)-FR- 

10 that failed near the lower grip end, failed by fracture in the reduced area. The fracture 

surface was w ith in  a few degrees o f perpendicular to the longitud inal axis o f the

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



specimen. From a visual examination o f the fracture surfaces, it was observed that more 

than 93% o f the cracks had an e llip tica l crack front, o f which more than 82% o f the crack 

in itia tion  occurred at the corner o f the rectangular cross section. Although the aspect 

ratio o f the fatigue cracks spans from  0.6 to 1.6, more than 70%- o f cracks have an aspect 

ratio o f approximately 1, resulting in a more or less circular corner fatigue crack. The 

crack size, measured on the surface o f the material specimen at the end o f the tests, varied 

from  3.2 mm to 6 mm, w ith  a mean value o f 4.5 mm. The larger cracks were observed to 

occur in those specimens tested w ith smaller maximum stresses. Figure 4-36 shows a 

typical fractured specimen and a fracture surface showing a circu lar corner crack.

A select number o f fracture surface samples from typical specimens and specimens that 

had shown a much lower fatigue life  than the other replicates, were further investigated 

by examining the fracture surface in a scanning electron microscope. The objectives o f 

these examinations were to determine the orig in o f the fatigue fracture and to assess 

whether there were any unusual features on the fracture surfaces. A typical fracture 

surface is shown in Figure 4-37 where fatigue striations can be detected. The flat parts 

arc damaged fracture surface, which was typical fo r the specimens tested under the fu lly  

reversed condition and mechanical damage imparted during the compression cycle. An 

inclusion, about 5 pm  in diameter, as shown in Figure 4-38, was found near the comer 

where the fatigue crack initiated in specimen HPS(LT)-FR-7. This was one o f the fatigue 

test specimen that displayed a shorter fatigue life  (5.7x1 ()3 cycles compared to an average 

o f 7.7x10-' for six specimens tested at a s im ila r strain condition). An X-Ray d iffraction 

analysis indicated that the inclusion is a manganese sulphide (M nS) inclusion. The 

examination under a scanning electron microscope did not reveal any other irregularities 

in the microstructure or the chemical composition o f the surfaces.

4.3.3. Crack G rowth Rate Tests

4.3.3.1. Validation o f  measurement technique

Accurate crack size measurement is an important aspect o f the crack growth rate

evaluation. In order to assess the ab ility  o f the imaging equipment to measure crack size
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accurately, tests were conducted to compare the crack size determined w ith  the imaging 

system w ith the actual crack size. A  trial specimen was fatigued to produce a small crack 

o f about 4 mm, which corresponds to the in itia l crack size in typical crack propagation 

tests. The surface crack size was measured using the camera and the test specimen was 

then broken by tensile overload. The crack size was then measured directly on the 

fracture surface. This measurement confirmed that the crack measurement made with the 

imaging system before fracture was accurate. The crack length measured w ith the 

imaging system was also compared to the crack length estimated using the compliance 

method and measurements made using an optical micrometer. The comparison between 

the three methods is shown in Figure 4-39 for specimen HPS(LT)-CGR-S. The figure 

indicates that all three methods e ffective ly yield the same results.

A  comparison between the crack length measured on the front surface and on the back 

surface o f test specimen IIPS (LT)-C G R -5 is shown in Figure 4-40. The figure indicates 

that the front and back surface crack lengths are almost identical. Figure 4-41 shows a 

photo o f the fractured specimen showing a straight crack front. Th is was observed for all 

the crack growth rate test specimens except for specimen IlPS (LT)-C G R -6, where the 

tw'o surface crack lengths d iffered by 1 to 2 mm before the crack reached 27 mm. Figure

4-42 shows the measured crack length versus number o f cycles fo r this specimen. The

figure also show's the crack length calculated using the compliance method, which was 

found to lie just between the measured crack lengths. The crack length obtained from the 

compliance method can therefore be treated as an average crack length because both the 

load and measured crack mouth opening displacement are the average value for the 

specimen. Figure 4-40 and Figure 4-42 demonstrate that, despite the underlying

assumption o f the compliance method, it s till could be used successfully i f  a welI-

calibrated compliance equation is available.

Since the d ifferent crack length measurement methods give almost identical results and 

the front/back surface cracks are almost identical fo r the m ajority o f the test specimens, 

the crack length measured using the camera alone could be used to compute the crack 

growth rate, d a l d N  , and the stress intensity factor range, AK . The crack growth rate
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was calculated by seven points incremental polynom ia l method as recommended by the 

standard (A S T M  2000c). The stress intensity factor fo r the SE(T) specimen used in this 

test program was calculated by numerical integration as outlined in B latt et al. (1994).

It is desirable to compare the results from crack growth rate tests conducted w ith  the 

SE(T) specimen w ith  the results obtained with a standard M (T ) specimen for HPS 485W 

steel. However, a direct comparison between the SE(T) test specimen and the M (T ) test 

specimen was d iffic u lt. By the time the crack length in the M (T ) specimen had reached 

about 25 mm, it no longer satisfied the symm etry requirement. A t this point, the 

m axim um  stress intensity factor range, AK  , for the M (T ) specimen was only about

14 M Payfm  . Th is corresponds to only the early crack propagation stage o f the SE(T) 

specimens. Fortunately, solutions for the stress intensity factor at both tips o f an 

unsym melrical crack in a fin ite  w idth plate subject to uniform  tension are available in the 

literature (Tada et al. 2000). A comparison o f the stress intensity factor calculated using 

the s im p lified  approach (neglecting the eccentricity o f the crack) with the solution 

provided in Tada et al. (2000) indicated that the s im p lified  approach underestimated the 

value o f the stress intensity factor by 15% fo r the longer crack and overestimated the 

stress intensity factor fo r the short crack tip by 6%. A  comparison o f the test results 

obtained from a M (T ) specimen (including results from  both crack lips) with the results 

obtained from a SE(T) specimen o f the same material is shown in Figure 4-43. The 

figure shows that the test results from the SE(T) and M (T ) specimens arc sim ilar. The 

single edge (SE(T)) crack test specimens were therefore adopted fo r the crack growth rate 

tests.

4.3.3.2. Results and discussions

The crack growth rate test results for HPS(LT) steel are presented in Figure 4-44, Figure 

4-45, and Figure 4-46 for load ratios, R, o f — 1, 0, and 0.5, respectively. The variation in 

test results fo r the three specimens presented in the figures is very small. The test results 

presented in Figure 4-44 are expressed in two ways: fo r one case, the stress intensity 

factor range is taken as the difference between the maximum and m inimum stress
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intensity factor, and for the other case, on ly  the tension portion o f the stress cycle is 

considered, i.e. AK. = K max -  0. The A S TM  standard suggests the operational defin ition 

o f AK  as K imx -  0 ,  which assumes that crack closes as soon as the applied load goes to

zero and does not include local crack tip effects such as crack closure, residual stress, and 

blunting (A S T M  2000c). On the other hand, the whole compressive branch is assumed 

effective, i f  AAf is defined as the algebraic difference between A'||UV and K mm. In reality.

however, the effective stress intensity factor range is somewhere between the two cases 

presented in Figure 4-44. Although the exact value beyond which the compressive 

branch portion remains effective in closing the crack is uncertain, it should be a function 

o f the applied K nuy . Test results with alternating loading arc s till useful as long as the R 

is the same, and the defin ition for AK  is consistent in the applications and the original 

source.

A ll the test results from HPS 485W steel arc presented in Figure 4-47, from which the 

effect o f stress ratio can be observed. The mean regression lines are essentially parallel 

to each other, but fo r a given A K , an increase in stress ratio. R, results in an increase in 

the crack growth rate. As R increases from 0 to 0.5, the growth rale increases by 

approxim ately 80%. However, this increase is considered to be on ly  secondary because 

the va riab ility  in test results from nom inally identical tests fo r other steels is typ ica lly 

w ith in  a factor o f two (ASTM  2000c). The test results for /\7 = -  I are very close to those 

for R = 0 i f  AA" is defined as K imx -  0 . The results o f tests on G 40 .21 350W T steel for R

= 0.1 and 0.5 are also shown in Figure 4-47. The R = 0.1 test results include all six 

specimens because the specimen location did not seem to have any noticeable effect on 

the crack growth behaviour o f 350W T steel. A  comparison between the two steels 

indicates that the difference in the crack growth properties between this particular HPS 

and 350W T steel m ight be insignificant.

Since the most frequently reported crack growth behaviour usually refers to a stress ratio. 

R, o f 0, the results from HPS(LT) al R = 0 are compared w ith test results reported in the 

literature for other steels in Figure 4-48. The results from HPS 485W  steel are well
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w ith in  the general scatter band o f steels. In fact, the scatter band for HPS 4S5W steel is 

very close to the scatter band for fcrrite-pearlitc steels. The crack propagation properties 

o f this particular HPS do not seem to be different from  those o f conventional grades o f 

structural steel in the stable crack propagation region.

The crack growth rate can be expressed in the fo llow ing  form:

d a ld N  = C(  A A T  (4-12)

where C and in are crack growth rate constants presented in Table 4-12 for HPS 4S5W 

steel and 350W T steel. Table 4-12 also presents the crack growth rate constants obtained 

using a defin ition  o f A /f as K nux - 0  for the fu lly  reversed stress condition.

4.3.4. Fracture Toughness Tests

Three fracture toughness tests were performed on HPS 485W steel and four tests on 

G40.21 350W T steel. Table 4-3 shows the test matrices as well as the lest results in 

terms o f fracture behaviour and applicable fracture toughness parameters.

4.3.4.1. I IPS4S5W  steel

Figure 4-49 shows the load versus crack mouth opening displacement curves fo r three 

tests on the 51 mm HPS 485W steel plate (HPS(HT)). A lthough all three specimens 

failed by instab ility , there is a significant difference in the amount o f deformation 

occurring before failure. Specimen HPS(HT)-FT-1 showed markedly higher toughness 

than the other tw o specimens. Some o f this difference may be explained by the 

difference in testing temperature, since specimen HPS(HT)-FT-1 was tested at -43°C  

while the other two specimens were tested at about -51°C . However, the behaviours of 

the two tests at around -51°C , specimen HPS(HT)-FT-2 and specimen HPS(HT)-FT-3, 

are very s im ilar. V a lid  K IC results were obtained from  the two specimens, although both

o f them only m arginally met the qualification criteria expressed by liquation (4-5) and 

Equation (4-6), indicating that a plane strain condition was achieved at the lest
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temperature for the plate thickness. Both tests failed by instab ility  after little  stable crack 

extension was measured.

Figure 4-50 shows the resulting J-R  curves for the three fracture toughness test 

specimens. A valid J IC value was determined for specimen IIPS(I IT )-F T -1. indicating 

the point where stable crack extension begins. W hile both specimen H P S (H T)-F r-2  and 

HPS(HT)-FT-3 show' an apparent R curve, a valid J Ir cannot be obtained from specimen

HPS(HT)-FT-2 because o f the small number o f data points. For reference, the dashed 

lines show' the specimens measurement capacity lim its , which are defined in ASTM 

E l820 standard as follow's:

where the symbols are as defined earlier. A ll specimens failed w'ell below these lim its. 

43.4.2. 350WI'steel

Figure 4-51 shows the load versus crack mouth opening displacement plots for four tests 

performed on 350W T steel. Specimen 350WT-FT-1 was tested at room temperature and 

other three specimens were tested at temperatures close to -50"C. No instab ility  was 

observed in the 350W T-FT-I test; the end o f the load v ersus displacement plot indicates 

w'here the test wais stopped. The c lip  gauge used to measure the C M O D  w as repositioned 

at approximately 3 mm and the test was stopped w'hen the gauge ran out o f range for (he 

second time. The specimen underwent a small amount o f stable crack extension. The 

test results for the three specimens tested al low temperature arc almost identical. The 

nonlinear portion o f the load versus displacement curve indicates some crack tip blunting 

(p lastic ity) before fracture, but s till before the onset o f stable crack extension because the 

slope o f the unloading lines is s till almost constant. However, the tests do not satisfy the

(4-13)

(4-14)
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requirements for plane strain K l( behaviour fo r the test temperature and specimen 

thickness selected.

Figure 4-52 shows the J-R  curves for all 350W T specimens. Specimen 350WT-FT-1 

reached the specimen measurement capacity lim it, which is typical in ductile materials. 

Again, the J-R curves o f the three specimens tested at -50°C  are very close to each other. 

A ll three specimens showed little  plasticity and negligible crack extension before crack 

instability.

4.3.4.3. Comparison between HPS 4S5W and 350WT steel behaviours

Comparing Figure 4-49 and Figure 4-51, HPS 485 W steel shows tw o peculiarities in the 

load versus displacement behaviour compared to 350W T steel. For all three HPS 

specimens, their respective load carrying capacity is almost constant throughout the 

fracture test, while 350W T  steel tested at room temperature shows apparent strain 

hardening as plastic strain accumulates. A lthough the shape o f the uniaxial stress versus 

strain curves o f the two materials is sim ilar, it is not known why HPS(HT) steel shows no 

strain hardening in the fracture toughness tests. Moreover, all three HPS steel specimens 

showed an unusual unloading behaviour. Figure 4-53 illustrates the difference in 

unloading between the 350W T steel and HPS(HT) steel. The 350W T steel behaved as 

expected and the load versus displacement curve started on the elastic unloading curve as 

soon as the load was reduced. On the other hand. HPS(HT) steel first followed the 

orig inal loading path (part 1 in Figure 4-53) and then fo llow ed a line that is 

approximately straight and parallel to the orig inal clastic curve (segment 2 in Figure 

4-53). The cause o f this peculiar behaviour observed in the fracture toughness tests is not 

known.

Figure 4-54 show's the summary o f J for all fracture tests performed on HPS 4S5W and 

350W T steels. The shading o f the symbols indicates the failure mode as follows: ( I )  

Open symbols indicate ins tab ility  occurring before stable crack extension (V  ); (2) Grey

symbols indicate instab ility  occurring after some amount o f stable crack extension { J  u );
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and (3) Black symbols indicate no instab ility  occurs before the end o f the test ( J ma ). J  is 

plotted in terms o f the non-dimensional ratio ./ /  B a y to reduce the effect o f material 

y ie ld  strength and specimen size. Although there is not enough information to f it  a 

complete J  versus temperature curve, the expected trend th a t ./ increases as temperature 

increases is observed. A t a temperature o f -50°C , the 350W T steel indicates a lower 

shelf behaviour as instab ility  occurs before stable crack extension. HPS 485W  steel 

consistently shows higher toughness at this temperature, although the difference is very 

small.

4.3.4.4. Fracture surfaces examination

The typical fractured test specimens are shown in Figure 4-35. Specimen 350W T-FT-1 

(Figure 4-55 (a)) shows large plastic deformation at room temperature, whereas specimen 

350W T-FF-4 (Figure 4-55 (b)) shows no plastic deformation when tested at -5()°C. In 

contrast, a significant amount o f plastic deformation is apparent in specimen HPS(HT)- 

FT-3 (Figure 4-55 (c)) tested at the same low temperature, which can also be seen on the 

fracture surfaces shown in Figure 4-56. Figure 4-57 and Figure 4-58 show the fracture 

surface appearances, as observed in a scanning electron microscope, for specimens 

350W T-FT-4 and HPS(HT)-FT-3, respectively. The fracture surface o f the 350W T steel 

tested al -50°C  shows extensive cleavage facets w ith  only very small areas o f m icrovoid 

coalescence. The mode o f failure for I IPS 4S5W steel can be best classified as quasi- 

clcavagc where more ductile  dimples are surrounded by the cleavage facets that arc still 

dominant.

4.4. Testing of HPS Fatigue Detail (Plate with a Central Circular Hole)

Eight test plates w ith a central c ircu lar hole detail were made from the 6.4 mm thick 

HPS(LT) plate. The lest specimens were 264 x 50 x 6.4 mm steel plates w ith a 7.6 mm 

diameter hole at the centre. The dimensions o f a typical test specimen are shown in 

Figure 4-59. The gripp ing  length was 82 mm al both ends. Specimens were saw cut 

from the 6.4 mm plate and the edges were m illed smooth but the m ill scale remained
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intact. A  7.6 mm circu lar hole was drilled at the centre o f the specimen after a 3.2 mm 

p ilo t hole was d rilled  in itia lly . The specimen dimensions were obtained w ith a calliper 

after the holes were drilled. The measurements indicated that the average hole offset in a 

set o f eight specimens was 0.19 mm and the m aximum value was 0.28 mm. A ll eight 

specimens were tested under load control at a frequency o f 10 Hz. w ith a fu lly  reversed 

condition for four stress amplitude levels. The failure criterion used to terminate the tests 

was that the maximum load would drop to ha lf o f the in itia l value and the run-out lim it 

was set at 10 m illion  cycles. The geometry o f the specimens, testing conditions and 

failure criterion w'ere designed to be as close as possible to those used by Sehitoglu 

(1983) in order to make a direct comparison w ith A S TM  A36 steel.

In seven out o f eight specimens, a through-thickncss crack was observed to start at one 

side o f the c ircu lar hole, generally the side w ith  the sm aller edge distance. By the time 

the crack had almost reached the edge, another smaller crack had usually in itia ted on the 

other side o f the hole. The fatigue life  o f the specimens varied from 1.5x10-' to 

10 m illion  cycles (run-out).

The fatigue test results are summarized in Table 4-13 and presented graphically in Figure 

4-60. It is apparent from the figure that there is quite a lot o f variation among the test 

results, as is expected in the high cycle fatigue region. The test results for A36 steel 

obtained by Sehitoglu (1983) are also shown for comparison. In the high cycle fatigue 

region, H PS(LT) steel seems to perform s ligh tly better than A36 steel in the nominal 

stress range region between 230 MPa and 350 MPa.

4.5. Summary

An experimental program was conducted to investigate the fatigue performance o f high 

performance steel and to compare its performance w ith  that o f conventional structural 

steels. M onolonic and cyclic material properties o f tw o  heats o f 1 IPS 4S5W steel, ASTM  

A7 steel and G 40.2I 350W T steel w'ere obtained from  material tension tests, Charpy 

V-Notch tests, and smooth specimen fatigue tests, to provide the input parameters for 

stress-based, strain-based and energy-based approaches. Crack growth rale tests and
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fracture toughness tests were also conducted on HPS 485W steel and G40.2I 350VVT

steel. The fo llow ing  summarizes the findings o f the lest program.

1. The d u c tility  o f 1IPS 485W  steel, determined from tension coupon tests, is 

comparable to the duc tility  o f conventional structural steel.

2. O f three heats o f high performance steel, one shows s im ila r upper shelf energy 

absorption as A7 steel, but has a transition temperature 60CC lower than that o f A7 

steel. The other two have belter performances.

3. A difference o f 200 J in the upper shelf energy and 15(,C in transition temperature was 

observed between two different heats o f HPS.

4. The IIP S 485W  steel tested provides a fatigue lim it 2.4 times that o f conventional 

structural steels based on smooth specimen fatigue tests.

5. The fatigue crack in itia tion properties o f a higher toughness 11PS 485W steel 

(HPS(HT)) arc sim ilar to those fo r a lower toughness HPS(I.T) steel.

6. Crack in itia tion  properties o f HPS are s im ila r to conventional structural steels in 

terms o f strain and energy, hut very different in terms o f stress due to the higher 

tensile strength o f HPS.

7. The effect o f mean stress on fatigue life  o f HPS was found to be significant. The 

effect o f mean stress can be accounted for re liab ly  by (he M orrow  and SW T models.

8. The crack propagation properties o f HPS and 350W T steel are sim ilar.

9. HPS(HT) steel shows s ligh tly  higher fracture toughness at low temperature than the 

conventional notch tough 350W T.

10. Plates w ith  a circular hole detail made from HPS(LT) steel performed s lightly better 

in the high cycle fatigue region than sim ilar plates made o f ASTM  A36 steel.
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Table 4-1 Complete M atrix  o f Material Properties Characterization Test Program

M ateria l*
Chemical Charpy V - Tension 
Analysis Notch Test Coupon Test

Smooth Specimen Crack Fracture 

L a tig u c lc s t Growth Toughness 

FR Series MS Series Rule Test Test

HPS(LT) 1 25 ( L ) * *  3 (L)

3 t/IV  '

22 (L ) 9 CL) 9 (L) 

5 (T)

HP S (IIT ) 24 (L ) 3 (L) 11 (L ) 4 (1 .) 3 (L)

A7 1 25 ( T I 4 (T) 6 (T)

350W T 3 (L ) 3 (L I cS ( I t  4 ( L i

4 HPS(LT) and IIP S (H T) are two heats o f H I’S 485W  steel with remarkably d iffe rent toughness, where 
LT  and I IT represent the re la tive ly low and high toughness character o f the plates. 4 Cliarpy V-Notch 
tests were also conducted on a HPS plate with medium toughness that is designated as IIPS(M T).

I . ' Longitud ina l, specimens oriented in the ro lling  d irection o f plate.

T ** Transverse, specimens oriented in the transverse direction o f plate.______________________________

Table 4-2 Summary o f Crack Growth Rate Test Conditions

Load Ratio R 
Material ,, , , ,

nun m.n

Specimen
Designation

Specimen
Location

M axim um  Testing Load
/>...( k N f

IIP S (LT ) -1 HPS(LT)-CG R-I Full thickness 15.0

IIPS(LT)-C G R -2 I-Til 1 thickness 12.0

I lPS(LT)-CGR-3 Full thickness 12.0

0 1 IPS(LT)-CGR-4 Full thickness 15.0

1 IPS(LT)-CGR-5 Full thickness 16.0

1 IPS(LT)-CGR-6 Full thickness 14.0

0.5 1 IPS(LT)-CGR-7 Full thickness 28.0

1 IPS(I.T)-CGR-8 Full thickness 26.0

I IPS(LT)-CGR-9 Full thickness 26.0

350VVT 0.1 350W T-C G R -1 Surface 50.0

350W T-CGR-2 Surface 50.0

350W T-CGR-3 Surface 50.0

350W 'I'-CGR-4 Surface 60.0

350W T-CGR-5 M iddle 50.0

350W T-CGR-6 M iddle 50.0

0.5 350W T-CGR-7 Surface 60.0

350W T-CGR-8 Surface 60.0
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Table 4-3 Summary o f Fracture Toughness Tests

M aterial
Thickness Specimen 

(m m ) Designation

Test
Temperature

(°C)

Fracture
Behaviour*

K v
( M P a J m  ) (kJ/nT)

J , ,
(kJ/m-’ )

H PS(HT) 50 H PS (H T)-IT -1 -43 II 79 799 103

HPS(HT)-FT-2 -52 II 6S:I 107 N .A .b

H P S (H T)-IT -3 -50 II 72a 167 58

350W T 38 350W T-FT-I +20 III 72 852 6S5

350W T-FT-2 -50 1 62 61

350W T-FT-3 -50 1 65 42

350W T-FT-4 -50 1 66 51

*  Fracture behaviour 1. instability  before stable crack extension. 

Fracture behaviour II, instability  after some stable crack extension. 

Fracture behaviour I II ,  no instability by the end o f test. 

a V a lid  K l r -

h Not available because o f too lew data points.____________________

Table 4-4 Chemical Analyses o f HPS 485W and A7 Steels (% W eight) 

(a). Chemical Analysis Results o f  HPS 485 W  and A7 steels

M aterial C Mn P S Si C’u N i C r M o V A l N

MPS 485W * 0.102 1.15 0.010 0.005 0.33 0.299 0.311 0.53 0.047 0.051 0.026 0.008

A7 0.216 0.737 0.005 0.017 <0.01 0.013 0.014 0.013 0.006

* Sample was taken from the 6.4 mm HPS plate HPS(LT). The chem istry was found to be very close to
that from m ill report. The report also showed that the difference between the chemical composition o f
the three HPS 485W  steel plates o f d iffe rent thicknesses (from  three d iffe ren t heats) is negligible.

(b). Chemical Com position Requirements fo r  HPS 4S5W and A7 steels

M aterial C Mn P S Si Cu Ni C r M o V A l N

HPS 485W ° - n  1; ' ° -  
mas l.3o

0.020 0.006 
mas max

0.30-
0.50

0.25- 0.25- 0.45- 
0.40 0.40 0.70

0.02- 0.04- 
0.08 0.08

0.010-
0.040

0.015
max

A7
0.04 0.05 
max max

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4-5 Charpy V-Notch Impact Tests Results —  Half-size Specimens

[IPS 4S5W (6.4 mm plate) A7 (6.4 mm plate)

Temperature Specimen C V N  Energy Temperature Specimen C V N  Energy

(°C) Designation (J) (°C) Designation (J)

-75 H P S (LT )-C V N -I 19 -75 A 7 -C V N -1 3

H P S(LT)-C V N -2 27 A 7-C V N -2

H P S(LT)-C V N -3 22 A7-C V N -3 3

-60 H PS(LT)-C VN -4 35 -60 A 7-C V N -4 3

H PS(LT)-C VN -5 43 A 7-C V N -5 3

H P S (LT)-C V N -6 49 A 7-C V N -6 5

-45 IIP S (LT )-C V N -7 73 -45 A7-C V N -7 3

M PS(LT)-CVN -8 49 A 7-C V N -8 3

H PS (LT)-C V N -9 43 A 7-C V N -9 3

I1P S (LT )-C V N -I0 49 -35 A 7 -C V N -10 3

I IP S (LT )-C V N -i i 68 A 7 -C V N -1 ! 3

-35 IIP S (L T )-C V N -I2 76 A 7-C V N -12 3

IIP S (LT )-C V N -13 81 -24 A7-C V N -13 5

H P S (L T )-C V N -|4 43 A 7 -C V N -14 5

IIP S (LT )-C V N -15 84 A 7 -C V N -15 5

H P S (L T )-C V N -I6 52 0 A 7 -C V N -16 16

-24 H PS(LT)-C VN -17 81 A 7-C V N  - 17 19

M P S (LT )-C V N -I8 84 A 7 -C V N -18 19

IIP S (LT )-C V N -19 87 + 12 A 7 -C V N -19 76

0 H PS(LT)-C VN -20 95 A 7-C V N -20 57

!IP .S (LT)-C V N -2I 98 A 7 -C V N -2 1 84

1 IP S (LT)-C VN -22 87 A7-C V N -22 54

+25 IlP S (LT )-C V N -23 92 +25 A 7-C VN -23 92

IIP S (LT )-C V N -24 103 A 7-C V N -24 100

H PS(LT)-C VN -25 106 A7-C V N -25 108
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Table 4-0 Charpy V-Notch Impact Tests Results —  Fill 1-si/e Specimens

HPS4S5W  (19 mm plate) HPS 4S5W i5 mm plate)

Temperature Specimen C V N  Energy Temperature Specimen Specimen CVN Energy

(°C) Designation (J) t C ) Designation Location 1.1 >

+25 I1PS|M T)-CVN-1 255 -75 1ipsn rn -cvN -i Side l(>3

llP S iM T l-C V N -2  229 1PSiJIT )-C V N -2 M iddle 7

HPS(M T)-C YN -3 231 iPStirn-cvN 3 Side 5d

H P S(M T)-C VN -4 228 l l ’St I lTl-CVN-4 M iddle 15')

IP S llI 1)-CVN-5 Side 148

-00 1IP S d lT K 'V N  0 Side 103

IPSi.H T K 'V N -7 M idd le 9

IPSO IT) CVN-S Side 105

-45 11PS(1IT)-CVN 9 Side 176

IPS(HT)-CVN-K) M idd le 201

1PS(1 H ) C VN 11 Side 15

-35 1IPSU1T)-CVN-12 Side 195

350W T (38 mm plate) IP.S(HT)-CVN-I3 M idd le 119

Temperature Specimen C V N  Energy 1PS(HT)-CVN-I4 Side 172

(°C) Designation (J) IP S (H T)-C V N -I5 Side 180

-45 350W T-CVN-1 170 -24 11PS(I I'D  CVN 10 Side 194

350W T-C VN-2 141 1PS(H I )C V N  17 M idd le 199

350W T-C VN-3 106 1PS( 11D -C V N -1S Side 209

0 HPS(1IT)-CVN -I9 Side- 210

HPS'(HT)-CVN-20 M idd le 202

1IPS(HT)-CVN-21 Side- 239

+25 IlPS(H T)-C VN -22 Side 209

IIP S (llT )-C V N -23 Middle- 309

11 PS( 111)-('VN-24 Side .328
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T a b ic  4 -7  T en sion  C o u p o n  Tests R esu lts

Material O rientation
Specimen

Designation

Young’s

Modulus

(MPa)

Static Y ield 

Strength11 

(MPa)

Static Tensile 

Strength 

(MPa)

Reduction
P.lonsation1’

in Area 

(%) (%)

IIP S (L T ) Longitud ina l t (PS(LT )-TC -I 200 500 447 660 26 61

HPS(LT)-TC-2 194 900 424 641 27 41

IlPS<LT)-TC -3 195 800 443 657 25 49

Average 197 100 438 653 26 50

Transverse HPS(LT)-TC-4 202 600 442 649 23 38

M PS(LT)-TC-5 199 200 447 639 20 49

HPS(LT)-TC-6 201 900 448 636 25 45

Average 201 200 446 641 23 44

IIP S (IIT ) Longitud ina l H P S (H T)-TC -I 205 600 438 505 29 6S

M PS(HT)-TC-2 194 500 459 518 27 60

11I\S(I IT)-TC-3 191 000 461 532 25 63

Average 197 000 453 5 IS 27 64

A7 Transverse A7-TC-1 203 200 275 389 31 56

A7-TC-2 200 400 256 370 31 58

A 7-TC -3 198 000 252 371 30 61

A7-TC-4 203 900 250 375 34 61

Average 201 400 258 376 32 59

350W T Longitud ina l 3 5 0 W T -T C -1 187 100 360 472 N .A .* N.A.

350W T-TC-2 198 700 365 441 N.A. N.A.

350W T-TC-3 188 700 369 471 N.A. N.A.

Averttge 191 500 365 461

a Y ie ld  strength was obtained using the 0.2% offset method.

Gauge length is 50 mm fo r IIP S (LT ) and A7 coupons, and is 200 mm for H P S (IIT ) and 350W T coupons.

* Not available.
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Table 4-8 FR Series Smooth Specimen Fatigue Test Results

. , „  . „  . Specimen
Material Orientation Control ' .Designation

Total
Strain

Am plitude

A f  12 

(%)

Stress
Am plitude

A a / 2

(MPa)

No. o f 
Cycles 

to 
Failure

",
(x 1000)

Elastic Plastic Plastic
Strain Strain Strain

Am plitude Am plitude Energy

A A / 2  A f 1' 12 A U "'
(%) (%) ■')

IIP S (LT) Longitudinal Strain HPS(LT)-ER-1 0.67 522 0.8 0.265 0.407 6.88

H P S (LT)-I;R-2 0.63 499 2 0.253 0.380 6.04

HPS(ET)-ER-3 0.63 503 ■) 0.255 0.373 5.81

IIPS(LT)-ER -4 0.44 449 I I 0.228 0.211 2.41

1 lPS(LT)-ER-5 0.40 471 6 0.239 0.161 2.40

H P S (IT )-F R  6 0.40 454 10 0.230 0.169 2.24

H PS(LT)-FR-7 0.40 453 6 0.230 0.166 2.12

HPS(LT)-FR-S 0.40 466 6 0.236 0.159 2.18

HPS(LT)-FR-9 0.31 433 18 0.220 0.088 0.98

H P S (LT )-E R -I0 0.29 443 21 0.225 0.070 0.93

1-1 PS (1 ,T )-F R -11 0.29 443 17 0.225 0.069 0.79

H P S(ET)-ER -I2 0.17 321 354 0.163 0.010 0.04

IIPS (LT)-FR -13 0.16 355 510 0.158 0.000 0.03

11PS(LT)-ER-14 0.12 226 10 000* 0.115 0.001 0.00

HP S(E T)-FR -I5 0.11 179 10 000* 0.091 0.017 0.01

HPS(LT)-FR-16 0.10 192 10 000* 0.095 0.000 0.00

Stress 11PS(LT)-FR-17 0.15 298 10 000* 0.151 0.001 0.00

I1PS(LT)-FR-1S 0.15 298 10 000* 0.149 0.000 0.00

HPS(LT)-ER-19 0.14 298 7 427 0.139 0.000 0.00

HPS(LT)-FR-20 0.14 265 10 000* 0.134 0.007 0.00

H P S (LT )-F R -21 0.14 252 10 000* 0.128 0.011 0.00

HPS(LT)-FR-22 0.11 238 10 000* 0.110 0.000 0.00

Transverse Strain HPS(LT)-FR-23 0.63 492 2 0.245 0.382 5.81

IIPS(LT)-ER -24 0.63 507 0 0.252 0.374 6.26

HPS(LT)-FR-25 0.27 434 24 0.216 0.053 0.61

IIP S (LT)-FR -26 0.27 450 21 0.224 0.043 0.58

IIP S (LT)-FR -27 0.10 236 10 000* 0.099 0.000 0.00
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Table 4-8 FR Series Smooth Specimen Fatigue Test Results (C ont’d)

■ , ^  ^  i Specimen 
Material O rientation Control ^  .

Designation

Total
Strain

Amplitude

A f / 2
( %)

Stress No. o f 
Am plitude Cycles 

to 
Failure 

Ac r / 2  N ,  
(MPa) (x l 000)

Elastic Plastic 
Strain Strain 

Am plitude Am plitude

A f '7  2 A f '7 2  

( % )  ( % )

Plastic
Strain

Energy

A H " ’

•’ )

HPS(HT) Longitud ina l Strain HPS(HT)-FR-1 0.63 448 2 0.227 0.399 5.79

HPS(M T)-FR-2 0.40 401 8 0.204 0.196 2.38

HPS(M T)-FR-3 0.2S 399 14 0.202 0.074 0.91

HPS(H T)-FR-4 0.19 335 92 0.170 0.025 0.19

HPS(H T)-FR-5 0.18 334 125 0.170 0.006 0.05

HPS(M T)-FR-6 0.16 306 400 0.155 0.003 0 .0 1

Stress HPS(H T)-FR-7 0.16 304 312 0.154 0.004 0.02

HPS(HT)-FR-S 0.14 287 354 0.142 0.000 0.00

HPS(H T)-FR-9 0.14 284 719 0.143 0.000 0.01

H P S (H T )-F R -I0 0.13 271 4 2 7 1;l 0.126 0.000 0.00

IIP S (H T )-F R -1 1 0.13 269 10 000* 0.129 0.000 0.00

A7 Transverse Strain A7-FR-1 0.63 296 2 0.147 0.478 4.45

A7-FR-2 0.62 308 2 0.153 0.471 4.69

A7-FR-3 0.28 228 22 0.113 0.170 1.12

A7-FR-4 0.28 235 17 0.117 0.166 1.15

A7-FR-5 0.28 235 16 0.117 0.165 1.14

A7-FR-6 0.10 198 10 000* 0.097 0.000 0.00

* Run-out.

a Specimen failed near lower grip.
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Tabic 4-9 MS Series Smooth Specimen Fatigue Test Results

Material

Mean Stress 
Ratio

A cr/2

Specimen
Designation

Mean Stress Total 
Stress Am plitude Strain 

Amplitude
crw(MPa) A ct/ 2 (MPa) A f / 2 ( A )

No. o f  Plastic 
Cycles to Strain 

Failure Energy 

A", (X I000) A U " '(M J /n r ')

IIPS(LT) 1 IIP S (L T )-M S -I 291 288 0.15 88 0.09

H P S(LT)-M S-2 269 270 0.13 119 0.05

HPS(LT)-M S-3 24S 256 0.12 97 0.05

M PS(l.T)-M S-4 251 243 0.15 8 447 0.00

IJPS(LT)-M S-5 226 227 0.11 10 000* 0.03

H PS(LT)-M S-6 228 214 0.11 5 354 0.00

3 !lP S (LT )-M S -7 483 153 0.09 97 0.01

HPS(LT)-M S-8 471 152 0.09 10 000 0.00

IlP S (LT )-M S -9 458 143 o.os 10 000* 0.00

MPS(HT) 1 H P S (H T)-M S-I 246 240 0.13 130 0.07

MPS(HT)-M S-2 234 233 0.12 308 0.06

lIP S (H T)-M S -3 227 232 0.11 293 0.04

M PS(HT)-MS-4 232 225 0.11 10 000* 0.05

* Run-out.

Table 4-10 C yc lic  Material Properties o f 11PS 485W and A 7 Steels

Material
Orientation K'

(MPa)

//'

(MPa)

b C  c

HPS(LT) Longitudinal 956 0.113 851 -0.069 0.775 -0.701

IIP S (LT) Transverse 690 0.058 741 -0.052 1.917 -0.830

MPS(HT) Longitudinal 666 0.076 I K » -0.073 6.207 -0.940

A7 Transverse 1139 0.248 760 -0.121 0.196 -0.486

Table 4-11 Energy-Life Curves o f MPS 485W and A7 Steels

Material Orientation F r
(M J/m ’ )

F

(M J/nr’ )

a A IL

(M J/nr’ )

c

(M J/n r’ )

a : AH'0'

(M J/m ’ )

HPS(LT) Longitudinal 2163 -0.784 705 -0.585 0.79 1463 -0.721 0.20

HPS(LT) Transverse 6064 -0.922 1012 -0.642 1.02 2855 -0.814 0.25

HPS(HT) Longitudinal 4523 -0.880 577 -0.578 0.58 1497 -0.741 0.14

A7 Transverse 622 -0.642 431 ■0.560 0.12 551 -0.621 0.03
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T a b ic  4 -1 2  C ra c k  P ropagation  Properties  o f  H P S  4 8 5 W  and 3 5 0 W T  Steels

Load Ratio K  
M aterial „  . „

imii max
C in Condition

H PS(LT) -1 2.27x10-'° 3.20 II

-1 2 .18x10” 3.20 =  K .. . - 0

0

OX 3.12

0.5 5 .48x10” 3.14

350W T 0.1 8 .88x10” 3.03

0.5 2 .89x10” 3.59

Note: A K  in MPaVm and d a l d N  in 111111/cycle, based on test results for 

5 x 1 0 '°  < d a l d N  <  10*’ mm/cvcle.

Table 4-13 Fatigue Test Results from Plates Made w ith  I IPS(LT) Steel

Specimen Nominal Stress Range No. o f Cycles to Failure

Designation (MPa) (XlOOO)

M PS-D-l 230 1 142

1IPS-D-2 231 1 040

IIPS-D-3 234 10 000*

IIPS-D-4 240 1 189

I IPS4X 5 252 1 010

UPS D-0 202 1 277

11PS-D-7 202 037

I1PS-D-8 347 151 ■’

* RLin-ont.

a Test was continued on run-out specimen 1IPS-D-3 at higher stress range.
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■ N-
A typical blank

/ /

Notes:
- Shaded areas were discarded
- A ll dimensions are in mm

Figure 4-1 C VN  Specimen Locations in 51 mm thick 11PS 4S5W Steel Plate

n D A D 
► k  ►< » k  » k -

smooth blend 
no undercut

~v i  i \ y

XR

13

Reduced section  leng th  A 21.5 mm
Reduced section  w id th  11 8.3 mm
G rip p in g  length  13 105.0 mm
G rip p in g  w id th  W 25.4 mm
R adius R 12.7 mm
T ra n s itio n  leng th  I) 12.0 mm
O ve ra ll length  L 255.5 mm
T h ickness  1 6.0 mm

Figure 4-2 Flat Sheet Smooth Fatigue Specimen w ith Rectangular Cross Section
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Figure 4-3 Smooth Specimen Fatigue Test Set-up
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notch detail
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Figure 4-4 Geometry and Notch Detail o f Crack G rowth Rate Specimen
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Figure 4-5 Crock Growth Rate Test Set-up

Scale 1 /

Crack tipFatigue crack

Figure 4-6 Illustration o f Crack Length Measurement 
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Figure 4-7 Fracture Toughness Specimen SF(B)
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Fiuure 4-8 Fracture Toughness Test Fixture

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mm ' vt*
7  Fans

Thermistor

Dry ice

Figure 4-9 Low Temperature Fracture Toughness Test Set-up

(a) 350W T Steel (b) UPS 485W Steel

Figure 4-10 M icrostructurc o f HPS 4S5W and 350W T Steels
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Figure 4-13 Comparison o f Charpy V -N otch Energy versus Temperature between Side 

Specimens and M idd le  Specimens from  the 51 mm HPS 485W  Steel Plate
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Figure 4-14 Fracture Surfaces at Various 'T

Half-S ize Specimens from 6.4 mm HPS 485W  Steel Plate
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F ig u re  4 -1 5  D u c tile  F racture  o f  H P S (L T )  S tee l at R o o m  T em p eratu re  (+ 2 5 ° C )

Figure 4-16 B rittle  Fracture o f IIP S (LT) Steel at Low  Temperature (-75 °C )
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mm.

Figure 4-17 M ixed Fracture HPS(LT) Steel at Transition Temperature (-45°C )
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Figure 4-18 Typical Stress versus Strain Curves fo r HPS 485W , A7, and 350W T Steels
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F ig u re  4 -1 9  Fracture o f  H P S (H T )  S teel T en s io n  C o u p o n s

'N -500  
-N=20 
-N = 1 0 
■N=2 
■N= 1

<N=2 
-N = 10 
-N=20 
‘N=500

(a) Strain so ften ing (b) Strain hardening

Figure 4-20 Illustration o f Stabilized Hysteresis Loops
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7igure 4-21 Smooth Specimen Fatigue L im it Test Results
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Figure 4-22 Method for Obtaining a Cyclic Stress versus Strain Curve 

fo rH P S (LT ) in Longitudinal D irection

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



St
re

ss
 

am
pl

itu
de

 
(M

P
a)

 
St

re
ss

 
(M

P
a

)

600

500 

400 

300 

200 

100 

0
0 2000 4000 6000 8000 10000

S t r a i n  ( p e )

Figure 4-23 Cyclic and Monotonic Stress versus Strain Curves 

for UPS 485W and A7 Steels
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Figure 4-24 Stress Amplitude versus Fatigue Life Data
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Figure 4-25 Strain Amplitude versus Fatigue Life Data
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'igure 4-26 Illustra tion o f Regression Analysis in Obtaining Strain versus L ife Curve, 

fo r MPS(LT) in Longitudinal Direction 
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Figure 4-27 Plastic Strain Energy per Cycle ( A M " ') versus Fatigue L ife  Data
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Figure 4-28 Total Strain Energy per Cycle ( A l l7 ) versus Fatigue L ife  Data
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Figure 4-29 Plastic Plus Tensile Clastic Strain Cncrgy per Cycle ( A I T ')

versus Fatigue Life Data
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Figure 4-30 MS Series Test Results —  Stress versus L ife  Data
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Figure 4-31 Fatigue Data from the MS Series Plotted in Terms of Equivalent Stress 

Amplitude According to Morrow's Model
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Figure 4-32 MS Scries Test Results —  Strain versus Life Data
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Figure 4-33 Fatigue Data from the MS Scries Plotted in Terms o f SWT Parameter
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Figure 4-34 MS Series Test Results — Plastic Plus Tensile Elastic Strain Energy per

Cycle ( A IT ') versus Life Data
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Figure 4-37 Typica l Fracture Surface o f a Smooth Fatigue Specimen

Figure 4-38 Fracture Surface o f Specimen HPS(LT)-FR-7
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Figure 4-57 Fracture Surface o f Specimen 350W T-FT-4 (Scanning Electron Micrograph)

a t a M f c

Figure 4-58 Fracture Surface o f Specimen HPS(HT)-FT-3 (Scanning Electron Micrograph)
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CHAPTER 5. 

RESULTS OF ANALYSIS

5.1. Introduction

Using the analytical techniques and procedures described in Chapter 3 and the fatigue 

material properties presented in Chapter 4, fatigue analyses o f six different details were 

carried out to predict their fatigue lives (including both crack in itia tion and crack 

propagation). The predicted fatigue performance o f these details are compared with 

fatigue test results. The details investigated analytica lly arc: plates w ith a circular hole 

tested by Sehitoglu (1983), bearing-type bolted shear splices tested by Josi et al. (1999). 

large scale beams tested by Baker and Kulak (1985), welded cruciform s tested by 

Friedland et al. (1982), welded cover plate jo in ts tested by Friedland et al. (1982). and 

large scale welded plate girders tested by W right (2003). This chapter presents a 

description o f these lest results and a detailed description o f the fin ite  element models and 

fatigue life  prediction for each type o f fatigue details. For some o f  the details that are 

made o f conventional steel, predicted fatigue life  o f  s im ila r details made o f high 

performance steel are also presented for comparison w ith conventional steel.

5.2. Plate with a Circular Hole (Sehitoglu 1983)

5.2.1. Test Description

Fatigue test results from  hot rolled ASTM  A36 steel plates w ith a c ircu lar hole subjected 

to uniform  tension were first chosen to validate the proposed analysis approach 

(Sehitoglu 1983). Since the stress concentration factor and the stress intensity factor for 

this detail arc well established, a comparison w ith existing literature can easily be made. 

Furthermore, the cyclic  stress versus strain and fatigue properties necessary fo r stress- 

based and strain-based prediction methods have been reported by Sehitoglu (1983) as

E = 200000 MPa, A '=1336 MPa, //' = 0.226, a ]  = 1 0 3 6 MPa, 6 = - 0 .1 1, e] = 0 .2 4 2 , 

and c = -0 .48  (refer to Equation (3-1), Equation (3-4), and Equation (3-5)).
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Figure 5-1 shows the dimensions o f a typical specimen tested by Sehitoglu (1983). The 

test specimens consisted o f 280 x 50 x 5.7mm steel plates (w ith  90 mm grip  lengths at 

each ends) w ith a 7.0 mm diameter hole at the centre. The method used to make the hole 

was not reported. The specimens w'ere fatigue tested under load control and fu lly  

reversed condition. The nominal stress amplitudes, calculated at the net section, varied 

from 118 MPa to 271 MPa and the associated measured fatigue lives varied from 1.2xl()6 

to 2 800 cycles.

5.2.2. Finite Element M odel

Only the m iddle 100 mm portion was considered in the analysis. Because o f the double 

symmetry o f the test specimens, only one quarter o f the test area needed to be modelled. 

The fin ite  clement mesh o f a test specimen and the mesh around the centre hole arc 

show'n in Figure 5-2. Stress and strain components in the y-direction for the elements 

along x-axis were used fo r the analysis. Element 1, showm in Figure 5-2 (b) as the critical 

clement, is the most h igh ly  stressed element wdiere a localized plastic zone may be 

produced by high stress concentration fields around the hole.

The boundary conditions along the axes o f symmetry consist o f fu lly  restrained nodes in 

the y-direction along the x-axis and free in the x-direction (Figure 5-2), while the nodes 

along the y-axis are fu lly  restrained in x-direction and free to move in the y-direction. 

A ll the nodes in the model w'ere restrained in the z-direction (perpendicular to the plane 

o f the plate). W ork equivalent node loads for a un ifo rm ly  distributed tension load were 

applied to the top edge o f the model. The four-node quadrilateral shell element S4R from 

the ABAQ U S fin ite  element library was used. The fu ll model consists o f 1344 elements 

and 1425 nodes.

An clastic, isotropic hardening material model was used to define the cyclic stress versus 

strain curve given by Sehitoglu (1983) as follow's:

(5-1)
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where Ae and A a  are the strain range and stress range, respectively. The stress versus 

strain curve defined by Equation (5-1) is shown in Figure 5-3 along w ith  the input used to 

define this curve in the fin ite clement analysis. A  modulus o f elasticity, E, o f 

200 000 MPa and Poisson’ s ratio, i>, o f 0.3 were used to define the linear elastic portion 

o f the stress versus strain curve. Stress and strain pairs in increasing order were then 

used to define the stress versus plastic strain curve. The first data pa ir corresponds to the 

onset o f y ie ld ing, i.e., the stress value is the approximate proportional lim it o f 200 MPa 

and the plastic strain value is zero. The stress value o f 540 MPa in the last data point 

corresponds w ith the tensile strength reported by Sehitoglu (19S3). ABAQUS 

interpolates linearly fo r values between those given and the stress is assumed to be 

constant outside the given range. The modulus o f elasticity, Poisson’ s ratio, and stress 

and plastic strain pairs used to define the cyc lic  stress versus strain curve are presented in 

Table 5-1 for all materials used in the analytical investigation.

Static nonlinear fin ite  element analyses o f the modelled specimens were carried out at 

various load levels, expressed in terms o f nominal stress amplitudes. The analysis was 

conducted at the eight stress amplitude levels shown in Table 5-2, varying from  118 MPa 

to 271 MPa on the net area. Under the fu lly  reversed loading condition, the maximum 

load is the same as the load amplitude. The inelastic fin ite  element analysis results o f the 

lest specimens are shown in Table 5-2. As the nominal stress levels increased from 

118 MPa to 271 MPa, the peak stresses at the edge o f the hole increased from  233 MPa to 

414 MPa and the corresponding peak strains increased from 0.161% to 0.768%. The 

stress concentration factor (w ith respect to gross section stress) obtained from the 

analysis therefore ranges from 2.33 to 1.80, w ith  2.33 approaching the fatigue notch 

factor at long fatigue lives.
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5 .2 .3 . F atigu e L ife  P re d ic tio n

5.2.3.1. Fatigue crack in itia tio n  life

For the stress-based method, the fatigue crack in itia tion life , N t , can be obtained from

Equation (3-1), w ith  the stresses criim presented in Table 5-2, taken as the stress

(

amplitude, A t r /2  , w ith <r = 1036 MPa and /? = -0 .1 1 . Using the inelastic finite

element analysis results, the crack in itia tion  life  predicted fo r each stress amplitude from 

the test program o f Sehitoglu (1983) are presented in the fifth  colum n o f  Table 5-2.

The conventional stress-based method uses a fatigue notch factor, K  f , to correct the

nominal stress fo r the stress concentration effect at the stress raiser. The fatigue notch 

factor can be calculated as (D ow ling  1999):

K , = l+ —L = L  (5-2)

where K { is the elastic stress concentration factor defined as the ratio o f peak stress, 

obtained from an clastic analysis, to the gross section stress, assuming a linear-elastic 

response, p  is the notch root radius (radius o f the hole fo r the case examined here), and /3 

is a material constant defined as:

, « cr -1 3 4
log f t  = — 2---------- (5-3)

586

where rri( is the tensile strength o f the material in MPa. For a plate w ith  a hole diameter

to plate w idth ratio o f 0.15, the elastic stress concentration factor K : is 2.92 (Frocht

1936). For o u = 540 MPa and p  = 3.8 mm (sec Figure 5-1), K , is calculated as 2.56.

The peak stress at the edge o f the hole is then obtained by m u ltip ly in g  the gross section 

stress by K ; . The crack in itia tion  life  can now be obtained from  Equation (3-1). The

predicted values are listed in the sixth column o f Table 5-2.
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The crack in itia tion  life , N f , can be obtained from  the strain-based method using 

Equation (3-4) where the strain amplitude, As/2, is taken as the maximum strain, £nux,

listed in the fourth colum n o f Table 5-2 w ith a ( =1036 MPa, b = - 0 . 11, £ f =0 .242 ,

and c = -0 .48 . The calculated crack in itia tion life  is presented in the seventh column o f 

Table 5-2.

Since Sehitoglu (1983) d id not report the material properties necessary to use energy- 

based methods fo r fatigue life  prediction, the material properties determined from tests on 

A7 steel were used to compare the strain-based method to the energy-based methods. 

Because the cyclic  stress versus strain curve for A l  steel is s ign ificantly  different from 

that o f A36 steel, the analysis o f the plate w ith a hole had to be repealed w ith the material 

properties fo r A7 steel. Table 5-3 presents the maximum stress and strain for each 

nominal stress am plitude level. A comparison o f Table 5-3 w ith Table 5-2 indicates, as 

expected, that the m axim um  stress fo r the plates w ith  a centre hole is significantly lower 

than that obtained fo r A36 steel, whereas the strains are higher to r the lower grade steel. 

The crack in itia tion  life  predicted w ith the strain-based method was also re-calculated for 

A7 steel as shown in Table 5-3. Once again, a comparison o f the results presented in 

Table 5-3 w ith those presented in Table 5-2 indicates a reduced fatigue crack initiation 

life for A7 steel compared to the predictions fo r A36 steel.

The plastic strain energy per cycle A W '' was obtained from  Equation (A-7) with 

K *  = 587 MPa and //* = 0.143 which were obtained from the material test program. The 

total strain energy per cycle AIT and A IT ' were calculated using Equations (3-6) and 

(3-7), respectively. The crack in itiation life  was then calculated using the three measures 

o f energy presented above from Equations (3-8) to (3-10). For A7 steel, the parameters 

obtained from the material test program presented in Chapter 4 arc: Fp =622 M J /m \

a p = -0 .6 4 2 , AVT0" = 0 ;  F  = 431 M J/m 3, a  = -0 .5 6 0 , A1T() = 0 .12  M J/m 3; and /-, =551

MJ/m3, a, = -0 .6 2 1 , AVT0' =0.03 M J/m 3. The cyclic  and fatigue material properties o f 

A7 steel arc shown in Table 4-10. Fatigue material properties for all steels used in
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fatigue life  prediction in this chapter are also presented in Appendix B. The predicted 

crack in itia tion  life  from each o f the measures o f  energy is presented in Table 5-3.

5.23.2. Fatigue crack propagation life

The fatigue crack propagation life  was predicted fo r every specimen tested by Sehitoglu 

(1983). A single through-thickness edge crack was assumed to emanate from the edge o f 

the c ircu lar hole in each o f the test specimens. The stress intensity factor was calculated 

in accordance w ith  Equation (3-22). For the geometry and load condition considered, the 

crack front shape correction factor, / / , , ,  is 1.0. the free surface correction factor, [ f  . is

1.12, and the fin ite  w idth correction factor, / j w , is calculated from  Equation (3-24a) 

where IT is the distance from the hole edge to the plate edge, which is 21.2 mm for these 

test specimens. The stress gradient correction factor, [1G , is calculated from 

Equation (3-25). The normalized stress d istribu tion  along the x-axis o f symmetry for a 

nominal stress amplitude o f 271 MPa is shown in Figure 5-4, where k is a normalized 

stress range expressed as a fourth order po lynom ial fitted through the nodal stress 

d istribution obtained from the fin ite  element analysis; the constants A,, through A4 at

each stress amplitude level are also presented in Figure 5-4. The normalized stress range 

was calculated as the stress range from the fin ite  element analysis divided by the nominal 

applied stress range. The stress at a node was obtained by extrapolating element stresses 

to the node fo r all elements connected to the node. The average o f these stresses was 

taken as the nodal stress. The crack propagation material properties fo r ferrite-pcarlite 

steels were used to predict the crack propagation life : constant C -  6.9x10 '1}, exponent m 

= 3, for crack length a in mm and AK  in MPayfm  (Barsom and Rolfe 1999). The in itia l 

fatigue crack size was taken as either an engineering crack size o f 1 mm, or that 

determined from  an in itia l stress intensity factor range o f 6.2 MPayfm  (sec section 

3.2.3.2), whichever is larger. The fracture toughness was conservatively assumed to be 

50 MPayfm . Fatigue crack propagation lives at each load level were then calculated
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through numerical integration o f Equation (3-20) and the results are presented in Table 

5-2. The calculation at a nominal stress o f 118 MPa is shown in Table 5-5 as an example.

For the plate w ith a c ircu lar hole detail, other empirical equations o f stress intensity 

factor are available. For example, A K  = 1.12(/\0A(T)V^ro was considered correct for a

small crack size and AK  = A c r^ 7 r(D /2  + a) can be used when the crack size a is larger

than the hole radius D /2  (Barsom and Rolfe 1999). The calculated fatigue crack 

propagation lives arc listed in Table 5-2 as the empirical crack propagation life. These 

em pirica l stress intensity factor expressions are found to give fatigue crack propagation 

life  predictions that are almost identical to the general expression o f  stress intensity factor 

presented in Section 3.2.3.4 fo r the geometry and load considered.

5.2.3.3. Comparison with test results

The comparison between the test results and the fatigue life  predicted by the various 

methods presented in Tables 5-2 and 5-3 is illustrated in Figure 5-5. A ll seven crack 

in itia tion  life  curves and one total life  curve, taken as the sum o f the crack in itiation life 

predicted using the inelastic stress-based method and the crack propagation life, are 

compared w ith Sehiloglu ’ s test results. The predicted fatigue crack propagation life is 

re la tive ly  short, generally representing less than 10% o f the total life , except at the two 

highest load levels, where 38% and 20%' o f the total life  was spent propagating the crack.

Figure 5-5 indicates that the strain-based approach (using A36 material properties) 

predicts w ell the fatigue life  o f the test specimens. The stress-based approach predicts 

poorly the fatigue test results when the material properties are assumed linear elastic. 

The linear elastic approach overprcdicts the peak stress at the hole by 10% to 42%. 

However, when inelastic material properties arc used in the fin ite  clement model to 

determine the peak stress, the stress-based approach produces excellent predictions o f the 

test results. The improved qua lity  o f the fatigue life  prediction from  the elastic stress- 

based approach to the inelastic stress-based approach is expected since high stress ranges
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were used in the test program, thus causing localized yie ld ing that cannot be accounted 

for by an elastic stress-based approach.

The four fatigue curves derived using experim entally determined cyclic material 

properties fo r A 7  steel are also presented in Figure 5-5: three curves obtained using 

d ifferent energy methods and one curve using the strain-based method. These four 

curves demonstrate that the energy-based and the strain-based methods give almost 

identical results. However, there is a significant difference in fatigue resistance between 

the tu'o steels used in this study. The comparisons presented in Figure 5-5 indicate that 

both strain-based and energy-based methods can be used fo r accurate prediction o f 

fatigue life. The s ign ificant impact o f material properties is also evident.

In order to compare the fatigue resistance o f a fatigue detail o f A 36 steel w ith that o f HPS 

485W  steel, the strain-based method was used to develop a mean S -N  curve for a plate 

w ith  centre hole fo r both A36 steel (tests from Sehitoglu) and HPS 485W steel (tests 

presented in Section 4.4). The mean S-N  curve was determined from a regression 

analysis on the prediction results where fatigue life  was taken as the dependent variable. 

For A36 steel, the predicted fatigue life  N  (includ ing both crack initiation life  and 

propagation life ) in terms o f the nominal stress range, A a , can be expressed as:

log A  = 1 9 .9 -6 lo g A (T  (5-4)

This S -N  curve is shown in Figure 5-6 w ith the test results from  Sehitoglu. The figure

also shows the test results from  specimens o f s im ila r geometry to those o f Sehitoglu, but

made o f 6.4 mm HPS 485W  steel as outlined in Section 4.4. The predicted fatigue life

for the H PS(LT) detail, obtained using the strain-based approach and linear elastic

fracture mechanics, is presented in Table 5-4 and plotted in Figure 5-6. The sloping part

o f the fatigue curve is expressed as log A  = 2 3 .6 -7 lo g A < r , determined from regression

analysis. The horizontal part was determined by equating the maximum stress near the

hole, obtained from  an inelastic fin ite element analysis, to the fatigue lim it for HPS(LT)

steel obtained from  the experimental program (300 MPa), g iv ing  a fatigue lim it in terms

o f net section stress o f 236 MPa as shown in Figure 5-6. A lthough the circular hole was
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s ligh tly  off-center, this was not considered in the analysis. It is apparent from Figure 5-6 

that the predictions captured the trend o f the HPS(LT) test results very well. Consistent 

w ith  the experimental observations, the predicted S -N  curves indicate that the 6.4 mm 

HPS plate performed s lig h tly  better than the A36 steel plate.

5.2.3.4. Design curve

The analytical fatigue curves presented above were derived using average material 

properties, thus representing mean fatigue curves. Fatigue design curves, however, are 

usually set at tw o standard deviations below the mean curve. A  standard deviation o f 

0.25 (i.e., log N  - 0.25) was used to derive a design curve, as this value was observed 

from  a large number o f fatigue tests and was recommended fo r all the fatigue curves in 

code specifications (K lippste in  1987). Subtraction o f two standard deviations from the 

mean fatigue curve thus provides the design curve for plates w ith  a hole as:

log A  = 1 9 .4 -6 lo g A (T  (5-5)

This design curve is shown in Figure 5-7 with the lest results from  which it was derived. 

The design curve fo r the 6.4 mm HPS 485W steel was derived in a s im ila r manner and is 

shown in Figure 5-7 as w e ll, along w ith  lest results on HPS(LT) steel. The figure also 

shows fatigue Category B and C curves used in North American standards (CSA 2000). 

Although the predicted fatigue curves for the fatigue detail made o f A36 steel or HPS fit 

the test results very w e ll, neither curves arc close to the curves fo r fatigue Categories B 

and C. The slopes o f the proposed design curves are s ign ifican tly  d ifferent from the 

standardized slope o f  3 used in fatigue design standards, which is applicable i f  the crack 

in itia tion  life  is short or non-existent (Fisher 1998). The design curve for HPS seems to 

be very close to the mean test results on A36 steel, which indicates that the difference 

between the tw o steels is about two standard deviations. For this particular detail, the 

design curve o f HPS is better than that o f A36 steel by one fatigue category.
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5.3. Bearing-type  Bo lted Shear Splices (Josi el a l. 1999)

5.3.1. Test Description

Fatigue tests on bolted bearing-type shear splices w ith staggered holes were conducted by 

Josi e ta l. (1999). The test program was designed to investigate the effect o f bolt hole 

stagger on fatigue resistance o f bearing-type connections. It included six series o f double 

lap splice test specimens, for a total o f 31 specimens with various bolt hole layouts and 

loading parameters. The specimens were made o f CSA G40.21 300W steel (CSA 1998) 

and were tested in a universal testing machine under load control and a stress ratio o f 0.3. 

A typical specimen is shown in Figure 5-8 where the stagger, s, varied from 0 to 76.2 mm 

in increments o f 25.4 mm and the gauge distance, g, was either 45 mm or 61 mm. The 

20 mm diameter bolt holes were match drilled for 19 mm bolts, which were installed to a 

snug tight condition. Even though the bolts were installed as snug tight only, the high 

strength bolts were tightened w ith a calibrated wrench in a s im ila r manner fo r all the 

specimens so that the amount o f bolt pretension was kept small and constant between 

specimens. The plate surfaces were left undisturbed, i.e., the m ill scale was not removed.

Cracking was observed to initiate from a critical bolt hole (critica l holes are the holes 

closest to the center o f the splice plates) in more than 70% of the lest specimens and 86% 

o f the tests failed because o f cracks starting at the outside o f a hole. Most o f the shear 

splices showed single cracks at the time o f failure. The fatigue life  o f the test specimens 

varied from 3x10'’ to 9xl06 cycles depending on the geometry and the applied load level 

o f the bolted connection.

The geometries, test load levels and fatigue test results for the bearing-type shear splice 

plates are listed in Table 5-6. The corrected nominal stress range, A ct r , was obtained by

m u ltip ly ing  the gross section stress range by the ratio o f the stress concentration factor

(determined from  a linear elastic fin ite  element analysis) fo r the staggered bolt hole

pattern to the stress concentration factor fo r the same connection w ith  no stagger (SO

series). This procedure o f correcting the gross section stress range was suggested by Josi

et al. (1999) so that test data w ith d ifferent bolt layouts (w ith and w ithout stagger) can be
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compared to a common fatigue curve. The mean regression line for the test results, 

expressed in terms o f the corrected stress range, is ( log TV = 20 .1 — 7 log A ctw ), w ith a

standard deviation o f 0.255. More details about the test specimens and the testing 

procedure can be found elsewhere (Josi el al. 1999).

5.3.2. Finite Element Model

Because the splice plates and main plates were match drilled and the bolts were only snug 

tight at the beginning o f the test, it is assumed that the splice plates share the load equally 

and negligible fric tion  develops on the faying surfaces. The test specimens were 

designed so that fatigue failure would take place in the splice plates rather than in the 

main plates. Therefore, it was necessary to model only one splice plate. Since cyclic and 

fatigue properties arc not available fo r 300W  steel, the material properties presented by 

Sehitoglu (19S3) fo r A36 steel are used fo r the fin ite  element analysis and the fatigue life  

predictions.

Since the deformations were small and the out-of-plane effects were negligible, the four- 

node quadrilateral membrane element M 3D4 from ABAQ U S was used fo r the analysis. 

A ll nodes were restrained in the out-of-plane direction and the centre node o f the mesh 

was restrained in other orthogonal directions in the plane o f the plate. A typical 

converged mesh, determined from a mesh refinement study, is shown in Figure 5-9. 

where a 32 mm square outside the c ircu lar hole cut-out is divided into 16 parts on each 

edge w ith radial link  o f 6 and bias o f 1. A  mesh o f about ha lf o f this density, built w ith  

nine-node quadrilateral membrane elements, M 3D9, was shown to have converged to the 

exact solution (Josi et a l. 1999). The load was assumed to be shared equally by all the 

bolts and transferred on ly  by bearing. A t each bolt hole, fifteen equal node loads were 

applied. The loaded nodes arc identified in Figure 5-9 as black dots. The m id-loading 

points were restrained from  displacement in the y direction.

Because the specimens were not tested under a fu lly  reversed condition, fin ite clement

analysis was conducted at both the maximum load and the load amplitude used in the

tests. Table 5-7 shows the analysis results fo r the test specimens. The table presents
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stress amplitude, strain amplitude, and maximum stress, m axim um  strain at the edge o f 

the critical bolt hole location and the coefficients o f a 4lh order t: : omial equation that

describes the norm alized stress range (w ith respect to gross section stress range) along 

the potential crack path.

5.3.3. Fatigue L ife  Prediction

5.3.3.1. Fatigue crack in itia tio n  life

Because o f the loading condition used in the tests, the mean stress is not zero and the 

mean stress effect must be accounted for in the fatigue life  calculations. Both the 

M orrow  model fo r the stress-based method and the SW T model fo r the strain-based 

method, as described in Section 3.2.2.2, were used to predict the fatigue crack in itiation 

life  and early stage o f crack propagation o f the shear splices. The M orrow  correction for 

the stress-based method is expressed by Equation (3-11) using the stress amplitude and 

mean stress ( (Jm = <Tmix -  A c t / 2 ) obtained from the data presented in Table 5-7. Using 

the maximum stress and the strain amplitude presented in Table 5-7, the fatigue life  A;

predicted by the SW T model fo r strain-based method can be obtained from Equation 

(3-12). The fatigue life  was also predicted using Equations (3-1) and (3-4), which do not 

contain a mean stress correction. The fatigue life was predicted using the various 

methods outlined above fo r the six series o f tested shear splices at eleven load range 

levels. The results are presented in Table 5-8.

5.3.3.2. Fatigue crack propagation life

The fatigue crack propagation life  was calculated in a sim ilar manner as fo r the plate with 

a c ircular hole detail, using the general expression o f stress in tensity factor and numerical 

integration. The fracture mechanics calculations were earned out fo r a single crack 

in itia ting  at the critica l bo lt hole, on the side o f the hole w ith  the maximum stress 

concentration factor. The fin ite  w idth correction factor, ' / f .  , was obtained from 

Equation (3-24a) using the clear distance between the edge o f the bolt hole and the edge
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o f the splice plate as the fin ite  w idth, IT. The stress gradient correction factor, f i a . is

calculated from  Equation (3-25) and the coefficients Ay to /\4 presented in Table 5-7.

The crack propagation material properties fo r fcrrite-pearlite steels (Barsom and Rolfe 

1999) were adopted fo r these calculations.

The calculated fatigue crack propagation life  fo r the hearing-type shear splice specimens 

is shown in Table 5-8. The fatigue crack propagation life  for this detail varies from 

7.2X104 to 4 .4 x l0 4 cycles, representing less than 5% o f the total fatigue life. The effect 

o f the mean stress was not considered in fatigue crack propagation analysis because it is 

generally accepted that the effect o f mean stress on crack growth rate is small (D ow ling

1999). Since the crack propagation life  represents only a short portion o f the total life, 

any error introduced by ignoring the effect o f mean stress on crack propagation is 

expected to be small.

5.3.3.3. Comparison w ith test results

The predicted fatigue life  and the test results reported by Josi et al. (1999) are presented 

in Figure 5-10. The figure presents the mean regression line and the upper and lower 

bounds from the test results. The stress range plotted in the figure is the corrected 

nominal stress range, A<tw.. A comparison o f the mean regression line o f the test data

w ith  the predicted fatigue curves indicates that mean stress effect is important. The 

stress-based method w ith  the mean stress correction proposed by M orrow  and the strain- 

based method w ith the SW T correction predict the fatigue test results very well. Both 

models predict the mean fatigue life  and the slope o f the experimental fatigue curve very 

well.

5.3.3.4. Design curve

The combination o f the strain-based method w ith  the SW T mean stress effect correction 

and the linear clastic fracture mechanics approach was used to derive a design curve for 

this detail, as shown in Figure 5-1 F The design curve can be expressed as fo llows:
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log A/ = 17 .2 -6 Io g A < Ju. (5-6)

where A(7h. is the corrected nominal stress range proposed by Josi et al. (1999).

Bolted connections are com m only designed using the fatigue Category B curve (CSA

2000), which is shown in Figure 5-11 fo r comparison. The slope o f the theoretical 

fatigue curve is 6, as opposed to 3 for all the fatigue category curves used in North 

American design standards. The design curves in the current standards are mostly based 

on fatigue test results on welded details (Fisher et al. 1970, Fisher et al. 1974). Both the 

experimental observations (Josi e ta l. 1999) and the analysis performed in the current 

study indicate that the current fatigue design curve for fatigue Category B is not 

appropriate for bearing-type bolted shear splices.

Fatigue life  prediction was conducted in a sim ilar manner fo r the shear splices using 

FIPS(LT) steel properties obtained from the test program; the results o f inelastic fin ite 

element analysis and fatigue life  prediction are presented in Table 5-9. A design curve 

fo r HPS(LT) steel was s im ila rly  derived and is shown in Figure 5-11. The figure 

indicates that the 6.4 mm plate HPS performs sligh tly  better than the A36 steel for 

bearing-type bolted shear splices. The difference between the tw o steels becomes larger 

than two standard deviations at a fatigue life  o f 5x10s cycles.

5.4. Large Scale Beam with Unfilled Holes (Baker and Kulak 1985)

5.4.1. Test Description

Baker and Kulak (1985) tested three beams containing punched holes in the tension 

flange. The specimens were used to simulate connections w ith  completely loose rivets 

(rivets w ith zero clam ping force) and members in which misplaced holes m ight be 

present. The fatigue tests were intended to represent a lower bound o f fatigue strength o f 

riveted connections in existing structures (Baker and Kulak 1985). The specimens 

consisted o f W 200x36 beams o f CSA G40.21 300W steel (CSA 1998) with eight 21 mm 

diameter holes punched in the tension flange as shown in Figure 5-12.

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Each s im ply supported beam was 3.2 m long and was tested on a 3.06 m span. The test 

sections, those with open holes, were contained w ith in  a constant moment region 910 mm 

long. Lateral bracings were provided at the loading points. A ll three beams were tested 

at a stress range o f 216 .1 MPa with a m inim um  stress o f 27.6 MPa. The stress range was 

established using four strain gauges mounted on the underside o f the bottom flange as 

shown in Figure 5-12. The failure criterion was an increase in midspan deflection o f

0.5 mm. A t this stage a fatigue crack had propagated through 25% to 50% o f the flange 

cross section.

In all o f the specimens tested, cracking started at the extrem ity o f one o f the end holes 

and propagated out towards the flange tip. Because o f the large stress range used for the 

testing, the average fatigue life  o f the three tested beams was only 5 .2 x l0 4 cycles, w ith 

all the tests w ith in  a range o f 1.3x1 ()4 cycles.

5.4.2. Finite Element Model

Because the cyclic and fatigue material properties o f G40.21 300W steel are not 

available, the properties presented by Sehitoglu (1983) fo r A36 steel were used for the 

fin ite  element analysis. Because o f symmetry, only one ha lf o f a test specimen was 

modelled. The four-node quadrilateral shell clement S4R from AI3AQUS was used. T he 

model, shown in Figure 5-13, consists o f 8576 elements and 8915 nodes. A ll the nodes at 

midspan were restrained from displacement in the x-direction and rotation about y-a.xis. 

A  close up view o f centre part o f the beam where holes are present is shown in the top 

right corner o f Figure 5-1.3. A finer mesh is provided in the critica l region around the 

hole and general m ulti-po in t constraints are applied for changes in mesh density .

Because the load that was applied in the tests was not reported, an analysis was run to 

determine the loads that produce the same strains at the gauge position as measured in the 

tests. This consisted o f a maximum stress o f 243.7 MPa and stress range o f 216.1 MPa at 

the strain gauge locations. A maximum load o f 81.85 kN and a load range o f 69.4 kN 

were determined. The maximum load and load amplitude were used in the same model
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to determine the m axim um  stress or strain and the stress amplitude or strain amplitude at 

the critica l element.

A contour p lot o f the normal longitudinal stress. <Tt , which is identified as S I1 in

A BAQ U S, in the test section is shown in Figure 5-14. The critica l region, which contains 

the largest stress concentration, is located between the flange tip  and the edge o f a hole as 

indicated in the figure. Th is  is also the region observed in tests where crack in itia tion and 

propagation took place and where failure o f the specimens occurred. The stress and 

strain conditions at the critica l section were found to be: stress amplitude A r r /2  = 

257.0 MPa, strain am plitude A e /2  = 0.19677. maximum stress -  461.8 MPa, and

maximum strain emx = 1.129%. The fourth order polynom ial o f the normalized stress 

range distribution w ith  respect to the nominal gross section stress range of 216 .1 MPa can 

be expressed as k = 2.390225 -  0.173053.x + 0.005263x:  + 0 .000169x3 -  0.000009.x4, 

where x is measured from  the edge o f the critica l hole towards the edge o f the flange, 

along the expected crack path. The shape o f the normalized stress distribution k along 

the expected crack path is illustrated in Figure 5-14.

5.4.3. Fatigue L ife  Prediction

5.4.3.1. Fatigue crack in itia tio n  life

The stress and strain conditions at the critica l element were used in the fatigue crack 

in itia tion calculations. As fo r the bolted shear splices detail (Josi el al. 1999), Morrow 's 

model fo r the stress-based method and the SW T model for the strain-based method were 

used to account for the effect o f mean stress on the predicted fatigue crack in itia tion life  

and early stage o f crack propagation o f the test beams. The fatigue life is calculated as 

5.1XJO4 cycles and 5 .2 x l0 4 cycles for the stress-based method and strain-based method, 

respectively.
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5.43.2. Fatigue crack propagation life

The fatigue crack propagation life  was calculated in the same manner as fo r the bearing- 

type bolted shear splices tested by Josi et a l. (1999). The stress gradient correction factor 

Pa is obtained in accordance to Equation (3-25) based on the normalized stress, fourth

order polynom ial d is tribu tion  w ith \  = 2.390225, A, = - 0.173053, A, = 0.005263, /I,

=  0.000169, and .A, = - 0.000009. The calculated fatigue crack propagation life  is

3.4x 103 cycles at the normal stress range o f 216.1 MPa.

5.4.3.3. Comparison w ith test results

The predicted fatigue life  and the results o f three beam tests are shown in Figure 5-15 

where the vertical axis shows the nominal bending stress range at the net cross section. 

The fatigue Category D curve (CSA 2000), which is used for the net section nominal 

stress at a riveted connection, is also shown in the figure. The fatigue life  obtained from 

the tests was shorter than indicated by fatigue Category D curve, which is two standard 

deviations below the mean curve. On the other hand, the total predicted fatigue life 

(using the strain-based method w ith the SW T mean stress effect correction for fatigue 

crack in itia tion  life ) is in excellent agreement w ith the test results.

The fatigue life  fo r the detail tested by Baker and Kulak ( 19S5) was also predicted using 

material properties obtained HPS(LT) steel as shown in Figure 5-15. The figure indicates 

that the same detail made o f high performance steel would perform  sligh tly  better than 

the detail made o f A36 steel at this particular stress range level. The predicted fatigue 

life  fo r UPS is more that tw ice that for A36 steel, indicating the difference in fatigue life 

is log N  = 0.31. This difference is larger than 0.25, the value o f standard dev iation that 

has been used to establish a design curve from  the mean predicted life. As the tests were 

conducted at only one stress range level, no attempt was made to obtain a design curve 

from analysis for the beam w ith unfilled holes.
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5.5. Welded Cruciform Detail (Friedland et a l. 1982)

5.5.1. Test Description

Friedland, A lbrecht, and Irw in (1982) reported results o f fatigue tests o f non-load- 

carrying cruciform  specimens. A  typical cruciform  specimen is shown in Figure 5-16. 

The main plate was 330 x 25 x 10 mm to which two 50 x 25 X 7 mm transverse plates 

were attached w ith 5 mm fille t welds on each side using the shielded metal arc weld ing 

process. The specimens were made o f ASTM  A588 steel (high strength low a lloy  

structural steel w ith weathering characteristics). Individual specimens were saw cut from 

a larger w'eldcd plate assembly into 25 mm widths.

Twenty non-weathercd control specimens were tested at four levels o f stress range (90, 

138, 207, and 290 MPa), with five replicate specimens at each level. The m inim um  

stress level was set at 3 MPa in all tests. Axia l fatigue loading was applied to the main 

plate o f the crucifo rm  specimen only.

A ll sem i-elliptical fatigue cracks in itiated in the main plate at one or more points along 

the toe o f the s liffener-to-m ain plate weld. They propagated through the thickness o f the 

main plate until the net ligament ruptured at an average net section stress nearly equal to 

the tensile strength. The fatigue test results o f these specimens are presented in Table 

5-10. The observed fatigue life varied from 8.5x104 to l()7 cycles, depending on the test 

stress range. The run out level was set as 107 cycles. The mean regression line o f the test 

results was reported as log N  = 12.5 -  3 log A n , w ith a standard deviation o f 0.123.

5.5.2. Finite Element Model

A  two-dimensional fin ite  clement model o f a plane strain strip was used to analyze a 

typical cruciform  specimen. Because the test specimens were doubly symmetric, on ly  

one quarter o f the specimen was modelled. The quadrilateral linear plain strain 

continuum element CPF4R was used fo r the plates and triangular plain strain continuum 

element CP133 was used for the fille t weld region. A  model approximately 20 mm long
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in both directions was found to be adequate to represent the whole specimen. The 

converged finite element mesh for a strip o f unit w idth is shown in Figure 5-17. The 

circled mesh region represents the critica l region where fatigue cracking is expected to 

take place. The potential crack plane is located as section A -A .

Table 5-11 presents the results o f the inelastic fin ite  element analysis in the critical 

region, including principal stress (er, < o \  < 0 \ ) ,  von Mises equivalent stress, principal

strain ( ) ,  equivalent plastic strain, elastic strain energy, and plastic strain 

energy. The stress, strain and energy responses in Table 5-11 indicate that the critical 

region undergoes m ostly elastic deformation; this is as expected because the specimens 

were tested at re lative ly low  stress ranges.

The direction o f m ajor principal stress in the specimen is shown in Figure 5-18. It is 

apparent from the figure that, except in the immediate region o f the weld where deviation 

o f the m ajor principal stress from the loading direction amounts to a few degrees, the 

principal direction is almost exclusively the same as that o f the remote stress field. The 

stress normal to section A -A  is used to calculate stress intensity factors in mode I and 

only A K t w ill be used fo r the crack propagation life  calculation. The normal stress 

d istribution along section A -A  was obtained by extrapolating the stresses in two adjacent 

elements on either side o f the section and the constants in the fourth order polynomial 

representing the normalized stress d istribution (w ith  respect to the nominal stress range) 

are shown in Table 5-12. The constants are almost identical for the four stress ranges, 

indicating that little  plastic deformation took place at all stress range levels.

5.5.3. Fatigue L ife  Prediction

5.5.3.1. Fatigue crack in itia tion  life

Since fatigue material properties for A588 steel are not available, the cyclic  stress versus

strain properties and the fatigue properties o f MPS(LT) steel obtained from the test

program presented in Chapter 4 were used in the fin ite  element analysis and in the fatigue

crack in itia tion life  calculation o f the cruciform  specimens. The approximation o f
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material properties is justified  because A5S8 steel and HPS(LT) steel have sim ila r yield 

strengths, and therefore can be assumed as having s im ila r cyc lic  stress versus strain 

curves and fatigue properties.

In order to account fo r the triaxia l state o f stress that exists in the plane strain model, the 

energy-based criterion for m ultiaxia l stress state described in Section 3.2.2.3, which 

accounts fo r mean stress effect, is used for the fatigue crack in itia tion  life  prediction. For 

each tested stress range level, the elastic strain energy density at maximum load. A I T " , 

and the plastic strain energy density at load range, A U " ’ , arc both obtained directly from 

ABAQ U S. Using the principal strains at the stress ranges listed in Table 5-11, the 

effective Poisson’ s ratio, u , is calculated to be 0.3 from Equation (3-17). The m ultiaxial 

constraint factor, / ) ,  defined in Equation (3-16), is approxim ately 0.988 for the test 

specimens. The predicted fatigue crack in itia tion  life  fo r the crucifo rm  specimens was 

calculated using Equation (3-15) where the material constants, obtained from the uniaxial 

energy versus life  curve o f MPS(LT) steel, are /•’, =1463 M J /n v \ a t = -0 .721  , and

A H '/ =0 .20  M .l/nv \ According to Equation (3-15), fatigue crack in itia tion  lives varying

from 5 .6 x l0 4 to l.O xlO 7 cycles are calculated for the tested crucifo rm  specimens, while 

in fin ite  fatigue life  is predicted for the specimens tested at the 90 MPa stress range.

5.5.32. Patipne crack propagation life

Linear elastic fracture mechanics was used to calculate the fatigue crack propagation life 

o f the welded cruciform  detail. For A588 steel, the mean plane strain mode 1 fracture

toughness K ir  is reported as 50 MPa J in  , the crack growth rate properties arc reported

as C = 1.54x10 '' and in = 3.34 fo r crack length a in mm and A K  in MPa Jin (Yazdani 

d a l .  1990). A constant crack aspect ratio o f 0.5 was assumed for cruciform  details, 

which is consistent w ith the assumption made by Yazdani cl a l. (1990) for crack growth 

rale prediction o f a welded cruciform  detail. The stress intensity factor al the end o f the 

m inor axis o f the sem i-elliptical crack was used for the crack growth calculations. The 

in itia l crack size was taken as 1 mm or that calculated from  an in itia l value o f AK  =

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.2 MPasfm . The stress intensity factor range was calculated using Equation (3-22), 

where obtained from Equation (3-23), is 0.8 fo r a crack aspect ratio  o f 0.5, and f i s is 

taken as 1.12 fo r one free surface. The fin ite  thickness correction factor, /? „,, was 

obtained from  Equation (3-24b) w ith  IE taken as tw ice the main plate thickness, that is, 

20 mm. The stress gradient correction factor [3(. is calculated using Equation (3-25) and 

the normalized stress d istribution is described in Table 5-12. A lthough four stress ranges 

were used in the test program, crack propagation life  was predicted only for the three 

highest stress ranges since the calculations indicate that no crack w ill in itiate at the lowest 

test stress range. The predicted fatigue crack propagation lives fo r the three specimens 

w ith fin ite  life  varied from  6.1x104 to 7.5x10s cycles.

5.5.3.3. Comparison w ith test results

The fatigue life  predictions fo r the welded cruciform  specimens tested at four levels o f 

stress range are presented in Table 5-10 and illustrated in Figure 5-19. The test results, 

mean regression line, and the upper and lower confidence lim it lines, set at two standard 

deviations from  the mean, are also presented in Figure 5-19. The predictions are found to 

fall generally w ith in  the scatter band o f the test results delim ited by the confidence lim it 

lines. The difference between the total predicted fatigue life  and the mean regression line 

o f the test results seems to be larger at lower stress ranges, especially when the test 

fatigue life  is greater than 2 m illio n  cycles. .Since the energy ( A I E ' ) versus life  curve has 

a smooth transition near the fatigue lim it (as illustrated in Figure 2-2 and Figure 4-29), 

predictions are unavoidably more sensitive to the calculated damage parameters near the 

transition, which could explain some discrepancy between test results and predictions. 

However, fatigue tests have a lot more variations at lower stress range levels, especially 

near the fatigue lim it. Other important factors, such as weld im perfection, that would 

have a more significant effect at lower stress ranges, were not considered in the model.

The fatigue Category C  curve from CSA (2000), which was derived largely based on the 

test results on transverse stilTeners welded to the web and tension flange o f beams (Fisher
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et al. 1974), is shown in Figure 5-19 fo r comparison. The test results on the cruciform  

specimens were found to correlate well w ith  the previous fatigue data fo r stiffeners. This 

confirm ed the a b ility  o f the tensile cruciform  specimens to simulate accurately the stress 

condition at transverse stiffeners o f beam specimens.

5.6. Welded Cover Plate Detail (Friedland et al. 1982)

5.6.1. Test Description

Friedland, A lbrecht, and Irw in  (1982) also reported fatigue test results from tensile cover 

plate specimens. A  typical test specimen, shown in Figure 5-20, consisted o f a 

330 x 64 x 10 mm main plate w ith  two 102 x 45 x 7 mm cover plates welded to the main 

plate w ith 5 mm fille t welds. The cover plate length-to-w idth ratio is 2.3.

The specimens were made from the same heat o f A588 steel plates as the cruciform  

specimens described in Section 5.5. The cover plates were welded using shielded metal 

arc welding and the stop and start points were located in the longitud inal welds 12.7 mm 

away from the corners o f the cover plates, as indicated in Figure 5-20.

Twenty non-wcathered control specimens were tested al stress ranges o f 103, 145, 207, 

and 290 MPa. Five replicate tests were conducted at each stress range. Cyclic axial load 

was applied at the ends o f the main plate. The m inimum  stress was kept at 3 MPa and the 

run-out level was defined as I0 7 cycles in all tests. The observed fatigue life  varies from

4 . Ix lO 4 to over !0 7 cycles, as shown in Tabic 5-13. The mean regression line for the test 

results was reported as log N  = 13.4 -  3 log A c r , w ith a standard deviation o f 0.094.

Crack in itia tion  and the crack propagation pattern in the cover plate specimens were 

found to be s im ila r to that o f the. cruciform  specimens described in Section 5.5. The 

crack initiated al m u ltip le  points along the weld toe lines. As they grew' deeper and 

longer, they coalesced to form  a long shallow' part-through crack over the fu ll length o f 

the end weld. Failure eventually occurred when the deepest point o f the crack front 

approached the back face o f the plate, causing the net ligam ent to rupture in a ductile
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mode al a mean net section stress nearly equal to the tensile strength (Friedland et al. 

1982).

5.6.2. Finite Element Model

One eighth o f the tr ip ly  symmetric geometry was modelled w ith  two layers o f three- 

dimensional elements, one layer for the cover plate and one fo r the main plate, as shown 

in Figure 5-21. Three dimensional linear continuum elements C3D8R, C3D6, and C3D4 

were used to model the plates, the weld line, and weld corner, respectively. A ll the nodes 

located on planes o f sym m etry were fixed in the direction perpendicular to the plane and 

free in the tangential directions. As fo r the cruciform  specimens, the cyclic material 

properties obtained fo r MPS(LT) steel were used for the fin ite  element model. Loads 

were applied to end elements o f the main plate as uniform  pressure.

In order to obtain the stress distribution normal to the potential crack plane (at the weld 

toe), a refined mesh was necessary. A refined 3D solid fin ite  element submodel was set 

up for the specimen region w ith in the dotted line shown in Figure 5-21. The 

displacement response from  the global model was used to load the submodel shown in 

Figure 5-22. The nodes whose displacement response obtained from the analysis o f 

global model were used as boundary conditions fo r the refined submodel are identified as 

black dots in Figure 5-22. Lines 1 to 8 represent the various positions along the y-axis 

corresponding to the centroid o f solid elements.

Typ ica lly , the normal longitudinal stress, <7,, along the y-axis fo r all the top main plate

elements on either side o f the potential crack plane under various loadings fo llow s the 

distribution shown in Figure 5-23. The stress distribution is re la tive ly uniform  except at 

the submodel boundaries, where the accuracy m ight have been affected by submodelling. 

Therefore, several crack in itia tion  sites arc possible as observed experimentally. The 

middle position element, designated as the critica l clement in F igure 5-22, was arb itra rily  

selected as the critica l clement. The inelastic fin ite  clement analysis results are presented 

in Table 5-14 fo r stress, strain and energy responses in the critica l element. Table 5-15
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presents the fourth order polynom ial coefficients fo r the stress d istribution along the 

potential crack path, norm alized in terms o f the nominal stress in the main plate.

5.6.3. Fatigue L ife  Prediction

5.6.3.1. Fatigue crack in itia tio n  life

The energy-based criterion for m ultiaxial stress state described in Section 3.2.2.3 was 

used to calculate the fatigue crack in itia tion life  o f the cover plate specimens. The 

material properties used to predict the fatigue life  o f the cover plate specimens were the 

same as those used for m odelling the cruciform  specimens described in the previous 

section. Using the fin ite  element analysis results presented in Table 5-14, the predicted 

in itia tion life  o f this cover plate detail is obtained and shown in Table 5-13. The 

calculated fatigue life  varies from 5.6x10"* to more than l.OxlO7 cycles for the four stress 

ranges used in the experimental program. The analysis predicts a test run-out fo r the 

specimen subjected to a stress range o f 103 MPa.

5.6.3.2. Fatigue crack propagation life

No attempt was made to incorporate the effect o f interaction between m ultip le small 

cracks along the weld toe line because o f the com plexity and uncertainty o f this type o f 

analysis. Instead, only the shallow part-through crack formed after the crack coalescence 

at the early stage o f crack propagation was considered. S im ila r parameters used in 

calculating the fatigue crack propagation life o f the cruciform  specimens described in 

Section 5.5.3.2 were used to calculate the crack propagation life  o f the cover plate details. 

An average crack aspect ratio o f 0.25, as reported by Yazdani and A lbrecht (1990) for 

cover plate details, was used for the current analysis. Using the normalized stress 

distribution shown in Table 5-15, the stress gradient correction factor f i a was calculated 

using the method outlined earlier. The fatigue crack propagation life  o f the cover plate 

specimens was found to vary from 4.1 x 104 to 4 .2x 105 cycles, depending on the applied 

stress range levels. Because the crack in itia tion life  calculation for the specimen tested at
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a stress range o f 103 MPa indicated an in fin ite ly  long crack in itia tion  life, no crack 

propagation life  was calculated for these specimens.

5.6.3.3. Comparison with test results

The predicted fatigue lives fo r the cover plate specimens arc listed in Table 5-13 and 

plotted in Figure 5-24, along w ith  the test results, the mean regression line, and the upper 

and lower confidence lim it lines. The predicted fatigue crack in itia tion  life, shown as 

open triangles in Figure 5-24, are close to the lower confidence lim it line o f the test 

results and the total predicted fatigue life , shown as solid triangles, are close to the mean 

regression line o f the test results. A  comparison o f the analysis results w ith the test 

results indicates that the analysis predicts the test results very well.

Fatigue Category C and D curves from  CSA (2000) are shown in Figure 5-24 for 

comparison. Cover plate attachments on beams w ith a s im ila r attachment length and 

thickness to those under consideration (Friedland et al. 1982) arc classified as Category D 

details. As shown in Figure 5-24, however, all data points from the cover plate 

specimens fall above the Category C curve. The reason fo r the apparently long life from 

Friedland's test specimens is the low degree o f restraint provided by the main plate in 

comparison to the more rig id  beam flanges (Friedland et al. 1982). The fatigue life 

predictions are able to capture the characteristics o f this particular cover plate detail. The 

fatigue resistance o f this detail falls one category above that o f previous data from girder 

tests (Fisher et al. 1974).

5.7. Large Scale Welded Plate Girders (Wright 2003)

5.7.1. Test Description

Experimental research was conducted by W righ t (2003) to study the fracture resistance o f

fatigue cracked, fu ll scale, I-girdcrs fabricated from two grades o f high performance

steel: HPS 485W  and UPS 690W . T w o  welded plate girders, designated as HPS-485W-

C1 and MPS-690W-C1, were designed w ith transverse s tiffcncr attachments on the web

to in itia te fatigue cracks. As im plied by the specimen designations, specimen HPS-
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485W -C I was made o f A709 HPS 485W  steel and specimen HPS-690W-C1 was made o f 

A709 HPS 690W  steel. A lthough the girders were designed as doubly symmetric to 

allow two replicate tests by inverting the girder, on ly one valid test result was obtained in 

each girder due to unsuccessful repairs.

The geometry o f  the tw o  girders is shown in Figure 5-25. The reported flange w idth, 

flange thickness and web thickness are measured values. A ll other dimensions are 

nominal dimensions. The stiffeners and web were cut from the same steel plate fo r each 

girder. The s im ply supported girders were tested under four point bending; the length of 

the constant moment region was 2743 mm for both tests. Lateral bracing was provided at 

the load and reaction points. The location o f the lateral supports is indicated in Figure 

5-25.

The test specimens were loaded cyc lica lly  at a stress range o f 110 MPa and stress ratio 

R -  0.5 measured at the extreme fibre. Both tests were conducted at room temperature at 

a cyclic frequency o f  1 Hz. Once cracks developed, the temperature o f the test specimens 

was lowered to -3 4 °C  and subjected to an overload cycle to attempt to initiate a brittle 

fracture from  the fatigue crack. I f  no fracture occurred, the room temperature fatigue 

cycling was resumed to grow  a larger fatigue crack and the overload test was repeated. 

Because o f the periodic overload applied on the test specimens at regular intervals, 

fatigue life  prediction fo r constant amplitude loading was performed on ly  fo r the fraction 

o f the fatigue life  up to the application o f first overload.

The girders were v isua lly  inspected every day and dye penetrant and eddy current 

methods were used to help define the cracks that were identified visually. A 13 mm and 

a 14 mm sem i-e llip tica l surface crack was first detected at the toe o f a stiffencr-to-wcb 

weld in specimens HPS-485W-C1 and HPS-690W-C1, respectively. The dimensions of 

the fatigue cracks p rio r to the overload test were more accurately determined from a 

digital photograph o f the fracture surface.

A cross section from  specimen HPS-485W-C1 showing the shape o f  the fatigue crack at 

the time o f crack detection and at the first overload test is shown in Figure 5-26. The
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fatigue crack in itia ted at the toe o f the sliffener-to-vveb fille t weld after 1.77 m illion  load 

cycles and eventually became a through-thickness web crack. The first overload test was 

conducted at 2.80 m illio n  load cycles.

Figure 5-27 shows the fatigue crack propagation history fo r g irder 11PS-690W-C1. The 

crack in itia ted as a sem i-elliptical surface crack along the toe o f the stiffcner fille t weld 

after 996,700 load cycles. The crack propagated into a through thickness crack and 

propagated in the web, eventually entering the tension flange when overload test 1 was 

performed at 1.89 m illion  cycles.

5.7.2. Finite Element Model

Both girders I1PS-485W-C1 and HPS-690W-C1 were modelled numerically to obtain 

stress, strain or energy response in order to predict their fatigue life. The cyclic material 

properties obtained from  MPS(LT) steel o f this test program were used for both girders. 

The reported extreme fibre stress ranges were used fo r loading the fin ite  element models. 

The reported stress range and stress ratio were 114.5 MPa and 0.51, respectively, fo r 

girder UPS-485W-C1 and the corresponding values for HPS-690W-C1 were 119.5 MPa 

and 0.57, respectively. A coarse mesh model o f the fu ll test girder, including all 

stiffcners, was used to predict the global response o f the girder. The results from the 

coarse mesh model were used as boundary conditions fo r a fine mesh submodel that 

focused on the local behaviour in the p rox im ity  o f the critica l stiffcner.

The deformed shape o f the coarse mesh model o f girder HPS-485W-C1 is shown in 

Figure 5-28. The coarse mesh model consisted o f over 2000 quadrilateral shell elements 

(S4R). The typical element size is 50 mm in the flanges, the web and the stiffcners. The 

mesh was found to be suffic ien tly  fine to produce accurate global displacement 

predictions.

The refined mesh submodel for HPS-4S5W-C1 is shown in Figure 5-29. The height o f 

the web portion o f the submodel is 152.4 mm, which was determined by the approximate 

position o f the upper crack tip prio r to overload test 1, and the length o f the model is
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182.85 mm. Because o f the symmetry o f the girder about the x-z plane, only half o f the 

region was modelled in the refined mesh model. The black dots shown in Figure 5-29 

represent the nodes from  the coarse mesh model that were used to control the submodel 

behaviour.

The submodel was discretized using 3D linear solid elements fo r the flange, the web, the 

stiffcner and welds (inc lud ing  web-to-flange weld and stiffener-to-web weld). Element 

C3D6, a six-node linear triangular prism element, was used fo r the welds and C3D8R, an 

eight-node linear b rick  element w ith  reduced integration, was used for the rest o f the 

model. Over 30,000 solid elements were used in the submodel. The thickness o f the web 

was divided in to  10 layers o f elements in order to capture details o f the stress distribution 

through the web thickness. The B IAS  parameter from A B A Q U S  was used to create a 

finer mesh closer to web surface. S im ila rly , a biased mesh was used in x and z directions 

so that element size was much smaller in the region o f high stress concentration.

The stiffener-to-web welds in the test girders were stopped short o f the bottom o f the 

transverse stiffcners. This detail is common practice so that no end returns are used 

around transverse stiffcners as specified by AASHTO  (1998). However, neither the 

position nor the shape o f the weld stop was reported by W righ t (2003). The weld stop 

was therefore m odelled as an abrupt stop for meshing s im p lic ity . The distance from the 

bottom o f the s tiffener to the effective weld stop location (accounting for the abrupt stop 

in the model weld and the gradual transition in the actual weld) was estimated at 12.5 mm 

for girder HPS-4S5W -CI from Figure 5-26 and 11 mm for g irder HPS-690W-C1 from 

Figure 5-27. Because the actual dimensions were not reported, a sensitivity analysis of 

the weld stop position and weld size was conducted, the results o f which are discussed in 

Section 5.7.3.4.
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5.7.3. Fatigue L ife  Prediction 

5.7.3.1. Fatigue crack in itia tion  life

Figure 5-30 shows a stress contour plot o f the normal longitud inal stress,<7,, in the x-z

plane as obtained from  the submodel o f girder HPS-485VV-C1. The critica l zone at the 

weld toe is located about 8 mm from the end o f the stiffener-to-web weld as indicated in 

Figure 5-30. Stress, strain and energy responses in the critica l element from the 

submodel analyses are presented in Table 5-16. As tor the welded cruciform  and cover 

plate specimens, the energy-based method for m ultiaxial stress state as outlined in 

Section 3.2.2.3 was used to predict the fatigue crack in itia tion  life  o f the two girders. The 

effective Poisson’ s ratio v  is equal to 0.3 for both girders, and the m ultiaxia l constraint 

factor p  is calculated to be around 1.009 for girder 11PS-485W-C1 and 1.006 for girder

HPS-690W-C1. The predicted fatigue crack in itia tion life  is 1.6x10^ cycles fo r girder 

HPS-485W -CI and 2.7x 105 cycles for girder HPS-690W -C1.

5.7.32. Fatigue crack propagation life

Prior to the application o f the first overload, the crack propagation stage can be divided 

into two parts: 1) propagation o f a surface thumbnail web crack and 2) propagation o f a 

tw o-tip  through-lhickness web crack. In girder 11PS-690W-C1, however, the crack had 

propagated into the bottom flange about 7.5 mm at the lim e o f the first overload lest, as 

shown in Figure 5-27. Nevertheless, because the stress intensity factor expression for 

this type o f crack is not available in the literature and the life  spent in propagating this 

small distance in to the flange is believed to represent only a small portion o f the total 

fatigue life, this stage is neglected in the analysis o f girder MPS-690W-C1. The fatigue 

crack growth rate constant C = 7 .17x10 and coefficient in = 3.02 (fo r the crack length 

a expressed in mm and AK  in M P a jm  ) that arc reported by W right (2003) fo r 

HPS 485W and HPS 690W  at a high R ratio arc used fo r the fo llow ing  fracture 

mechanics calculations.
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Thumbnail web crack

The stress intensity factor formula proposed by Newman and Raju f 1984), as outlined in 

Section 3.2.3.5, was used for the thumbnail web crack. For convenience, the stress 

component <7, at the centre o f the crack, i.e., the web surface stress at the height o f the 

integration point o f the critical element, was used fo r the stress a  in Equation (3-26a). 

The distribution o f the normal longitudinal stress, a y, in the crack plane through the web

thickness, calculated at the height o f the critica l clement, is shown in Figure 5-31 for 

g irder HPS-4S5W-C1. The coefficients o f a fourth order polynom ial expression fitted 

through this stress d istribution, normalized by d iv id ing  by the stress at the centre o f the 

crack, arc presented in Table 5-17. As shown in Figure 5-31, the stress distribution 

through the web thickness (i.e., crack depth) is not the un ifo rm  tension stress for which 

the stress intensity factor expression proposed by Newman and Raju (1984) was derived. 

A  m odification is therefore made to the stress intensity factor proposed by Newman and 

Raju by m u ltip ly ing  the ir stress intensity factor by the stress gradient factor f ta . The

stress gradient factor is obtained from Equation (3-25) using the fourth order polynomial 

coefficients presented in Table 5-17. The plate thickness t shown in Figure 3-6 

represents the web thickness for the crack considered, that is, 9.4 mm for girder 1IPS- 

4S5W-C1 and 9.27 mm fo r girder HPS-690W-C1. The distance from the crack centre to 

the top surface o f the bottom flange was used as the plate w idth IT shown in Figure 3-6. 

The value is 44.43 mm fo r girder HPS-485W -CI and 42.27 mm fo r girder HPS-690W- 

C I,  respectively. By considering <p = n t 2 and 0 = 0 (see Figure 3-6) for functions f

(Equation (3-26g)) and g (Equation (3-26i)), the stress intensity factors at the m inor and 

the major axis tips o f the semi-elliptical crack were considered.

As the thumbnail web crack has two crack tips that can propagate independently, the 

fo llow ing  procedure was used to fo llow  the evolution o f the crack tip during cyclic 

loading:
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1. Assume an increment o f the m inor crack tip, A « , say 1% o f crack size a from the 

previous step.

2. Assume some arb itrary value for the increment o f the major crack tip, Ac .

3. Using the current crack dimensions a and c ,  calculate the stress intensity factor 

range fo r the m inor crack tip , AK n .

4. Using the Paris crack growth model (Equation (3-19)), calculate d a ld N  . The 

number o f cycles required to extend the crack by A a , A N , , is calculated as 

Aa /(da I d N ) .

5. S im ilarly, calculate the number o f cycles A A . required to extend the major crack tip 

by A c . The requirement that AN, has to be the same as A N , in any single step is 

used to solve fo r Ac . A  new crack aspect ratio is thus obtained fo r the next step.

6. Repeat the procedure fo r the next crack growth increment.

The dimensions o f the fatigue crack at first detection (sec Figure 5-26 and 5-27) were 

used as the starting po int o f the numerical integration fo r the fatigue crack propagation 

life  calculation. B y  backward integration, the in itia l thumbnail web crack size was 

calculated as a = 1.87 mm and c = 2.50 mm for girder HPS-485W-C1 and a = 1.00 mm 

and c = 5.94 mm fo r g irder HPS-690W-C1, determined from the in itia l value o f AN , o f

6.2 MPa 4m  , beyond which the calculation o f fatigue crack propagation life by LE FM  is 

carried out. The calculated number o f load cycles from this in itia l crack size to the time 

o f crack detection is l . l x l 0 6 cycles for girder HPS-485W-C1 and 6.8x10s cycles for 

girder HPS-690W -CI . For both test specimens, forward integration indicated that an 

additional 2.3x10s cycles were required for the crack front to reach the hack surface o f 

the web plate and emerge as a through-thickncss crack.
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Two-tip through thickness web crack

Figure 5-32 shows the stress distribution along the web height, on the surface where the 

crack emerged, and along the path o f the fatigue crack fo r test specimen HPS-485W-C1. 

It is apparent from  Figure 5-32 that the presence o f the transverse stiffcner increases the 

stresses in the web. The expressions proposed by Feng (1996) for the stress intensity 

factor fo r a tw o-tip  web crack in an I-g irder (see Section 3.2.3.6) were used to calculate 

the crack propagation life  o f the through-thickness two-tip web crack. When the crack is 

contained w ith in  the high stress region (above the end o f the fille t weld), <7, is used to 

calculate stress intensity factor fo r both crack tips from Equation (3-27a). How'ever, once 

the lower crack lip  grows outside that region, a, is used to calculate the stress intensity 

factor fo r the low er crack tip and a 2 is used for the upper crack tip. Since the stress 

immediately above the end o f the fille t weld is higher than that below it, the upper crack 

tip is therefore expected to grow faster than the lower crack tip. This was confirm ed by 

the experimental observations summarized in Figure 5-26 and Figure 5-27. The stresses 

obtained from the fin ite  element analysis o f girder HPS-485W-C1 are cr, = 108.7 MPa 

and <j 2 -  152.5 MPa, while cr, = 115.0 MPa and o \ =  161.3 MPa were calculated for 

girder HPS-690W -C1.

The size o f the in itia l through-thickness web crack was calculated from the size o f the 

final thumbnail web crack based on equivalent cross-sectional area o f the crack, while the 

centre o f the crack was assumed to remain at the same location. The final thumbnail web 

crack was very close to being semi-circular. For s im plic ity, the in itia l through thickness 

web crack length, 2 aw , is calculated to be around 14.6 mm for both girders from

71
a,., -  — x i  , where / is the web thickness.

■' 4

Since the through-thickness web crack has two independent crack tips, the fatigue crack 

propagation life  calculation was carried out in a step-by-step manner sim ilar to the one 

used for the thumbnail web crack. The increment o f the upper crack tip  AaL, was taken
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as an independent variable from which the increment in the low er crack tip AaL was 

deduced. The g irder geometry parameter (3 in Equation (3-27e) was calculated to be

2.03 and 1.78 fo r girders HPS-485W-C1 and HPS-690W-C1, respectively. For any crack 

with current upper crack tip  position o f Z^ and lower crack tip  position o f Z, , the web

crack has a size o f a w = (Z „  -  Z , ) / 2 and eccentricity c = d w 1 2 -  (Z,, + Z , ) 1 2 . The 

parameters £ and Au, can be obtained from Equations (3-27c) and (3-27d) and the stress

intensity factor range fo r the upper and the lower crack tips fo llow  from equations 

(3-27a) and (3-27b). Numerical integration was repeated until the lower crack lip  

reached the final position indicated in Figure 5-26 and Figure 5-27. The fatigue life  spent 

in propagating the in itia l through thickness web crack until the application o f the first 

overload was calculated to be 2.2X105 cycles and 2 .0xI05 cycles for girders HPS-485W- 

C1 and H PS-690W -C I, respectively.

5.7.3.3. Comparison with test results

Comparisons between the predicted fatigue life  and the fatigue test results for girder 

HPS-485W-C1 and girder HPS-690W-CI are shown in Figure 5-33 and Figure 5-34, 

respectively. The stress ranges plotted in the figures are the measured stress ranges at the 

transverse stiffcner detail level, that is, 97.1 MPa and 104.5 MPa for girders HPS-485W- 

C1 and HPS-690W -C1, respectively. The mean and lower confidence lim it for fatigue 

Category C  were derived from sim ilar details fabricated from  conventional steels 

(Keating and Fisher 1986). The open circle shows the point o f first crack detection and 

the grey circle corresponds to when the first overload was applied. Both girder test 

results were found to fa ll above the fatigue Category C ’ fatigue curve. Because o f the 

increased crack size tolerance provided by the higher toughness flange steel, the flange 

crack propagation phase in both girders was found to occupy a larger portion o f fatigue 

life  than for s im ila r details made o f conventional steels (W right 2003).

The predicted fatigue life  is shown as diamonds in the figures, where the open diamond 

represents predicted fatigue life al crack detection, and the grey diamond represents the
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life at the first overload test. For both girders HPS-485W-C1 and HPS-690W -C1, the 

predicted fatigue life  up to crack detection is very close to that observed in the tests. 

However, there is noticeable difference between the predicted and observed fatigue life al 

the first overload. The predicted fatigue crack propagation life  spent from  crack 

detection to the firs t overload is on ly about ha lf o f that observed in the tests (44% for 

girder HPS-485W-C1 and 48% for girder HPS-69QW-C1).

5 .7.3.4. Sensitivity o f  etui weld position and weld size on predicted fa tigue  life

Since the stiffener-to-web w'eld stop position was only estimated from Figure 5-26 and 

Figure 5-27 and the nominal weld size was used in the previous analysis, it is necessary 

to check the sensitiv ity o f the fatigue life  prediction to these tw o factors. A sensitivity 

analysis was therefore carried out on girder HPS-4S5W -CI. The stiffener-to-web weld 

stop position o f  g irder HPS-485W-C1 w'as fore set at 10, 12.5. and 15 mm from the 

bottom of the stiffencr. Also, the size o f the stiffener-to-web fille t weld was fore set at 5. 

6, and 7 mm. Analysis w'as performed in the same manner as the base case for girder 

HPS-4S5W-C1, which was first analyzed with a stiffener-to-web weld stop position of 

12.5 mm and stiffener-to-web weld size o f 6 mm. Results o f the fin ite  element analysis 

and fatigue life  prediction are presented in Table 5-16. Tabic 5-17 and Table 5-18. The 

analysis results are also plotted in Figure 5-35, which illustrates the effect o f weld stop 

position, and Figure 5-36, which shows the effect o f weld size. Generally, as the gap 

between the weld stop and the top surface o f bottom flange increases, the predicted 

fatigue life  tends to increase. In contrast, as the stiflencr-to-web weld size increases, the 

fatigue life decreases. However, from Figure 5-35 and Figure 5-36. both effects are seen 

to be very small over the range o f values investigated. Thus, the comparisons between 

fatigue life  predictions and experimental observations made in Section 5.7.3.3 are 

considered valid.

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.7.3.5. Through-thickness web crack propagation life  ca lcu la tion  using modified stress 

intensity fa c to r

It was observed that the discrepancy between the test results and the predicted fatigue life  

at first overload could be attributed m ainly to the crack propagation stage o f the through- 

thickness crack, which was predicted using stress intensity factors proposed by Feng 

(1996). Stress intensity factor expressions for tw o-tip  through thickness web cracks at 

the transverse stiffcner detail have therefore been derived specifica lly  fo r girder HPS- 

4S5W-C1 from the fin ite  element analysis described in Section 3.4. The stress intensity 

factor correction fu n c tio n /w a s  given in Equation (3-28) where coefficients an to r/7 are 

presented in Table 3-4. The reference stress range is the nom inal stress range at m id- 

thickness o f the bottom flange, namely, 108.7 MPa. Using the m odified stress intensity 

factor expressions, the fatigue crack propagation life  fo r the tw o -tip  through-thickness 

web crack in g irder UPS-485W -CI was recalculated using a s im ila r procedure to the one 

described above. By the tim e the lower crack tip reaches 10.3 mm above the lop surface 

o f the bottom flange (tim e o f first overload test), the elapsed life  was calculated to be 

9.2x105 cycles.

The updated prediction from the m odified stress intensity factor expressions for girder 

HPS-4S5W-C1 is shown in Figure 5-33 (grey triangle). The total predicted fatigue life 

up to the first overload test was found to match the test result very well. The use o f the 

stress intensity factor equation proposed by Feng (1996) seems to be one uncertainty in 

the fatigue crack propagation predictions. The formula is a generic fitted equation for I- 

girders o f d ifferent geometries. Moreover, it was obtained from  fin ite  element analysis o f 

I-girders w ithout stiffcners. The presence o f the transverse stiffencr is believed to 

restrain the crack opening o f the through-thickness web crack, which has the effect o f 

reducing the stress intensity factor.

Despite the excellent correlation between the test results and predicted fatigue life, it 

must be recognized that lim ita tions exist w ith the analytical methods. W elding residual 

stresses were not considered in the analysis. In itia l imperfections in the web o f the girder
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and in the weld geometry were not incorporated in the fin ite  element model. The upper 

crack tip  that is located in the weld region would he more affected by the residual stress 

effects. Furthermore, on ly the stress intensity factor for mode I (crack opening) was used 

for the lower crack tip  although the effect o f m ixed mode loading might be significant 

near the web gap region. Despite the above-mentioned lim itations, the analytical 

methods used in the project seem to be able to predict the fatigue life  o f the large-scale 

welded plate girders very well.

5.8. Summary

Stress-based, strain-based, and energy-based methods were used, along w ith the linear 

elastic fracture mechanics approach, to predict the fatigue life  o f six details, namely, a 

plate w ith a c ircu lar hole, bearing-type bolted shear splices, large scale beam with 

unfilled holes, welded tensile cruciform  detail, w'elded tensile cover plate detail, and the 

transverse stiffcner location o f large scale welded plate girders. The first three details 

involve riveted and bolted connections and the last three details include welded details. 

The fo llow ing  summarizes the findings o f the analytical investigations.

1. The fatigue life  prediction methods investigated in this research were found to predict 

fatigue test results very well for all the details investigated.

3. The numerical methods implemented in this investigation arc useful tools for 

classifying the severity o f d ifferent structural details.

4. The numerical methods were found to provide a useful tool to derive fatigue curves 

for common details made o f high performance steel.

5. The fatigue performance o f noil-welded details made o f high performance steel was 

found to be s ligh tly  belter than those made o f conventional structural steels.

6. The current fatigue design provisions do not provide adequate design curves for 

riveted and bolted connections. The fatigue life  fo r these details is significantly
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overestimated by the current design fatigue curves. A review o f  the fatigue design 

standard for bearing-type bolted shear splices is required.

7. The fatigue life  predictions o f welded details were found to be re latively insensitive 

to the material cyc lic  and fatigue properties.

8. Both the strain-based approach and the energy-based approach can predict fatigue 

crack in itia tion  life  accurately.

9. The stress-based method, used in conjunction w ith  an inelastic stress analysis, 

provides an accurate prediction o f crack in itia tion life.

10. It is necessary to account for the mean stress effect in fatigue crack initiation 

calculations o f non-vvelded details when a tensile mean stress is present.

11. The stress intensity factor expression taking the existence o f stiffcners into account 

provides a better characterization o f the stress fie ld  near a tw o-tip  through thickness 

web crack in plate girders w ith  transverse stiffcners.

12. Small variations in the position o f the weld stop and weld size o f a plate girder 

stiffener-to-web weld do not affect the fatigue life  o f the detail s ignificantly.
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T a b le  5-1 C y c lic  Stress versus S tra in  C u rves  D e fin it io n

A STM  A36 A S TM  A 7 HPS(LT) MPS(HT)

E  = 200000 MPa E  = 201400 MPa E  = 197100 MPa E  = 197000 MPa

l) = 0.3 a = 0.3 a = 0.3 u = 0.3

Stress Plastic Strain Stress Plastic Strain Stress Plastic Strain Stress Plastic Strain

200 0 100 0 350 0 325 0

223 0.000377472 125 0.00013508 375 0.000253107 350 0.00021067

230 0.000601661 150 0.000281753 400 0.00044807 375 0.000522223

275 0.000917287 175 0.000524585 425 0.000766206 400 0.001220829

300 0.001348067 200 0.000898782 450 0.001270642 425 0.002710742

325 0.001920994 225 0.001445155 475 0.002050315 450 0.005750615

350 0.002666467 250 0.002210144 500 0.003228173 475 0.011713213

375 0.003618402 275 0.003245835 525 0.004971331 500 0.023003108

400 0.004S 14351 300 0.004609987 550 0.007503497 525 0.043711236

425 0.006295605 325 0.006366042 575 0.011120025

450 0.008107302 350 0.0085S3145 600 0.016205996

475 0.010298525 375 0.011336158 625 0.023257738

500 0.012922398 650 0.032908266

525 0.016036IS6

540 0.018165019

Table 5-2 FLA  and Fatigue L ife  Prediction Results for Plates Tested by Schitoglu (1983)

Nominal
Stress

Amplitude
(MPa)

Test
Fatigue

L ife
(Cycle)

Inelastic F LA  
Result

C „.„ f „ u, 
(MPa) ( f t )

Predicted Crack In itia tion L ife 
(Cycle)

Stress-based Method Strain-based 

Inelastic Plastic Method

Predicted Crack 
Propagation L ife

(Cycle)

(ienera l Empirical

Predicted 
T o ta l* 

Fatigue L ife  
(Cycle)

118 I .2 x l0 6 233.2 0.161 7.7x10s 3.3x10 s 5.9x10 s 1.4X104 1.4x10* 6.1x10s

126 5.9x1 0s 243.9 0.176 5.1x10 s 1.8x10s 3.9x10 s 1 .2 x l0 4 1.2x10* 4.0x10s

136 4.2x10-“’ 255.2 0.193 3.4x10s 9.3 X1 ()4 2.5x10 s 1 .Ox 1()4 9.9x10 s 2.6x10s

144 2.3x10s 265.0 0.210 2.4x10s 5 .2x l()4 1.8x10 s 8.6x10s 8.5 x10 s 1.9x10 s

163 1.3x10s 284.2 0.248 1.3x10s 1.8Xl04 9.1x10'* 6.3x10s 6.4x10 s 9.7x10*

180 5.2x10'1 302.3 0.289 7.3X104 6.9X I0S 5.2X I04 4 .9x10s 5.0x10s 5.7x104

225 1.3x104 357.5 0.471 1.6x104 9.2X10- l . l x l  04 2.7x10 s 2.5x10 s 1.3x104

271 2.8x10 ’ 414.3 0.768 4.2x10 s 1.7x10“ 2.7x10s 1.4x10s 1.2x10s 4.0x10 s

271 3.6x10s

* Summation o f  value presented in seventh column and eighth column.
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Table 5-3 Fatigue L ife  Prediction for Plates Tested by Sehitoglu (1983) 

(Using A7 Steel Properties)

Nominal
Stress

Am plitude
(MPa)

Inelastic FF.A Result 

(MPa) (%)

Predicted Crack In itia tion L ife  (Cycle) 

Strain-based Energy-based Method 
Method ^ y .

Predicted 
Crack 

Propagation 
L ite  (Cycle)

Predicted 
Tota l* 

Fatigue L ife  
(Cycle)

118 207.3 0.208 4.7X I04 4 .5 x l0 4 4.6x104 4.5x104 1.7X104 6.4X104

126 219.4 0.240 3.0x104 2 .9 x l0 4 2.9x104 2.9x104 1.4x l04 4.4x104

136 231.0 0.276 1.9X104 I .9 x l0 4 1 .9xI04 I.9 X I0 4 1.2xl()4

'-rOXr<3

144 241.1 0.312 1.4X104 1.3x l04 1.4x104 1.3XI04 9.7x10 3 2.3x104

163 261.2 0.395 . 7.0x10' 7 .1x10' 7 .2x10 ’ 7 .1x10 ' 7.2x10' I .4 x l0 4

ISO 281.9 0.499 3.8x10' 3 .9x10 ’ 3.8x1(1’ 3.9x10 2’ 5.4x103 9.2x103

225 332.6 0.863 9.5x10 2 1 .Ox 1 O' 9.5x10 2 1.0x10’ 2.9x10’ 3.8X103

271 375.5 1.454 2.8x 10- 3 .3 x l0 2 2.8X102 3.2x10 2 1.7x1 ()3 1 .9x l03

* Summation o f value presented in fourth column and eighth column.

Table 5-4 Fatigue L ife  Prediction for Plates w ith a C ircu lar Hole Detail made with

1 IPS 485W Steel

Nominal Stress 
Am plitude 

(MPa)

Inelastic FF 

(MPa)

A Result

Cuv
( c'r)

Predicted Crack 
In itia tion L ife  

(Cycle)

Predicted Crack 
Propagation L ife  

(Cycle)

Predicted Total 
Fatigue L ife  

(Cycle)

1 18 288.8 0.146 7.4x101’ l.5 x l(P 7.5x106

126 309.0 0.156 3.0x10'’ 1.2 x10s 3.2x10(>

136 332.1 0.168 1.2 x 10f ’ 9.5x104 1.3x10°

144 351.8 0.179 6. IX HP 7.7X104 6.8x1 O'1*

163 370.0 0.207 1.6X1 (P 5.3X104 2.1x10s

ISO 391.2 0.235 6.2x104 3.9x104 1.0x10 5

225 435.5 0.317 I.5X104 2.1x104 3.5x1 ()4

271 468.0 0.417 5.7x10 ' 1.3x104 l.S x lO 4
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Tabic 5-5 E xam ple of Num erical Integration

c

111
w

CT

6 . 9 0 x 1 0

3

2 1 . 2  m s n  

1 1 8  M I ’ a

( f o r  K  i n  M P ayf i i i  a n d  d a  i n  m m )

( d i e  d i s t a n c e  f r o m  h o l e  e d g e  t o  p l a t e  e d g e )

I n c r e m e n t a d a a v e r a g e  a Pe P s p w Pci A K d a / d N d N N

N o . ( m m ) ( m m ) ( m m ) M P a ' /m m m / c y c l e c y c l e c y c l e

1 1 . 0 0 0 . 0 1 1 . 0 1 1 . 0 0 1 . 1 2 1.01 2 . 1 0 2 6 . 5 3 1 . 2 9 x 1 0 4 78 7 . 8 X 1 0 1

T 1 . 0 1 0 . 0 1 1 . 0 2 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 9 2 6 . 6 4 1 . 3 0 x 1 0 4 77 1 . 6 x 1 0 -

T
1 . 0 2 0 . 0 1 1 . 0 3 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 9 2 6 . 7 4 1 . 3 2 X 1 0  4 7 7 2 . 3 x 1 0 -

4 1 . 0 3 0 . 0 1 1 . 0 4 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 9 2 6 . 8 5 1 . 3 4 x 1 0 4 7 7 3 . 1 x 1 0 -

5 1 . 0 4 0 . 0 1 1 . 0 5 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 9 2 6 . 9 5 1 . 3 5 x 1 0 4 7 7 3 . 9 x 1 0 :

6 1 . 0 5 0 . 0 1 1 . 0 6 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 8 2 7 . 0 6 1 . 3 7 x 1  O ’ 4 7 7 4 . 6 x 1 0 -

7 1 . 0 6 0 . 0 1 1 . 0 7 1 . 0 0 1 . 1 2 1 . 0 1 2 . O S 2 7 . 1 6 1 , . 3 8 x 1 0 " * 7 7 5 . 4 x 1 0 -

8 1 . 0 7 0 . 0 1 1 . 0 8 1 . 0 0 1.12 1 . 0 1 2 . 0 8 2 7 . 2 7 1 . 4 0 x 1 0  "* 7 7 6 . 2 x 1 0:

9 1 . 0 8 0 . 0 1 1 . 0 9 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 8 2 7 . 3 7 1 . 4 2 x 1 0 4 7 7 6 . 9 x 1 0;

1 0 1 . 0 9 0 . 0 1 1 . 1 0 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 7 2 7 . 4 8 1 . 4  3 x 1 0 4 7 6 7 . 7 x 1 0 -

1 1 1 . 1 0 0 . 0 1 1.11 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 7 2 7 . 5 9 1 . 4 5 X 1 1) ’ 4 7 6 8 . 5 x 1 0 2

1 2 1 . 1 2 0 . 0 1 1 . 1 2 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 7 2 7 . 6 9 1 . 4 7 x 1 0 ‘ 4 7 6 9 . 2 x l ( ) 2

1 3 1 . 1 3 0 . 0 1 1 . 1 3 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 7 2 7 . 8 0 1 . 4 8 x 1 0 ' 4 7 6 1 . 0 x 1 0 ' '

1 4 1 . 1 4 0.01 1 . 1 4 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 6 2 7 . 9 0 1 . 5 0 x 1 0 ' 4 7 6 1 . 1 x 1 0 - ’

1 5 1 . 1 5 0.01 1 . 1 6 1 . 0 0 1 . 1 2 1.01 2 . 0 6 2 8 . 0 1 1 . 5 2 X 1 0 4 7 6 1 . 1 x 1 0 ’

1 6 1 . 1 6 0 . 0 1 1 . 1 7 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 6 2 8 . 1 2 1 . 5 3 x 1 0 4 7 6 1 . 2 x 1 0 '

1 7 1 . 1 7 0 . 0 1 I . I S 1 . 0 0 1 . 1 2 1.01 2 . 0 6 2 8 . 2 3 1 . 5 5 x 1 0 4 7 6 1 . 3 x 1 0 ’

1 8 1 . I S 0.01 1 . 1 9 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 5 2 8 . 3 3 1 . 5 7 x 1 0 4 7 5 1 . 4 x 1 0 ’

1 9 1 . 2 0 0.01 1 . 2 0 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 5 2 8 . 4 4 1 . 5 9 x 1 0 4 7 5 1 . 5 x 1 0 ’

2 0 1 . 2 1 0 . 0 1 1 . 2 1 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 5 2 8 . 5 5 1 . 6 1 x 1 0 4 7 5 1 . 5 x 1 0 ’

2 1 1 . 2 2 0 . 0 1 1 . 2 3 1.00 1 . 1 2 1 . 0 1 2 . 0 4 2 8 . 6 6 1 . 6 2 X 1 0 4 7 5 1 . 6 X 1 0 ’

2 2 1 . 2 3 0 . 0 1 1 . 2 4 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 4 2 8 . 7 6 1 . 6 4 X 1 0 4 7 5 I J x l O 1

2 3 1 . 2 4 0 . 0 1 1 . 2 5 1 . 0 0 1 . 1 2 1 . 0 1 2 . 0 4 2 S . 8 7 1 . 6 6 X 1 0  "* 7 5 1 . 8 x 1 0 ’

2 4 1 . 2 6 0 . 0 1 1 . 2 6 1 . 0 0 1 . 1 2 1.01 2 . 0 4 2 8 . 9 8 1 . 6 8 X 1 0 4 7 5 l . S x I O 1

2 5 1 . 2 7 0 . 0 1 1 . 2 8 1 . 0 0 1 . 1 2 1.01 2 . 0 3 2 9 . 0 9 1 . 7 0 X 1 0 4 7 5 1 . 9 x 1 0 ’

2 1 7 8 . 5 8 0 . 0 9 8 . 6 2 1 . 0 0 1 . 1 2 1 . 8 6 1 . 2 8 8 7 . 5 5 4 . 6 3 X 1 0 ’ 1 9 1 . 4 x 1  O' *

2 1 8 8 . 0 6 0 . 0 9 8 . 7 1 1 . 0 0 1 . 1 2 1 . 9 0 1 . 2 7 8 9 . 7 6 4 . 9 9 x 1 0 ' 1 7 I . 4 X 1 0 4

2 1 9 8 . 7 5 0 . 0 9 8 . 7 9 1 . 0 0 1 . 1 2 1 . 9 5 1 . 2 7 9 2 . 1 4 5 . 4 0 X 1 0 ° 1 6 I . 4 X I 0 4

2 2 0 8 . 8 4 0 . 0 9 8 . 8 8 1.00 1 . 1 2 1 . 9 9 1 . 2 7 9 4 . 7 2 5 . 8 6 x 1 0 1 5 1 . 4 X I 0 4

2 2 1 8 . 9 3 0 . 0 9 8 . 9 7 1 . 0 0 1 . 1 2 2 . 0 5 1 . 2 7 9 7 . 5 4 6 . 4 0 x 1 0 ° 1 4 I . 4 X 1 0 4

2 2 2 9 . 0 2 0 . 0 9 9 . 0 6 1 . 0 0 1 . 1 2 2 . 1 0 1 . 2 7 1 0 0 . 6 2 7 . 0 3 x 1 0 ° 1 3 I . 4 X 1 0 4
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T a b le  5 -6  G e o m e try  and  T e s t R esu lts  fo r  B e a r in g -T y p e  S hear S p lice s  (Josi et al. 19 99 )

Test

Series

Hole

Stagger

s

(mm)

Gauge

W idth
ae>

(mm)

Load

Range

(kN)

Gross Section 

Stress Range

(MPa)

Corrected 

Stress Range 

A<7„ 

(MPa)

Tested Fatigue L ife  

for Replicate Specimen 

1 2 3 

(Cycles)

P 0 60.3 240 113 109 5.7x10s — —

SO 0 60.3 190 90 90 7.7x10s 2.2x10° 5.8x10°

0 60.3 240 113 113 3.6x10s 5.8x10s 6.2x10s

SI 23.4 44.5 160 88 92 2.8X10° 2.9x10° 8.5x10°

25.4 44.5 200 110 115 2.6x10s 3.0x10s 1.6x10°

S2 50. S 44.5 160 ss 93 1.5x10° 2.7x10° 3.8x10°

50.8 44.5 200 110 116 1.1x10° a 3.1x10s 6.5x10s

S3 76.2 44.5 130 72 76 3.6x10° 1.6X107 ;* 1 .4x!07 °

76.2 44.5 200 110 116 5.2x10s 6.9x10s 7.0x10s

C, 25.4 60.3 190 90 9.3 1.0x10° 1.9x10° 2.9x10°

25.4 60.3 240 1 13 117 3.0x10s 3.2x10s 5.2x10s

a Specimen failed al gross section. 

* Run-out.

11 Specimen failed in main plate.

Tabic 5-7 Inelastic FEA Results fo r Bearing-Type Shear Splices (Josi ct al. 1999)

Test

Series

Load

Range

(kN)

A a / 2

(M Pa)

A r / 2

(%) (MPa)

Gnu.

(T>)

A, A A  A

P 240 209.6 0.113 390.1 0.594 3.804164 -0.812403 0.107859 -0.006770 0.000150

SO 190 184.6 0.091 336.8 0.376 4.120566 -1.011651 0.151234 -0.010558 0.000260

240 213.4 0.120 395.9 0.623 3.881882 -0.767S43 0.089474 -0.004927 0.000091

SI 160 188.0 0.093 346.5 0.409 4.261944 -1.043203 0.157147 -0.011004 0.000272

200 214.1 0.121 411.2 0.702 3.999602 -0 .7771S2 0.089899 -0.004880 0.000089

S2 160 191.3 0.095 345.2 0.405 4.343139 -1.063410 0.160145 -0.011208 0.000277

200 215.4 0.124 405.8 0.67.7 4.032576 -0.750001 0.081091 -0.004017 0.000062

S3 130 155.0 0.077 305.7 0.287 4.337112 -1.059791 0.159941 -0.011201 0.000277

200 215.1 0.123 402.6 0.658 4.031630 -0.750886 0.081961 -0.004105 0.000065

G 190 189.6 0.094 342.5 0.395 4.226584 -1.037658 0.155255 -0.0I0S36 0.000267

240 215.5 0.124 405.1 0.669 3.921798 -0.729971 0.077632 -0.003776 0.000056
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Table 5-8 Predicted Fatigue Life fo r Bearing-Type Shear Splices 

Tested by Josi et a l. (1999)

Test

Series

Load

Range

(kN)

Predicted Crack In itia tion  Life (Cycles) 

Stress-based Method Strain-based Method 

no a m <t„, no <jm SW T

Predicted Crack 

Propagation 

L ife  (Cycles)

Predicted 

Total Fatigue 

L ife *  (Cycles)

P 240 2.0x10° 4.1X I05 4.2x10° 4.0x10s 9.9x10s 4.0x10s

SO 190 6 .5 x l0 6 1.7x10° 1.7xl07 1.2x10° 2 .4 x l0 4 1.3x10°

240 1.7x10° 3.4x105 2.9x10° 3.1x10s 8.2x10s 3.2x10s

SI 160 5.5x10° 1.4x10° I.5X107 1.1x10° 2.2x 104 1.1x10°

200 1.7x106 2.9x105 2.7x10° 2.7x10s 7.9x10s 2.8x10s

S2 160 4.7x10° 1.2X10° 1.3x107 1.0x10° 2.0X104 1.0x10°

200 1.6X10° 2.9x10s 2.4X10° 2.6x10 s 7.2x10 s 2.7x10s

S3 130 3.2X107 8.5x10° 5.9x107 3.2X10° 4.4x104 3.3x10°

200 1.6x10° 3.0x10s 2.5x10° 2.7x10s 7.2x10s 2.8x10s

G 190 5.1x10° 1.3x10° I.4X107 1.1x10° 2. Ix lO 4 1.1x10°

240 1.6x10° 2.9x10s 2.4x10° 2.7x10s 7.2x10s 2.7x10s

* The in itia tion 1ife is from the strain-based method with the SW T mean stress effect correction.

Table 5-9 Inelastic FEA and Fatigue L ife  Prediction Results for Bearing-Type Shear 

Splices Using MPS(LT) Steel Properties

Test Load A ct/ 2 A f /2 ° .... f m,< Predicted Crack Predicted Crack Predicted

Series Range In itia tion Propagation Total Fatigue

(kN) (MPa) {% ) (MPa) (%) L ife  (Cycles) L ife  (Cycles) L ife  (Cycles)

P 240 222.7 0.112 467.2 0.390 1.6x10° 2.1X104 1.6x10°

SO 190 184.5 0.093 433.0 0.295 9.7x10° 4. Ix lO 4 9.7x10°

240 233.1 0.117 475.1 0.416 1.1x10° 1.9x1 O'4 1.1X10°

SI 160 188.2 0.095 436.5 0.302 8.0x10° 3.9x104 S.OxlO6

200 235.2 0.118 477.3 0.423 9.7x10 s I.SxlO 4 9.9x10s

S2 160 191.4 0.096 439.2 0.310 6.8x10° 3.7x104 6.8x10°

200 239.2 0.120 479.6 0.432 8.4x10s 1.7X104 8.6x10s

S3 130 155.0 0.078 395.2 0.234 6.4X107 7.2X104 6.4x107

200 238.5 0.120 479.0 0.431 8.7X I05 I.7X104 8.9x10s

G 190 189.8 0.095 437.5 0.305 7.4x10° 3.8x104 7.5x10°

240 239.7 0.121 479.7 0.432 8.3x10s 1.7X104 8.5x10 s
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T a b le  5 -1 0  F a lig u c  L ife  P re d ic tio n  fo r  N o n -L o a d -C a r ry in g  C ru c ifo rm  Specim ens

Stress

Range

(MPa) 1

Tested Fatigue L ife  (Cycles) 

for Replicate Specimen 

2 3 4 5

Predicted Fatigue L ife  (Cycles) 

In itia tion Propagation Total

90 1 .Ox 107 * 1 .Ox 107 * 5.3x10° 2.8x10° 1,0xJO7 * 1.0x107 * — l.OxlO7 *

138 6.3x10 s 9.9x10s 1.5x10° 1.4x10° 5.7x10s 2.4x10° 7.5x10s 3.1x10°

207 2.6x10 s 3.2x10s 3.0x10 s 3.1x10s ro O X 1.3x10s 1.9x10s 3.3x10s

290 1.3x10s 1.1x10s 1.4x10 s 8 .5 x l0 4 1.1x10s 5.6X104 O .lx lO 4 1,2x10s

* Run-oul.

Table 5-11 Inelastic FLA  Results in the C ritica l Region o f Non-Load-Carrying Cruciform

Stress Response Principal Von Mises Principal Principal Equivalent Elastic Plastic

Range Stress (MPa) Equivalent Strain FT) Plastic Strain ('.’< ) Plastic Strain Strain

(MPa) A
Stress

A c
Strain Energy Energy

a , (MPa) r. C ’ (c.) (M J/m 1) (MJ/nv1)

A A a '’

90 Am plitude 13.9 83.5 -0.015 0.000 0.000 0.02 0.00

36.1 0.000 0.000

106.3 0.046 0.000

M axim um 28.9 173.4 -0.030 0.000 0.000 0.10 0.00

74.9 0.000 0.000

220.7 0.096 0.000

138 Am plitude 21.4 128.5 -0.022 0.000 0.000 0.06 0.00

55.5 0.000 0.000

163.5 0.071 0.000

M axim um 43.9 263.4 -0.046 0.000 0.000 0.23 0.00

113.7 0.000 0.000

335.1 0.146 0.000

207 Am plitude 32.1 192.7 -0.034 0.000 0.000 0.13 0.00

83.2 0.000 0.000

245.2 0.107 0.000

M axim um 76.0 371.4 -0.078 -0.015 0.022 0.49 0.08

181.1 0.000 -0.006

488.6 0.230 0.021

290 Am plitude 45.0 269.S -0.047 0.000 0.000 0.25 0.00

116.5 0.000 0.000

343.3 0.150 0.000

M axim um 98.4 446.2 -0.169 -0.087 0.119 0.75 0.48

264.6 0.000 -0.027

603.9 0.365 0.114
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T a b le  5 -1 2  Stress D is tr ib u tio n  C o e ffic ie n ts  fo r  C ra c k  in W e ld e d  C ru c ifo rm

Stress

Range

(MPa)

A. A .4, A A

90 1.9) 0516 -J .681338 1.003032 -0.250550 0.021953

138 1.910303 -1.6S09S3 1.002830 -0.250502 0.021949

207 1.910686 -1.681500 1.003100 -0.250564 0.021954

290 1.910534 -1.681529 1.003252 -0.250623 0.021961

Table 5-13 Fatigue L ife  Prediction Results for W elded Cover Plate Specimens

Stress

Range

(MPa) 1

Test Fatigue L ife  (Cycles) 

for Replicate Specimen 

2 3 4 5

Predicted

In itia tion

-atignc L ife  

Propagation

(Cycles)

Total

103 3.5x106 2.1x10° l.O xlO 7 * 2.0x10° 2.2x10° 1.0x 107 * — l.OxlO7 *

145 1 .2 x l0 fl 7.1x10s 1.1x10° 1.5x10° 9.7x10s 6.1x10s 4.2x10s 1.0X10°

207 4.1x10s 2.9x10s 2.6x10s 2.9x10s 2.6x10s 1.2x10s 1.3x10s 2.5x10 s

290 8.6x104 1.0x10s 7 .9 x l0 4 1.2x10s 1.1x10s 5.6X I04 4.1x104 9.7X104

* Run-out.
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Tabic 5-14 Inelastic FEA  Results in the C ritica l Element fo r the Cover Plate Specimens 

Tested by Friedland cl al. (1982)

Stress Response Principal Von Mises Principal Principal Equivalent Elastic Plastic

Range Stress (M Pa) Equivalent Strain (% ) Plastic Strain ('77) Plastic Strain Strain

(MPa) Stress
c Strain Energy Energy

a , (MPa) c " (% ) (M J/nT) (MJ/nv')

C

103 A m plitude 14.2 107.1 -0.018 0.000 0.000 0.04 0.00

35.0 -0.004 0.000

130.1 0.059 0 . 0 0 0
M axim um 29.3 221.3 -0.037 0.000 0.000 0.15 0.00

72.4 -0.009 0.000

269.0 0.121 0.000

145 A m plitude 19.S 149.9 -0.025 0.000 0.000 0.07 0.00

49.0 -0.006 0.000

182.2 0.082 0.000

M axim um 40.6 307.0 -0.051 0.000 0.000 0.30 0.00

100.4 -0.012 0.000

373.1 0.168 0.000

207 A m plitude 28.3 214.2 -0.036 0.000 0.000 0.14 0.00

70.0 -0.008 0.000

260.3 0.117 0.000

M axim um 65.1 392.4 -0.092 -0.026 0.039 0.51 0.14

158.7 -0.017 -0.012

495.9 0.256 0.038

290 A m plitude 39.6 299.9 -0.050 0.000 0.000 0.28 0.00

98.0 -0.012 0.000

364.4 0.164 0.000

M axim um 89.7 456.4 -0.184 -0.102 • 0.147 0.75 0.61

238.0 -0.025 -0.041

601.9 0.398 0.143

Table 5-15 Stress D istribution along Potential Crack Path in Welded Cover Plate

Stress

Range

(M Pa)

4„ 4, A, 4 , 4 J

90 1.997836 -1.273516 0.604012 -0.143859 0.012493

138 1.998535 -1.276628 0.606858 -0.144743 0.012580

207 1.998616 -1.276306 0.606377 -0.144569 0.012562

290 1.998284 -1.274500 0.604819 -0.144096 0.012515
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T a b le  5 -1 6  C r it ic a l E le m e n t Responses fro m  In e la s tic  F E A  fo r H P S  P la te  G irders

Girder W eld Stop 
Location* 

(mm)

W eld Response

Size

(m m )

Principal V on Mises Principal 

Stress (MPa) Equivalent Strain (% )  
,  Stress cu \ c i
a ,  (MPa) f .

Equivalent

Plastic

Strain

( % )

Elastic

Strain

Energy

(M J/nr1)

Plastic

Strain

Energy

(MJ/nr'')

G

HPS- 10
485W-
C1

6 Am plitude 5.0

8.6

86.5

79.7 -0.012

-0.010

0.042

0.000 0.02 0.00

M axim um 20.3

35.1

352.8

325.3 -0.049

-0.039

0.171

0.000 0.29 0.00

12.5 5 Am plitude 4.6

8.4

83.2

76.8 -0.012

-0.009

0.040

0.000 0.02 0.00

M axim um 18.8

34.1

339.6

313.4 -0.047

-0.037

0.164

0.000 0.27 0.00

12.5 6 Am plitude 4.9

9.1

85.5

78.6 -0.012

-0.009

0.041

0.000 0.02 0.00

M axim um 20.0

37.2

349.0

320.7 -0.049

-0.037

0.168

0.000 0.28 0.00

12.5 7 Am plitude 5.2

9.8

87.8

80.3 -0.012

-0.009

0.042

0.000 0.02 0.00

M axim um 21.2

40.1

358.1

327.8 -0.050

-0.037

0.172

0.000 0.30 0.00

15 6 Am plitude 4.8

9.5

84.5

77.5 -0.012

-0.009

0.041

0.000 0.02 0.00

M axim um 19.7

38.8 

344.8

316.0 -0.048

-0.036

0.166

0.000 0.27 0.00

HPS- 11
690W-
C1

6 Am plitude 5.3

10.6

92.3

S4.5 -0.013

-0.009

0.044

0.000 0.02 0.00

M axim um 26.0

56.1

406.0

365.8 -0.066

-0.044

0.209

0.016 0.37 0.05

* The distance is measured from  the bottom o f  the stiffener.
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T a b le  5 -1 7  W e b  Stress D is tr ib u tio n  in H P S  P la te  G irders

G irder W eld Stop Weld 
Location* Size

Stress Field in Through-Thickness Direction 

(fo r Thumbnail W eb Crack)

along Web Height 

(fo r 2-tip Web Crack)

(mm) (mm)

A0 A t T  '4, T 0V 1
(MPa)

0> a

(MPa)

HPS- 10 6 1.011125 -0.371085 0.158945 -0.031776 0.002405 108.7 153.6

485W - 12.5 5 1.012365 -0.380922 0.164328 -0.032731 0.002457 10S.7 152.2

C1 12.5 6 1.011142 -0.369723 0.157121 -0.031241 0.002356 108.7 152.5

12.5 7 1.009774 -0.366003 0.156141 -0.031474 0.002411 10S.7 153.2

15 6 1.011091 -0.368436 0.155873 -0.030915 0.002328 108.7 151.5

HPS-

690W - 11 6 1.011180 -0.370188 O.I5S535 -0.031788 0.002420 115.0 161.3

C1

* The distance is measured from  the bottom o f  the stiffener.

a Refer to Figure 5-32 for a defin ition  o f  <r, and a ,  ■

Table 5-18 HPS Plate Girders Fatigue L ife  Prediction Results

Girder W eld
Stop*

Location

(mm)

W eld

Size

(mm)

Predicted

Crack

Initia tion

L ife

(Cycles)

Predicted Crack Prop. 

Thumbnail 

Crack 

up to after 

Detection Detection

igation L ife  (Cycles) 

Through Thickness 

Crack 

Feng's S1F 

(M od ified  S1F)

Predicted Total Fatigue 

L ife  (Cycles)

up to O L 1 

, " p , °  Feng's SIF 

C" ° M (M odified SIF)

HPS- 10 6 6.8x10 5 1.1x10° 2.2x10s 2.1x10s 1.8x10° 2.2x10°

4S5W- 12.5 5 9.7x10 5 1.1X10f> 2.3x10s 2.2x10s 2.0x10° 2.5x10°

C1 12.5 6 7.6x10s 1.1X10° 2.3x10s 2.2x10 s 1.8x10° 2.3x10°

12.5 7 6.2x10'’ 1.1X10° 2.3x10s

(9.2x10 s) 

2.1x10 s 1.7x10°

(3.0x10°)

2.2x10°

15 6 8.6x10 5 1.1x10° 2.4x10s 2.2x10s 1.9x10° 2.4x10°

HPS-

690W - 11 6 2.7x10 s 6.8x10s 2.3x10s 2.0x10s 9.5x10 s 1.4x10°

C1

* The distance is measured from the bottom o f  the stiffener.
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Figure 5-1 Test specimens from Schitoglu (1983)

iiiiiiiiiiiiiiiiiiHiHiiiiiiiiiiinii
iiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiii
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiini
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiini
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiimii
iiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiiii
iiiiiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiini

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiillllllllllllllllllllllllllllllllllllll
llllllllllllllllllllllllllllllllllllll
llilllllllllllllllllllllllllllllllllll
llllllllllllllllllllllllllllllllllllll
lllllllllllllllllllllllllllllllllilllllllllllllllllllllllllllllillllllllllll
llllllllllllllllllllllllllllllllllllll

i i

yr
a ) \ I

e lem ent I , th e  \K\UJn 
c r it ic a l e lem ent

y ' \ f f i t r
y  t > x  M I L

/

(a) fu l l  mesh (b ) mesh a round  the centre ho le

ngure 5-2 Typical Mesh for Plate w ith  a C ircu lar Hole 

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

50 
m

m



6 0 0

c f \ r \ .vn,\w i input

•) U U ‘ M A T E R I A L  N A M K  A  36

ELASTIC
2 0 0 0 0 0 . . 3

4 0 0 ‘ PLASTI C
^ 2 0 0 .0

£ 2 2 5 . 0 . 0 0 0 2 7 7 4 7 2
Si 2 5 0 . 0 . 0 0 0 6 0 1 6 0 1

7»0 0 2 7 5 . 0  (1 0 00 17 2 S 7
' T' " 300 . 0  1 )0 1 3 4 8 0 6 7
S stress vs.strain curve 325.0.001020094
t  used inA B A Q U S  350.0.002066467
C/3 2003 7 5 .0 .0 0 .3 6  I S 402

4 0 0 . 0 . 0 0 4 8 1 4 3 5 1

4 2 5 . 0 . 0 0 6 2 9 5 6 0 5

4 5 0 . 0 . 0 0 8 1 0 7 3 0 2

1 004 7 5 . 0 . 0 1 0 2 9 8 5 2  5

5 0 0 . 0 . 0 1 2 9 2 2 3 9 8
5 2 5 . 0 . 0  160.361 No
5 4 0 . 0 . 0 1 8 1 6 5 0 1 9

0 1 1--------------------
0 5000 10000 15000 20000 25000

Strain (pe)

Figure 5-3 Elastic Isotropic Hardening Material Mode! in ABAQUS (A36)

Acs /  2 Acs / 2 , 
A e / 2  = --------------+  ( -------------1

200000

stress vs. strain curve 
used in ABAQUS

ABACI'S in mil 
‘ MATERIAL NAM I 
‘ ELASTIC
2 0 0 0 0 0 . . 3

• i*i a s : i c
200.0
2 2 5 . 0 . 0 0 0 . 3 7 7 4 7 2

2 5 0 . 0 . 0 0 0 6 0 1 6 6 1  

2 7 5 . 0 0 0 0 9 1 7 2 8 7
3 0 0 . 0  0 0 1 3 4 8 0 6 7

3 2 5 . 0 . 0 0 1 9 2 0 9 9 4  

3 5 0 . 0 . 0 0 2 6 6 6 4 6 7

3 7 5 . 0 . 0 0 . 3 6 1 8 4 0 2
4 0 0 . 0 . 0 0 4 8 1 4 . 3 5 1

4 2 5 . 0 . 0 0 6 2 9 5 6 0 5

4 5 0 . 0 . 0 0 8 1 0 7 3 0 2
4 7 5 . 0 . 0 1 0 2 9 8 5 2  5

5 0 0 . 0 . 0 1 2 9 2 2 3 9 8
5 2 5 . 0 . 0  160.361 No
5 4 0 . 0 . 0 1 8 1 6 5 0 1 9

A 3 6

2.2

2.0
O
W)
E
C3u

Nominal Stress
Amplitude Ao A, a 2

(MPa)
" ..... i l l : 24)0 7 727 -03980! !4 (1051108

126 1 952015 -0.364752 0.045640
136 1.89.7.370 -0332026 0.040450
144 1.842829 -0.303387 0.0.35926
163 1.750687 -0.251168 0.027789
180 1.6717.35 -0.211272 0.022213
225 1.604682 -0.208304 0.023990
271 1.546548 .....-0,155382 0.014876

A.1

-(6)02753 
-0 002414 
-0.002 100 
-0.001827 
-0.001342 
-0.0010.77 
-0.001200 
-0.01X1051

b.odobsl
0.001X145
0.00003*)
0.00(X>?3
0.001X124
0.000018
0.00(X)21
0.001X110

.5 4 6 5 4 8 -0 .

-0.00065 Ix

55382x+0.014876x
7
fO.OOOOlOx

10 15 20
Distance f r o m  hole edge ( m m )

25
->x

Figure 5-4 Normalized Stress Distribution for the Use of Stress Gradient Correction

Factor, /?G, Calculation 

184

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30 0

es
Cu

-250

o>

=200

c
K
C/i
M I - A<y 1oO

cn

100 1 »

10 10

© Tesl results (Sehitoglu 1983) 
Stress-based,elastic (A36) 
Stress-based, inelastic (A36) 
Total fatigue life  (A 36) 
Strain-based (A 36) 
Strain-based (A 7 ) 
Energy-based, A W P (A 7) 
Energy-based, AW  (A7) 
Energy-based, A W *(A 7 )

crack propagation life

■ 1 t » i 111 —.1 1-1 i» m l  ■ ■ . . 1 1 . .1

10 _  10 10 
Fatigue life (cycles)

10 10

Figure 5-5 Comparison o f Predicted Fatigue L ife  w ith  Test Results fo r Plates w ith a

C ircu lar Hole (Sehitoglu 1983)

a
£-

c/5
C/iO

in

600

o g N  = 23 .6 -71o gA o500

400

300

R un-ou t
200

O  Test resu lts , H PS(LT) 
©  Test resu lts , A36

 P re d ic tio n s , H P S (LT)

  P re d ic tio n s , A 36

ogN  = 19 .9 - 61ogAc

100
54 6 7

Fatigue life (cycles)

Figure 5-6 Fatigue Test Results and Predictions o f Plate w ith a C ircu lar Hole Detail

Made w ith A36 and HPS(LT) Steels 

185

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



St
re

ss
 

ra
ng

e 
(M

P
a)

5 0 0

400

300 - O i

200

■ “  Design curve. H1}S(LT)

 Design curve, A 36

0  Test results, HPS(LT)

•  Test results, A36

Cat. B

100
4 65

10  10 10

Fatigue life (cycles)

Figure 5-7 S-N  Curves for Plate w ith a C ircu lar Hole Detail

25.4

25.4

II— II I r  tt —r r  n r 1 tTT
i— n— itTr T

9.5

Figure 5-8 Typical Bearing-Type Shear Splice Tested by Josi ct a l. (1999)

186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-9 Typ ica l Mesh Refinement for Hearing-Type Shear Splice
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Shear Splices
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Figure 5-15 Comparison between Predicted Fatigue L ife  and Test Results for Large Scale

Beam with U n filled  Moles
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Figure 5-16 Non-Load-Carrying C ruciform  Specimen (Friedland et al. 1982)
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Figure 5-20 Cover Plate Specimen (Friedland et al. 1982)
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area w i th in  the doited lines 
is the re f in ed  mesh area

Figure 5-21 Global Model of the Cover Plate Detail

critical element

Black dots represent the control 
nodes from global model

Figure 5-22 Submodel of the Cover Plate Detail 
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Figure 5-23 Stress D istribution along Transverse Weld Toe o f Cover Plate
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Figure 5-26 Crack H istory fo r G irder MPS-485W -CI (W righ t 2003)
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Figure 5-27 Crack H istory fo r G irder IIPS-690W -C1 (W righ t 2003)

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



submodel
area

Figure 5-28 Global Model of Girder IIPS-485W-C1, Deformed Shape

Figure 5-29 Submodel o f Girder HPS-485W-C1 
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CHAPTER 6. 

SUM M ARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1. Summary

High performance steel (HPS) provides improved strength, d u c tility , weldability and 

fracture toughness. Its increasing popularity in applications such as highway bridges 

over the past few years has encouraged research in many areas o f their behaviour. 

A lthough the strength and s tab ility  o f members made o f HPS have received a lot o f 

attention, the fatigue resistance o f HPS has not been well characterized. Fatigue 

performance o f details made o f HPS is commonly assumed to be the same as for 

conventional structural steels. Based on this assumption, cost savings associated with the 

use o f HPS w ith  higher y ie ld  strength may not be possible under current design standards 

because the fatigue lim it state is like ly  to control the design. A research program was 

therefore in itia ted to determ ine whether or not the superior toughness o f HPS can be used 

to relax the fatigue design provisions. Since fatigue testing is lim e consuming and 

expensive, an analytical method that can predict both fatigue crack in itia tion  and fatigue 

crack propagation is desirable to study the fatigue behaviour o f HPS.

An experimental and analytica l investigation o f the fatigue resistance o f conventional 

structural details made o f high performance steel was carried out to assess the effect o f 

the high toughness o f HPS on fatigue resistance. Stress-based, strain-based and energy- 

based methods for crack in itia tion  life  prediction and a linear elastic fracture mechanics 

approach for crack propagation life  prediction were selected as the analysis tools based 

on a literature review. M ateria l fatigue testing was conducted on HPS to obtain the 

material properties required fo r fatigue life prediction methods and to compare with those 

o f conventional structural grade steels. A total o f 57 smooth specimen fatigue tests, 17 

crack growth rate tests and seven fracture toughness tests were carried out to characterise 

the cyc lic  and fatigue properties o f HPS. Based on the analytical techniques and the 

results from  the experimental program, fatigue life  prediction was conducted on six 

common structural details made o f HPS and traditional structural steel. H a lf o f the
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structural details investigated were welded details and the other ha lf had stress raisers 

such as c ircu lar holes w ith  o r w ithout bolts bearing against the holes. Analysis results 

were compared to the test results available for these details and the fatigue resistance o f 

details made o f HPS were predicted using the validated analytical techniques.

6.2. Conclusions

The fo llow ing  conclusions can he drawn from the results o f the work described above:

1. High performance steel shows slightly higher fracture toughness at low temperature 

than the conventional notch tough 350W T steel and has a significantly lower 

transition temperature than A7 steel. HPS from  two different heats produced at 

different times showed sign ificantly  different toughness properties.

2. Crack in itia tion  properties o f HPS are sim ilar to conventional structural steels in 

terms o f strain and energy, but, because o f their superior strength, they are very 

d ifferent in terms o f stress. The fatigue crack in itia tion  properties o f the higher 

toughness HPS 485W  steel, HPS(HT), do not seem to be better than those o f the 

lower toughness H P S (LT) steel. The smooth HPS specimens tested showed a 

sign ificantly higher fatigue lim it than conventional structural steels.

3. A comparison o f crack propagation properties o f HPS and 350W T steel indicates that 

HPS behaves s im ila rly  to conventional grades o f structural steel.

4. Experimental results on plates w ith a circular hole detail made from HPS(LT) steel 

show HPS performs s lig h tly  better than conventional A36 steel.

5. The fatigue life  prediction methods investigated in this research can predict fatigue 

test results accurately both for welded and non-welded details. The analytical 

methods provide a useful tool for classifying the severity o f d ifferent structural details 

and can be used to derive fatigue curves for common details made o f HPS.

6 . The stress-based method, combined with inelastic stress analysis, the strain-based

approach and the energy-based approach can all predict fatigue crack initiation life
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accurately. M orrow 's model and the SW T model provide a good prediction o f the 

mean stress effect on crack in itiation life  o f non-welded details. L inear elastic 

fracture mechanics provides accurate prediction o f the crack propagation stage.

7. The stress intensity factor fo r a crack at a welded transverse stiffener can be evaluated 

accurately from an elastic fin ite  element analysis. The stress intensity factor 

expression taking the existence o f stiffeners into account provides a better 

characterization o f the stress fie ld  near a tw o-tip  through thickness web crack in plate 

girders w ith transverse stiffeners. Small variations in the location o f the weld stop 

and size o f the stiffener-to-web weld in plate girders do not affect the fatigue life  o f 

such details s ign ificantly .

8 . The fatigue resistance o f  the non-welded HPS details analysed in this research is 

about one fatigue category higher than those made o f conventional structural steels.

9. The current fatigue design provisions do not provide adequate design curves for 

bearing-type shear connections. The current design fatigue curves sign ificantly 

overestimate the fatigue life  o f bearing-type shear connections.

10. Analytica l and experimental data on welded details confirm  that the current fatigue 

design curves for unloaded fille t transverse welds in cruciform  specimens, cover plate 

specimens, and transverse stiffeners o f plate girders (Category C \  D, and C \  

respectively) are appropriate for HPS.

6.3. Recommendations

The analytical methods used in this study predicted fatigue life  o f three common welded 

structural details very well despite the fact that the effect o f varying material properties 

through the base metal, w eld metal, and heat affected zone, and the high tensile residual 

stresses in the v ic in ity  o f welds were not accounted for in the analysis. Since these 

factors are often thought to be important, their effects should be investigated 

systematically.
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The stress intensity factor expression for a tw o-tip  through thickness web crack at the 

transverse stiffener detail in a plate girder was obtained only fo r one particu lar geometry 

through fin ite  element analysis. In order to investigate the fatigue resistance o f transverse 

stiffener details made o f HPS, a w ider range o f transverse stiffener details should be 

investigated. The variables may include I-g irder geometry parameters, s tiffener geometry 

parameters and weld geometry parameters.

Material tests such as Charpy V -N otch tests, crack growth rate tests and fracture 

toughness tests have been conducted on 350W T steel, however, results from  smooth 

specimen fatigue lest are not yet available. Such inform ation is required for 

completeness so that a direct comparison between modern structural steel and high 

performance steel can be made.

The welded details investigated invo lved details where welds were not loaded. The 

fatigue behaviour o f loaded w'eld details can be quite different. Such details are more 

sensitive to the effect o f weld flaws. Details such as fu ll penetration groove welds loaded 

in tension should be investigated. Further validations o f the analytical methods are 

required fo r such details.
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APPENDIX A.

P LA S T IC  STRAIN ENERGY DENSITY, A VP"
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The plastic strain energy density per cycle, A l l7'',  corresponding to the area under a 

stable hysteresis loop, is essential in the energy-based approaches to fatigue life  

prediction. Three methods were used to obtain the value o f A W '' from  uniaxial loading, 

namely, spreadsheet numerical integration, fin ite  element analysis output, and direct 

calculation from mathematical equations. The methods and the ir applications are 

described in this Appendix.

A.I. Spreadsheet Numerical Integration

Electronic spreadsheets can be used to calculate the area under a hysteresis loop by 

numerical integration using the trapezoidal rule. The numerical integration does not 

require a function form ulation o f the hysteresis loop but the accuracy depends on the 

number o f data points in defin ing  the hysteresis loop. The method is most suitable in 

obtaining the material fatigue properties such as energy-life curves from  test results. In 

the test program, since as many as 250 data points were obtained to define one stable 

hysteresis loop, it is felt that the numerical integration method can give a suffic iently 

accurate result in the calculation o f AV I"’ .

A.2. Finite Element Analysis Output

The plastic strain energy density AIV"' can be directly obtained as output PENER from 

fin ite  clement program A B A Q U S . The method is most useful fo r fatigue life  prediction 

o f d ifferent fatigue details, especially when the details are under m u ltiax ia l loadings.

A.3. Direct Calculation from Analytical Equations

A mathematical description o f the branches o f hysteresis loops is required in order to 

calculate the plastic strain energy density. However, once the parameters in material 

cyclic curve or master curve arc known, the method can calculate AW "' conveniently. 

The equations arc s ligh tly  different, depending on the types o f material behaviour.
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A .3 . 1. M a s in g -ty p c  M a te r ia l

For this type o f material, when stable hysteresis loops o f various strain amplitudes are 

transferred to a common orig in , the bottom tip  o f the hysteresis loops, the upper branch 

would form  a unique curve. The behaviour is illustrated in Figure A - l .  Thus, the 

ascending hysteresis loop branch can be described by the cyclic stress versus strain curve 

described by Equation (3-5), magnified by a factor o f 2, as in the fo llow ing :

A f: = f + 2 ( ^ r  ( A - l ,
L  A

Thus the area o f a hysteresis loop w ith a stabilized stress range o f Ag and plastic strain 

range o f A t ' 1’ , is calculated as

A H '"  = 2 f  Acr idAF1' ) -  A cjA i-1'

I - , , '  ( A - 2 )

 -------
\ + i i

A .3.2. N on-M asing-typc Material (E lly in  1997)

Most carbon and low  alloy steels display a non-Masing behaviour. The stable hysteresis 

loops o f MPS-HT steel obtained from the test program arc shown in Figure A-2 as an 

example. As illustrated in Figure A-3, by sh ifting the hysteresis loops along the linear 

portion, their upper branches for d ifferent strain amplitudes are matched to form  a unique 

curve. 'Fliis envelope o f the loading branches o f hysteresis loops is called master curve, 

w ith orig in  located at A , which corresponds to the bottom o f the hysteresis loop with the 

m inim um  range. The equation o f the master curve A B C D  in Figure A-3 is:

. , A <7*  - A a * l 2 , h,,
A r |: =  -------- + 2 ------------  (A -3)

E K *

The strength coeffic ien t K *  and strain-hardening exponent n *  are obtained by fitting  

Equation (A -4 ) to the A o - S o {) versus A s 1’ test data.
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A < r - & r 0 = 2 K * ( A e " I 2 ) " ' (A-4)

where Sa0 is the amount o f shifting in order to get the matching upper branch o f 

hysteresis loops and is an indication o f the change in proportional stress. The constants 

K *and  / ; *  are presented in Table A - l fo r the three steel sources and two orientations 

investigated in the lest program.

The plastic strain energy o f the hysteresis loop O ABC D FO  Figure A-3 consists o f two 

parts. ABC D FA, and OAFO . The plastic strain energy o f the loop ABC D FA 

corresponding to the M asing behaviour is

The crosshatched area O A FO  that represents the change in the plastic strain energy per 

cycle due to the non-M asing behaviour is equal to

Thus, the plastic strain energy for a non-Masing-type material can be calculated as

A IF '' = A 117; + a v f ;

1 -  n *
— ‘- A ( T * A £ " *  =
1 + 1 1 *

( A ct - S a 0) (A-5)
+ n

A IF ; = OABF'  D ’ D F O  -  A B F '  D' DFA  = SaQA f " (A -6 )

Sct̂ Af 1’
(A-7)

I + n * I + /; *

where Acr(l for any hysteresis loop can be evaluated easily from

& t 0 = A r r - 2 /v  12)"' (A -8 )
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Tab le  A - l  M aster Curve Properties o f HPS 4S 5 W  and A 7  Steels

K * n *
Material Orientation

(MPa)

HPS(LT) Longitudinal 1557 0.163

HPS(LT) Transverse 1164 0.124

MPS(MT) Longitudinal 1421 0.149

A7 Transverse 587 0.143

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Strain

Figure A - l  Illustration o f Masing Behaviour
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Figure A -2 Non-Masing Behaviour o f MPS(HT) 
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Master curve

AW

The two coordinate systems are related as:

A ct*  -  A a  -  S a (t\ A f ' J*  = A f A f ‘'* = AC -  Scr0 /  E

Figure A-3 Illustration o f A IT '’ Calculation fora Non-Masing-type Material
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APPENDIX II.

M A TE R IA L PROPERTIES IN ANALYTICAL INVESTIGATION
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The material properties that were used in the analytical investigation presented in Chapter 

5 are summarized in the fo llo w in g  two tables: Table B - l fo r the cyclic  stress versus strain 

properties and fatigue crack propagation properties, and Table B-2 for the fatigue crack 

in itia tion  properties. The blanks underneath energy-life curves in Table B-2 indicate 

energy-based methods were not used in the particular analysis. Energy-life  properties are 

not available fo r A36 steel; however, such properties have been obtained from  

experimental program fo r HPS 485W steel and are presented in Table 4-11.
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Table B - l  C yc lic  Stress versus Strain Curve and Properties used for Fatigue Crack Propagation L ife  Prediction

S e c t i o n D e t a i l

N a m e

S p e c i m e n

M a t e r i a l

M a t e r i a l  

u s e d  i n  

A n a l y s i s

C y c l i c  S t r e s s  v s .  S t r a i n  C u r v e

£  fC n ' 

( M P a )  ( M P a )

M a t e r i a l  P r o p e r t i e s  

f o r  C r a c k  P r o p a g a t i o n  L i f e  P r e d i c t i o n  

C  m K ,c

(  M  Pci 4 m  )

5 . 2 P l a t e A 3 6 A 3 6 2 0 0 0 0 0 1 3 3 6 0 . 2 2 6 6 . 9 0 x l 0 ‘ 9 3 . 0 0 5 0

w i t h  a H P S ( L T ) H P S ( L T ) 1 9 7 1 0 0 9 5 6 0 . 1 1 3 2 . 2 7 X 1 0 ' 1 0 3 . 2 6 7 0

C i r c u l a r A 7 2 0 1 4 0 0 1 1 3 9 0 . 2 4 8 6 . 9 0 x 1  O ' 9 3 . 0 0 5 0

H o l e H P S ( H T ) 1 9 7 0 0 0 6 6 6 0 . 0 7 6 2 . 2 7 x 1 0 - ' ° 3 . 2 6 7 0

5 . 3 S h e a r 3 0 0 W A 3 6 2 0 0 0 0 0 1 3 3 6 0 . 2 2 6 6 . 9 0 x 1  O ' 9 3 . 0 0 5 0

S p l i c e H P S ( L T ) 1 9 7 1 0 0 9 5 6 0 . 1 1 3 3 . 0 6 X 1 0 - ° 3 . 1 2 7 0

5 . 4 R i v e t e d 3 0 0 W A 3  6 2 0 0 0 0 0 1 3 3 6 0 . 2 2 6 6 . 9 0 x 1 0 - ° 3 . 0 0 5 0

C o n n e c t i o n H P S ( L T ) 1 9 7 1 0 0 9 5 6 0 . 1 1 3 3 . 0 6 x 1 0 ° 3 . 1 2 7 0

5 . 5 C r u c i f o r m A 5 8 S H P S ( L T ) 1 9 7 1 0 0 9 5 6 0 . 1 1 3 1 . 5 4 X 1 0 ’ ° 3 . 3 4 5 0

5 . 6 C o v e r p l a t e A 5 8 8 H P S ( L T ) 1 9 7 1 0 0 9 5 6 0 . 1 1 3 1 . 5 4 x 1 0 - ° 3 . 3 4 5 0

5 . 7 P l a t e H P S 4 8 5 W H P S ( L T ) 1 9 7 1 0 0 9 5 6 0 . 1 1 3 7 . 1 7 x 1 0 - ° 3 . 0 2

G i r d e r H P S 6 9 0 W H P S ( L T ) 1 9 7 1 0 0 9 5 6 0 . 1 1 3 7 . 1 7 E - 0 9 3 . 0 2
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T ab le  B -2  M a te ria l Properties used fo r Fatigue C rack In itia tio n  L ife  P red iction

S e c t i o n D e t a i l

N a m e

S p e c i m e n

M a t e r i a l

M a t e r i a l  

u s e d  i n  

A n a l y s i s ( M P a )

b

M a t e r i a l  P r o p e r t i e s  f o r  C r a c k  I n i t i a t i o n  L i f e  P r e d i c t i o n

f ' c F , a r F  a  A U ’o  F,

( M J / m J )  ( M J / m J )  ( M J / i r p )  ( M J / m - ’ )

a, AUV

( M J / m 3 )

5 . 2 P l a t e A  3 6 A 3  6 1 0 3 6 - 0 . 1 1 0 0 . 2 4 2  - 0 . 4 8 0

w i t h  a H P S ( L T ) H P S ( L T ) 851 - 0 . 0 6 9 0 . 7 7 5  - 0 . 7 0 1

C i r c u l a r A 7 7 6 0 - 0 . 1 2 1 0 . 1 9 6  - 0 . 4 8 6  6 2 2  - 0 . 6 4 2  4 3 1 - 0 . 5 6 0  0 . 1 2  5 5 1 - 0 . 6 2 1 0 . 0 3

H o l e H P S ( H T ) 7 7 6 - 0 . 0 7 3 6 . 2 0 7  - 0 . 9 4 0

5 . 3 S h e a r 3 0 0 W A 3 6 1 0 3 6 - 0 . 1 1 0 0 . 2 4 2  - 0 . 4 8 0

S p l i c e H P S ( L T ) 8 5 1 - 0 . 0 6 9 0 . 7 7 5  - 0 . 7 0 1

5 . 4 R i v e t e d 3 0 0 W A 3  6 1 0 3 6 - 0 . 1 1 0 0 . 2 4 2  - 0 . 4 8 0

C o n n e c t i o n H P S ( L T ) 8 5 1 - 0 . 0 6 9 0 . 7 7 5  - 0 . 7 0 1

5 . 5 C r u c i f o r m A 5 8 8 H P S ( L T ) 8 5 1 - 0 . 0 6 9 0 . 7 7 5  - 0 . 7 0 1 1 4 6 3 - 0 . 7 2 1 0 . 2 0

5 . 6 C o v e r p l a t e A 5 8 8 H P S ( L T ) 8 5 1 - 0 . 0 6 9 0 . 7 7 5  - 0 . 7 0 1 1 4 6 3 - 0 . 7 2 1 0 . 2 0

5 . 7 P l a t e H P S 4 S 5 W H P S ( L T ) 8 5 1 - 0 . 0 6 9 0 . 7 7 5  - 0 . 7 0 1 1 4 6 3 - 0 . 7 2 1 0 . 2 0

G i r d e r H P S 6 9 0 W H P S ( L T ) 8 5 1 - 0 . 0 6 9 0 . 7 7 5  - 0 . 7 0 1 1 4 6 3 - 0 . 7 2 1 0 . 2 0


