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ABSTRACT 

Orthotropic steel deck has been widely used over the decades especially on long-span 

bridges due to its light weight and fast construction.  However fatigue cracking problems 

on the welds have been observed in many countries.  Rib-to-deck welds need special care 

since they are directly under wheel loads, which cause large local stress variations and 

stress reversals. 

Currently the only requirement by AASHTO bridge code is that the rib-to-deck welds 

need to be fabricated as one-sided partial penetration welds with minimum penetration of 

80% into the rib wall thickness.  However considering the thin rib plate thickness, it is 

very difficult to achieve this penetration without a ñmelt-throughò or ñblow-throughò 

defect.  Large cost has been caused for the repair.  However recent research has found 

that the fatigue performance of the rib-to-deck weld is not directly related to its 

penetration.  Other factors contribute to the fatigue performance as well.  Therefore, 

alternative requirements which are more cost-effective and rational are desired. 

The objective of this research is to provide recommendations to the design and 

fabrication of rib-to-deck welds by investigating their fatigue performance with different 

weld dimensions, penetrations, and welding processes.  Fatigue tests were performed to 

95 full-scale single-rib deck segments in 8 specimen series fabricated with different 

welding processes and root gap openness.  Specimens were tested under cyclic loads till 

failure.  Three failure modes were observed on both weld toes and the weld root.  Test 

results showed that the fatigue performance was more affected by other factors such as 

failure mode, R-ratio and root gap openness, rather than the weld penetration.  The failure 

cycles were recorded for the following S-N curve analysis. 

Finite element analysis was performed to determine the stress state on the fatigue 
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cracking locations.  Special considerations were made for the application of hot-spot 

stress methodology, which post-processes the FEA results to calculate the stress values at 

cracking locations with the structural configuration taken into account.  The hot-spot 

stress range values were derived and adjusted accounting for the fabrication and test 

error.  Hot-spot S-N curves were established for each specimen series. 

Statistical analyses were performed to study in depth the effect of weld dimensions and 

test scenarios.  Multiple linear regression (MLR) was performed to investigate the effects 

of different weld dimensions; and multi-way analysis of covariance (Multi-way 

ANCOVA) for the effects of specimen series, failure mode, R-ratio and weld root gap.  It 

was found that the weld toe size was more relevant to the fatigue performance, other than 

the weld penetration.  The failure mode and R-ratio were very influential on the fatigue 

performance.  Recommendations to the weld geometry were proposed based on the MLR 

model fitting.  S-N data were re-categorized based on ANCOVA results and the lower-

bound S-N curve was established.  AASHTO C curve was recommended for the deck 

design. 
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Chapter 1. Overview 

1.1 Background 

Many steel orthotropic bridge decks have been built over the last 60 years in Europe, 

United States, Japan, and many other countries.  The origin of this bridge deck type dates 

back to the ñorthotropic plateò patent issued in Germany in 1948 (Sedlacek, 1992).  The 

major advantages of steel orthotropic decks include their light weight, rapid erection, and 

easy assembly.  The original patent claimed that the steel consumption could be reduced 

by half.  With these advantages, orthotropic bridge decks have been widely used on long-

span highway bridges, movable bridges, cable-stayed bridges, and suspension bridges 

due to their light weight.  They also have been used on other types of bridges where fast 

construction is desired, such as temporary bridges and bridges in high population density 

areas.  Orthotropic steel decks are also a common solution for re-decking old bridges due 

to their easy assembly.  Wolchuk (2001) gives a summary of the guidelines for using 

steel orthotropic decks in re-decking bridges. 

A steel orthotropic deck typically consists of a steel deck plate with welded stiffeners or 

ribs parallel to each other in the longitudinal direction.  Transverse cross beams are 

typically used to support the ribs and provide stiffness in the transverse direction.  The 

transverse cross beams typically serve as floor beams transferring the deck loads to the 

main structure.  These floor beams are often integrated with the deck structure where the 

top flanges of the floor beams are often formed by the deck plate itself.  The stiffening 

ribs can be open shapes such as plates, inverted T-sections, angles, and channels or 

closed box-type ribs with different geometric shapes; trapezoidal closed ribs are the most 

common.  Figure 1.1 gives an illustration of a typical trapezoidal close-rib steel 

orthotropic deck panel.  The first orthotropic steel deck with closed ribs was constructed 

in Germany in 1954.  Compared to open stiffeners, the closed ribs have many advantages.  

First, closed ribs can transfer the traffic load much more efficiently in the transverse 

direction.  As a result, closed ribs can have wider spacing than open ribs.  This results in 

fewer ribs and therefore lighter weight compared to open rib systems.  Second, closed 
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ribs can provide much higher flexural and torsional rigidity in the longitudinal direction 

allowing longer spans to be achieved.  In other words, fewer cross-beams are required, 

thereby reducing the deck self-weight and the number of welds associated with the cross-

beams.  Lastly, since single-sided welds are used to attach the closed ribs to the deck 

versus double-sided welds for open ribs, the number of rib-to-deck welds is reduced by 

half.  However, the one-sided welds cause quality control and inspection issues which 

can be a disadvantage for closed ribs. 

 

Figure 1.1 Typical close-rib steel orthotropic deck panel 

To overcome the disadvantages of one-sided welding and prevent premature fatigue 

failure, more careful consideration is needed to design rib-to-deck welds.  Many of the 

earlier vintage orthotropic decks with closed ribs experienced fatigue cracking problems.  

There was a lack of knowledge about fatigue and a lack of guidance in the structural 

design codes.  The complex stress state present at the rib-to-deck welds makes fatigue 

design even more difficult.  Many orthotropic decks before late 1970s were constructed 
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under this state of knowledge.  The quest for lighter self-weight led to relatively thin deck 

plates in the structural design.  However, many of the designs with thinner deck plates 

were vulnerable to high local stress effects from wheel loads.  The contribution of the 

wheel-load effect was not fully considered in early deck designs and many bridges 

experienced fatigue cracking problems.  Compared to main structural members, 

orthotropic steel decks tend to have a higher incidence of fatigue problems because of the 

local effects of wheel loads.  Wheel loads cause large local stress variations, stress 

reversals, and an increased number of stress cycles that must be considered in fatigue 

design. 

Steel orthotropic decks have been part of engineering practice and extensively studied in 

Europe for decades.  Partially due to the use of relatively thin deck plates, premature 

fatigue cracking was observed in many European countries (Mehue, 1981, 1990, 1992; 

Burdekin, 1981; Leendertz, 2003).  Steel orthotropic decks have also been widely 

constructed in the United States with mixed experiences relating to fatigue behavior.  The 

situation has been steadily improving as more knowledge becomes available on how to 

improve fatigue resistance.  Eurocode 3 and the AASHTO bridge design code currently 

have similar fatigue design philosophy and detailing requirements for rib-to-deck welds 

which employ the traditional nominal stress based design concept.  Experience has led to 

an 80% minimum weld penetration requirement for one-sided welds to control 

fabrication 165 in service.  Kolstein (2007) has recently studied rib-deck weld 

performance and has proposed revisions to Eurocode 3.  Guidelines for fatigue design of 

rib-to-deck welds have also been proposed by Det Norske Veritas (DNV) and the 

International Institute of Welding (IIW).  There are differences in welding processes, 

workmanship, material properties, detail classification, and plate thickness between US 

and European practice.  Therefore, not all of the guidance developed for European 

practice can be directly used in the US. 

1.2 Objectives 

The present project involves experimental fatigue testing of orthotropic deck specimens 

performed at both the Federal Highway Administrationôs Turner-Fairbank Highway 
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Research Center and the Structures Laboratory at Virginia Tech.  The goal is to provide 

recommendations on both design methods and fabrication detailing to provide adequate 

fatigue resistance of the rib-deck weld commonly utilized in the U.S.  The effects of 

different weld geometric dimensions are studied to optimize the weld shape and size and 

fatigue data is collected to develop S-N curves for the design of rib-to-deck welds under 

different loading scenarios. 

The first objective is to determine the effect of weld process and geometry on the fatigue 

resistance of the rib-deck weld.  This is accomplished by fatigue testing a series of 95 

specimens with different welding processes (GMAW and SAW), different levels of weld 

penetration (45.4% to 96.5%), under two different loading regimes.  A statistical analysis 

of the data is used to determine the effect each variable has on fatigue resistance.  The 

data can then be classified into fatigue resistance curves (S-N curves) for use in design.  

In other words, rib-to-deck welds with different welding process, workmanship and 

failure modes can be classified into appropriate fatigue design categories if nominal stress 

is calculated. 

The second objective is to investigate methodologies for calculating stress ranges through 

finite element analysis that can be associated with the S-N curves.  The ñhot-spotò stress 

based method will be investigated to determine how it can be applied to the complex 

stress state present in the rib-deck weld.  Currently both Eurocode 3 and AASHTO code 

still utilize the nominal stress range approach to generate S-N curves that include the 

effects of geometry and welding process.  This approach requires full-scale testing where 

the detail geometry, residual stresses, and other effects are included in the resistance 

curves.  Nominal stress is easy to understand and feasible to calculate manually, but it is 

accurate only when the structure has relatively simple geometry and loading conditions.  

The development of computer-aided stress analysis enables a better understanding of the 

local stress occurring at details.  Finite element analysis can determine local stress values 

at weldments.  The ñhot-spotò method has been developed by research to compare the 

local stress to a fatigue master curve for design.  Therefore, new master S-N curves need 

to be established or selected for comparison to finite-element-based hot-spot stress 

values.  Standardized hot-spot methodologies have been proposed utilizing hot-spot S-N 
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curves and a standardized method of calculating the hot-spot stress.  (DNV, 2008; 

Hobbacher, 2008). 

Another objective of this research is to optimize the size and shape of rib-to-deck welds 

as the basis of the detailing requirements.  Currently it is common practice in the United 

States to produce partial penetration rib-to-deck welds with a minimum penetration of 

80% into the rib plate.  For the upper bound, the welds cannot have ñblow-throughò or 

ñmelt-throughò that creates defects inside the ribs.  In reality, due to the thin rib plate 

thickness that is commonly used in steel orthotropic decks, 80% penetration without 

melt-through or blow-through is difficult to achieve.  A more tolerant penetration 

requirement is needed to reduce the need for weld repairs and increase fabrication 

efficiency.  However, any relaxation of the 80% penetration must not increase the 

potential for fatigue cracking. 

1.3 Approach 

Fatigue design of the rib-to-deck weld is more complicated compared to the AASHTO 

fatigue design procedures for most bridge members.  The AASHTO methodology relies 

on calculating a far-field stress range that ignores any local stress concentration effects 

close to welded details.  The stress ranges are caused by the overall truck loading event 

on the bridge.  This contrasts with the rib-to-deck weld where local wheel load effects 

combine with the global truck event loads to create a complicated stress state.  Because 

the rib-to-deck weld is typically a one-sided partial penetration weld, a crack-like defect 

exists at the root notch.  Classical elastic stress analysis using solid mechanics encounters 

a singularity problem at the crack tip.  The local stress effects and the crack tip 

singularity cannot be readily analyzed using the far-field stress range approach.  

Therefore, alternative approaches need to be established to analyze the fatigue resistance 

of the rib-to-deck weld.  This section provides a brief overview of several alternative 

approaches that are currently available, with an emphasis on those chosen for study in 

this research. 

Fatigue resistance is typically characterized into S-N curves where fatigue test data is 

plotted based on the stress range (S) and the number of cycles to failure (N) on a 
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logarithmic scale, the fatigue data can be characterized by a straight line relationship for 

metallic materials.  If the live load stress range is known at the detail, this relatively 

simple straight line relationship can be used to predict the number of cycles needed to 

cause fatigue failure.  In fatigue assessment, the stress range values are calculated and 

used to predict the fatigue life, while in fatigue design the required number of service 

load cycles is used to determine the allowable stress range.  The S-N curve is determined 

experimentally by performing logarithmic linear regression on test data developed at 

different stress ranges.  Different welded details will have different S-N curves; therefore 

the curves need to be developed individually for each detail type.  When fatigue 

resistance of a new type of structural detail needs to be evaluated, new fatigue tests need 

to be conducted to establish the S-N curve.  Alternative approaches have been developed 

where a locally calculated stress range is compared to a master S-N curve for the fatigue 

resistance of all weldments.  Two alternative approaches, the notch stress approach and 

the hot-spot stress approach, are investigated in this study. 

Fracture mechanics is an alternative approach to theoretically understand fatigue and 

fracture.  The discipline of fracture mechanics was initially developed in the 1940's and 

has seen widespread application since.  The fracture mechanics approach determines the 

fracture resistance as a material property (toughness) and compares this to the stress 

intensity determined by the flaw size and applied stress.  Linear elastic fracture 

mechanics (LEFM) is usually applied to brittle fracture and fatigue crack growth 

problems while more advanced elastic-plastic fracture mechanics (EPFM) and limit load 

theories are required for ductile fracture problems.  A brief introduction of fracture 

mechanics is made in Section 2.2. 

The traditional S-N curve methodology is used in this study for two reasons: 1) the 

fracture-mechanics-based approaches based on predicting crack growth rates require 

assumptions of the flaw size.  It is difficult to assess the microscopic flaw size in bridge 

welds since it depends on the welding procedure design and quality control; and 2) 

Fatigue assessment using the crack growth approach depends on numerical integration of 

a stress intensity factor equation that can only be approximated for the rib-to-deck weld. 
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To perform S-N curve analysis, both the stress range and the number of cycles to failure 

need to be obtained.  The stress range can be calculated using the structural stress 

approach (ñhot-spotò stress approach), which requires finite element modeling (FEM) of 

the welded structure.  Because the local stress predicted by FEM is dependent on the 

element type and mesh density, the linear surface extrapolation (LSE) method is applied.  

While this still requires special considerations for element type and mesh density, the 

results are largely mesh insensitive.  Welds can be included or excluded in the modeling 

methodology.  The detailed hot-spot stress analysis methodology and implementation of 

the LSE method are introduced in Section 2.2.1 and Chapter 4. 

The full-scale small specimen fatigue test specimen is used in this study to establish S-N 

curves for the rib-to-deck weld.  These specimens were cut from full-scale weldments 

fabricated with different welding processes and procedures.  The specimens are cyclically 

loaded in special fixtures that allow load reversal to be applied to the specimens.  The 

number of cycles to failure was recorded and used to develop S-N curves using linear 

regression.  The testing was performed both at the FHWA Turner-Fairbank Highway 

Research Center in McLean, Virginia and in the Thomas Murray Structures Laboratory at 

Virginia Tech.  More information on the specimen preparation, test equipment, loading 

configuration, and testing procedure is presented in Chapter 3.  Similar fatigue tests 

conducted by other researchers can be found in Section 2.1. 

After obtaining results from both the fatigue tests and the finite element modeling, S-N 

curves were developed for each specimen group with a particular weld type and loading 

scheme.  Different parameters were measured to characterize the different welds and 

weld groups, including the weld dimensions, R-ratio, failure mode, and root gap 

openness.  Statistical tools were utilized to analyze the effect these parameters have on 

fatigue resistance.  Two types of statistical analysis were performed.  Multiple linear 

regression (MLR) was performed to determine the effect of various weld dimensions on 

the fatigue resistance.  Multi -way analysis of covariance (ANCOVA) was also performed 

to study the effect of the failure mode, R-ratio, and root gap openness.  Analyses and 

conclusions are discussed in Chapter 5. 
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Chapter 2. Literature Review 

The first research related to the fatigue design of steel orthotropic decks was carried out 

in 1976 under the working group ñDynamic Loads on Bridgesò founded by the European 

Coal and Steel Executive Committee F4 (Haibach, 1991).  The purpose of this working 

group was to experimentally study the fatigue strength of the weld details in steel 

orthotropic decks and to provide guidelines for the analysis of traffic-induced stresses in 

orthotropic decks.  Multiple research projects were performed by this working group 

between 1976 and 1994.  First, the traffic-induced stress distribution in the decks was 

measured in a series of bridges.  These measured stresses were recreated in experimental 

tests.  This work became the foundation of the Eurocode 1, Part 3 ñTraffic Loads on 

Bridgesò (ENV 1991-3, 1995).  Fatigue behavior of steel orthotropic decks under 

simulated loads was then studied to assess the fatigue performance of different details in 

the deck.  S-N curves for these details were proposed based on the nominal stress range.  

Recommendations for detailing were also developed.  This work ultimately led to the 

provisions in Eurocode 3 ñDesign of Steel Structuresò, Part 1.9 ñFatigueò (EN 1993-1-9, 

2005). 

2.1 Fatigue Tests of Rib-to-Deck Welds on Steel Orthotropic Decks 

There have been multiple research studies on the fatigue performance of rib-to-deck 

welds on steel orthotropic decks.  Fatigue test data had been generated in different 

research projects to establish reliable S-N curves for different weld details on an 

orthotropic steel bridge.  The fatigue tests can be roughly categorized into three levels.  

First, small scale tests have been performed to understand the fatigue behavior of welds, 

especially under bending loads.  These test specimens usually only include the local 

structural details and do not include the overall deck system behavior.  The specimens are 

subjected to idealized loading conditions and the resulting stress patterns that are not 

necessarily the same as those in actual decks in service. 

Second, fatigue tests using specimens cut from full-scale rib-deck weldments have been 

performed to study the fatigue performance of rib-to-deck welds under more realistic 
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loading conditions.  Individual small-scale test specimens are cut from a full-scale 

weldment consisting of a single rib attached to a strip of deck plate.  Concentrated loads 

are applied to the specimens on either the top of the deck plate or the bottom of the rib 

plate.  Various supporting configurations can be applied in order to simulate the stress 

fluctuations measured in actual decks.  One major advantage of this test type is that it 

allows long weld lengths to be cumulatively sampled under identical loading conditions.  

This contrasts to full size test panels under a wheel load where only a very localized area 

under the wheel load is subjected to maximum stress conditions.  Since the fatigue 

resistance of welded details is usually governed by the presence of ñweak-linkò defects, 

sampling longer weld lengths provides a more accurate measure of fatigue resistance.  

One disadvantage is that it is not possible to recreate all aspects of the local stress state in 

the test specimens.  Despite these trade-offs, full-scale, small-specimen tests are 

relatively feasible to fabricate and test in large numbers to generate statistically 

significant data sets for comparison of different testing variables. 

Third, large-scale tests using full-size orthotropic steel deck panels have also been 

performed by several researchers.  Real or simulated traffic loads are applied on the deck 

panels to create stress distributions that closely match conditions measured in actual 

decks in service.  These tests include the structural system effects of the decks and 

produce the most realistic stress field at the test details.  However, they are very costly to 

perform and only small regions of the panels are subjected to the maximum wheel load 

effects.  This type of test is most useful to investigate other details in the orthotropic deck 

system such as the rib-to-floor beam connections. 

2.1.1 Full -Scale Panel Tests 

Two suspension bridges in New York City, the Williamsburg Bridge and the Bronx-

Whitestone Bridge, experienced rehabilitation during 1991-2008.  The rehabilitation 

process involved the replacement of the original concrete-filled steel grid decks with 

lighter-weight steel orthotropic decks completed in 1998 and 2003, respectively.  Prior to 

completion, experimental research including both field tests and full -scale laboratory 

tests was performed to validate the fatigue performance of the deck design.  The tests led 

to modified final designs for the steel orthotropic decks to maximize fatigue resistance.  



10 

Field tests were conducted on both two bridges and laboratory tests were conducted in 

Lehigh Universityôs Center for Advanced Technology for Large Structural Systems 

(ATLSS) Engineering Research Center (Connor & Fisher, 2000). 

A series of field tests on the Williamsburg Bridge was performed first through 1997-

1999, providing information of stress distribution under truck loads to provide 

recommendations to the AASHTO LRFD fatigue provisions.  (Connor & Fisher, 2000).  

Stain gages were installed on the diaphragm and bulkhead plates where it was considered 

to be critical to fatigue failure (Figure 2.1).  Both low speed crawl tests (5 mph) and high 

speed dynamics tests (24 mph and 43 mph) were carried out before and after the 

application of the wearing surface.  A number of conclusions resulted from the field test: 

1) The wearing surface had little effect on the stress range in the diaphragms and ribs but 

reduced the stress range in deck plate by 15%~25%; 2) deck response under both the 

crawl and dynamic tests were almost identical, therefore truck speed did not affect the 

peak measured stress range; 3) the stress cycle was dominated by in-plane stresses 

transverse to the ribs in the diaphragm; and 4) the magnitude of the measured stress 

ranges exceeded the values obtained from finite element modeling.  These tests also 

showed that the number of stress cycles per truck passage exceeded the number predicted 

by the AASHTO LRFD fatigue design provisions. 
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Figure 2.1 Typical strain gage layout on the diaphragm (Connor & Fisher, 2000) 

Two laboratory tests with prototype deck panels, supporting fixtures, and loading 

conditions similar to the two bridges were carried out at ATLSS during 1995-1998 and 

2001-2002, respectively.  The first test aimed at recovering the behavior of the 

Williamsburg Bridge while the second test aimed at the Bronx-Whitestone Bridge 

(Tsakopoulos & Fisher, 2003, 2005).  Strain gages were installed at multiple locations on 
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the two deck panels.  The same strain gage locations in the field tests were included in the 

laboratory tests to allow direct comparison between the results from field tests and 

laboratory tests.  The primary objective was to experimentally evaluate the fatigue 

performance of the proposed deck design with a primary focus on the rib-to-diaphragm 

joint design.  A broader purpose was to determine the appropriate fatigue design 

categories for different welded details in the deck.  Two rib-to-diaphragm joint design 

schemes were tested.  One (ñOption Bò) followed the guidelines in the 1994 AASHTO 

LRFD Bridge Design Specification; an alternative (ñOption Aò) was proposed to provide 

higher fatigue resistance.  In Option B the rib and diaphragm plates were connected 

together by back-to-back fillet welds terminated 6 mm away from the cutouts on 

diaphragm plates, while the welds in Option A consisted of 102-mm-long full-penetration 

groove welds starting from the cutout followed by back-to-back fillet welds for the 

remainder.  The rib-to-deck weld was not of major concern in this study so it was only 

investigated in the second test.  The fabrication of rib-to-deck welds also followed the 

guidelines in the AASHTO LRFD Bridge Design Specification, aiming at partial 

penetration welds with at least 80% penetration into the rib plate.  The edges of rib plates 

were beveled prior the welding process. 

The results from the first test showed nearly identical stress ranges with the field test on 

Williamsburg Bridge at the same strain gage locations under simulated loads, which is a 

good validation of the laboratory test setup.  It was found that the fatigue resistance of the 

Option B welds was insufficient.  The fatigue resistance was determined to be Category E 

compared to Category D that is predicted by the AASHTO specifications.  On the other 

hand, the Option A welds exhibited satisfactory fatigue performance characterized as 

Category C.  Regarding the rib-to-deck welds, the measured weld penetration varied 

between 71% and 91% for the 64 cross-sections examined in the first test.  Seventy 

percent of them satisfied the 80% minimum penetration requirement.  For the second test, 

the measured weld penetration varied between 61% and 96% for the 62 cross-sections 

examined.  Four longitudinal fatigue cracks initiated from the weld root into the deck 

plate.  The cracks were located directly under the wheel load patch used for loading in the 

laboratory.  Since this was considered more severe than loading conditions present in 

actual bridge decks, the overall fatigue performance of the rib-to-deck welds was 
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considered to be adequate without further investigation. 

Another full -scale steel orthotropic deck panel test by Sim & Uang (2007) was carried 

out to investigate the effect of fabrication procedures and weld melt-through.  Six, 2-span, 

10m×3m full-scale steel orthotropic deck panels were tested with different combinations 

of distortion control measures and weld penetrations.  Three of the six test specimens 

were heat-straightened to remove welding distortion prior to testing.  The other three 

were also pre-cambered.  Three weld penetration profiles were studied as indicated in 

Table 2.1.  .  A primary purpose of the testing was to determine the effect that the melt-

through has on fatigue resistance.  Out-of-phase loads were applied at the center of each 

of the two spans up to 8 million cycles to simulate the load effect induced by a moving 

truck.  Finite element models were built and analyzed prior the tests to determine strain 

gage locations.  3-D shell element models with six degrees of freedom per node were 

used.  Figure 2.2 shows the geometry and loading pattern for the finite element models; 

this also serves as a good illustration of the test specimens. 

Table 2.1 Designation of specimens (Sim & Uang, 2007) 

 Without Pre-camber With Pre-camber 

80% penetration welds 

without melt-through 
Specimen 1 Specimen 4 

100% penetration welds 

with continuous melt-

through 

Specimen 2 Specimen 5 

Alternating 80% and 100% 

penetration welds every 

meter 

Specimen 3 Specimen 6 
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Figure 2.2 Finite element models for specimen 1 (left) and specimen 2-6 (right) 

(Sim & Uang, 2007) 

The test results showed that the melt-through had a negative effect on the fatigue 

performance, while the pre-cambering had a positive effect on the fatigue performance of 

rib-to-deck welds.  Table 2.2 shows the test results from all specimens.  Observing the 

failures, only one crack out of seven initiated from the weld root propagating into the 

deck plate.  The six remaining fatigue cracks occurred at the weld toes on the rib plates.  

This result was somewhat unexpected; cracking was expected from the melt-through 

areas of the weld root.  The only fatigue crack that initiated from the weld root was on 

Specimen 6; it was located at the transition point between the 80% and 100% penetration 

lengths of the weld.  Considering a melt-through is more likely to take place accidentally 

rather than continuously in the actual deck fabrication; a transition point is likely to 

present when a melt-through occurs.  Therefore it was suggested that melt-through should 

be prevented.
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Table 2.2 Test results (Sim & Uang, 2007) 

Welding Process Without Pre-cambering With Pre-cambering 

Rib-to-deck welds with 

80% penetration 

without melt-through 

Specimen 1: no cracks Specimen 4: no cracks 

Rib-to-deck welds with 

100% penetration with 

continuous melt-though 

Specimen 2: 3 cracks at C1, C2 and C3 

 

Specimen 5: no cracks 

Rib-to-deck welds with 

alternating 80% and 

100% penetration every 

meter 

Specimen 3: 1 crack at C1 

 

Specimen 6: 3 cracks at C1, C2 and C3 

 

* Length of the crack 
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Pre-cambered specimens did not experience any fatigue cracks at rib-to-deck welds 

except Specimen 6 which was considered to be insufficiently pre-cambered.  It was 

therefore concluded that pre-cambering was beneficial to the fatigue performance of rib-

to-deck welds.  It is noted that several fatigue cracks occurred at the rib-to-bulkhead fillet 

welds on Specimen 1.  Six large fatigue cracks developed at rib-to-bulkhead fillet welds 

on end supports, and it is believed they initiated earlier than one million cycles. 

2.1.2 Single-Weld Tests 

One advantage of full-scale deck panel tests is that many different details and possible 

failure modes can be tested simultaneously.  However, this can also be a detriment for 

some purposes since the behavior of a specific weld or failure mode cannot be isolated 

and the number of data points for forming S-N curves is limited.  A better way to study 

the behavior of a certain weld detail is to use full -scale, small-specimen tests with a 

single welded detail under idealized loading.  Maddox (1974a) conducted a series of tests 

in this fashion. 

Specimens with 11 mm deck plate and 6.35 mm rib plate thickness were welded together 

manually.  Ten specimen series with 5 different configurations (Figure 2.3) were tested to 

investigate various parameters.  The R-ratio of minimum stress/maximum stress was 

applied differently to each series to create different loading scenarios. 
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Figure 2.3 Test configurations (Maddox, 1974a) 
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Figure 2.4 Failure modes in series 1A (Maddox, 1974a) 

Test series 1 through 4 investigated the fatigue performance of rib-to-deck welds under 

bending stresses.  Three different specimen types were loaded at four different R-ratios.  

Series 1A simulated the rib-to-deck weld under pure bending.  This is the primary 

loading expected for the rib-to-deck weld in regions not directly affected by wheel loads.  

Partial penetration butt welds with a 60° edge bevel were used in this series.  Series 2, 3 

and 4 followed the same configuration but were loaded under different R-ratios.  Series 

2B and 3B used partial penetration butt welds with R=0 and R=Њ, respectively, to 

generate fully tensile or compressive stress ranges at the weld toes on the stiffeners.  This 

created an inverse stress range at the weld root.  Series 4C was fabricated with fillet 

welds and was loaded similar to series 3B, except for a modification of the distance 

between the supports.  As a result, series 1A exhibited two failure modes with fatigue 

cracks initiated from either weld toes or weld roots but the majority failed at weld roots 

(Figure 2.4).  Both failure modes had similar fatigue resistance.  Specimens in series 2B 

and 3B, as expected, all failed at either weld toes on the stiffeners or weld roots, 

respectively.  Series 4C had the same failure mode with series 3B but with slightly less 

stress cycles (Table 2.3).  It was concluded that generally R ratio had little influence on 

the fatigue life. 
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Table 2.3 Fatigue test results from Maddox (1974a) 

Specimen 

Number 
R-ratio 

Stress 

Range, 

N/mm
2
 

Cycles to 

Failure 
Failure Description 

1A/1 R=-2 at weld toe 300 447,000 
Crack propagation from weld toe 

Crack present at weld root 

1A/2 R=-2 at weld toe 285 458,000 Crack propagation from weld root 

1A/3 R=-2 at weld toe 253 523,500 Crack propagation from weld root 

1A/4 R=-2 at weld toe 240 378,000 
Crack propagation from weld root 

Crack present at weld toe 

1A/5 R=-2 at weld toe 227 1,772,000 Crack propagation from weld root 

1A/6 R=-2 at weld toe 193 1,943,000 Crack propagation from weld root 

2B/1 R=0 at weld toe 304 250,000 Crack propagation from weld toe 

2B/2 R=0 at weld toe 250 
3,000,000 

(unbroken) 
Crack propagation from weld toe 

2B/3 R=0 at weld toe 277 1,250,000 Crack propagation from weld toe 

2B/4 R=0 at weld toe 270 2,000,000 Crack propagation from weld toe 

2B/5 R=0 at weld toe 289 310,000 Crack propagation from weld toe 

2B/6 R=0 at weld toe 279 582,500 Crack propagation from weld toe 

3B/7 R=0 at weld root 139 
3,400,000 

(unbroken) 
Crack propagation from weld root 

3B/8 R=0 at weld root 160 945,500 Crack propagation from weld root 

3B/9 R=0 at weld root 199 290,500 Crack propagation from weld root 

4C/1 R=0 at weld root 314 74,000 Crack propagation from weld root 

4C/2 R=0 at weld root 289 168,000 Crack propagation from weld root 

 

Series 5 through 10 tested the rib-to-crossbeam welds under combined bending stress and 

shear stress.  Different shear stress/bending stress ratios were applied as shown in Figure 
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2.3.  The effect of root gap openness was also studied.  The results showed the fatigue 

resistance of fillet welds was insensitive to shear stress; bending stress was the dominant 

cause of cracking.  Also, the root gap openness had an obvious effect on the failure mode.  

For the specimens with single-sided welds (9E & 10E), fatigue cracks initiated and 

propagated through the weld throat if a root gap was present.  The cracks initiated and 

propagated into the deck plate if a root gap was not present.  All cracks initiated from 

weld root. 

2.1.3 Full -Scale Single-Rib Tests 

Maddox (1974b) carried out another experiment involving fatigue tests of single-rib steel 

orthotropic deck segments to investigate the fatigue performance of the rib-to-deck weld.  

Manual welds with a leg size of 6 mm were produced to connect the 6.35 mm thick rib 

plate and 11 mm thick deck plate.  The dimensions of the specimens are shown in Figure 

2.5.  The specimens were tested under three different loading scenarios to study the 

effects of R-ratio and residual stresses, as shown in Figure 2.6. 

 

Figure 2.5 Dimensions of specimens (Maddox, 1974b) 

Two specimen series (0/1/- & 0/2/-) were tested under the loading configuration shown in 

Figure 2.6 (a) with R=-1 and R=0, respectively.  The purpose of these test series was to 

test the fatigue resistance of the weld toe on the deck plate.  However, all specimens 

failed at the weld root with fatigue crack propagating through the weld throat.  This was 

attributed to the bending stress induced by distortion of the rib plate. 
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The loading configuration shown in Figure 2.6 (b) was used to create a realistic stress 

ratio at both the weld toe on the deck plate (R=-8.75) and the weld toe on the rib plate 

(R=-1.42).  However, it was impossible to achieve the two target R ratios simultaneously, 

so two different testing series were required.  Series A/1/- was tested at R=-8.75 for the 

deck plate resulting in an R-ratio ranging between-1.73 and -8.3 in the rib plate.  Series 

A/2/- was tested at R=-1.42 for the rib plate resulting in an R-ratio ranging between-1.67 

and -6.4 in the deck plate.  There was no significant disparity between the results from 

the two test series.  Again, all specimens failed through the weld throat from the weld 

root.  The test data were plotted by Kolstein (2007) based on the stress range at the weld 

toe on the deck plate (Figure 2.7).  The comparison between these two data sets revealed 

that the residual stress played an important role in the fatigue performance.  The 

magnitude of the tensile residual stress was believed to be high enough to overwhelm the 

influence of R-ratio, thereby converting the compressive portions of the applied stress 

cycle into tension.
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                              (a)                                                                (b)                                                                                         (c) 

All units in mm 

Figure 2.6 Loading scenarios (Maddox, 1974b)
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Figure 2.7 Influence of R-ratio (Kolstein, 2007) 

Three additional specimen series (B/-, C/- and D/-) were tested to further study the effect 

of residual stresses under the same loading configuration and R-ratio used for Series 

A/2/-.  Each series was spot-heated in a distinctive way to introduce different residual 

stress patterns.  The results were compared with Series A/2/- but still little disparity was 

observed (Figure 2.8). 
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Figure 2.8 Influence of the spot-heating (Kolstein, 2007) 

The third loading scenario shown in Figure 2.6 (c) applied a concentrated load at the 

center of the deck plate.  Two specimen series (E/1/- & E/2/-) were tested under this 

loading scenario to study the effect of root gap openness on the fatigue performance of 

the weld root.  By setting R= Њ at the weld root for series E/1/-, the stress cycle closed 

the root gap although residual stresses kept the stress cycle partially or fully in tension.  

For series E/2/-, the R-ratio was set to 0 to produce gap opening over the entire stress 

cycle.  The test results showed that it was beneficial to have closing gap cycles since 4 

out of 6 specimens in series E/1/- failed at weld toes on rib plates.  The fatigue life of this 

series was also slightly longer than the average of series A/-/-.  The fatigue life of series 

E/2/- fell on the lower bound of the average (Figure 2.9). 
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Figure 2.9 Influence of root gap openness (Kolstein, 2007) 

Based on these test results, the bending stress across the weld throat was determined to be 

the appropriate stress range for plotting the S-N curve.  An equation was proposed to 

calculate the bending stress in the weld throat: 
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(Equation 2.1) 

Where: 

ʎ  = stress in the weld throat 

ʎ      = bending stress in the rib plate 

ʎ      = normal stress in the rib plate 

4        = rib plate thickness 

Ô         = weld throat size 
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ʃ         = angle between the rib plate and the deck plate 

Using the proposed equation, an S-N curve for all data was established.  Based on the 

resulting S-N curve, Maddox (1974b) suggested the rib-to-deck weld detail, including 

both weld toe and weld root, should be classified as Class F in the British Standard.  

Class F refers to an S-N curve with a stress range of 95 N/mm
2
 at 2 million cycles, falling 

between the FAT-90 and FAT-100 curves established by International Institute of 

Welding (IIW). 

Tests with a similar setup and specimen geometry were conducted by other researchers.  

Over the period between 1974-2000, 181 fatigue tests were performed in 7 research 

projects as listed in Table 2.4.  A thorough description of them can be found in Kolstein 

(2007). 

Table 2.4 Fatigue tests between 1974-2000 (Kolstein, 2007) 

Fatigue Test & Time Conducted Number of Specimens 

Maddox (1974b) 30 

Johnston (1978) 22 

Maddox (1979) 53 

Thonnard, Janss (1985, 1988) 36 

Bruls (1990) 14 

Bigonnet (1990) 20 

Dijkstra, Kolstein (2000) 6 

Total 181 

 

2.2 Fatigue Assessment Methodologies for Welded Joints 

The fatigue process can be roughly divided into three phases as will be discussed in the 

Section 2.2.3, but the first two, the crack initiation and crack propagation phases, 

consume most of the fatigue life.  In welded details, the crack initiation stage is relatively 
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short since the welds are not refined enough to eliminate all crack-like flaws.  The fatigue 

strength of weldments in these two phases depends on the local notch stress and the local 

stress intensity factor.  Both of these parameters are affected by the local notch effect.  

The notch effect induced singularity at the weld toe and weld root cannot be predicted by 

classical linear solid mechanics.  While the stress intensity factor can be used to 

characterize the singularity, approximations are required for the stress intensity factor 

solution and the applied stress field present in the rib-to-deck detail.  Instead, the 

effective notch stress and alternative approaches are introduced into the S-N curve 

analysis.  These include the nominal stress and structural/hot-spot stress approaches as 

listed in Table 2.5. 

Table 2.5 Comparison of the three basic approaches to fatigue analysis 

Type of Stress Factors Considered 
Associated S-N 

Curve 
Implementation Method 

Nominal Stress 

Loading scenario and 

global/structural geometry, 

under simplified 

assumptions 

A series of S-N 

curves for different 

detail categories 

Hand calculation, classical 

structural analysis 

software (e.g.  

MASTAN2) 

Structural/Hot-

Spot Stress 

Loading scenario and 

global/structural geometry 

Single S-N curve 

for different details 

(only for weld 

toes) 

Finite element modeling 

Effective Notch 

Stress 

Loading scenario, global 

geometry, and local 

geometry 

Single S-N curve 

(AASHTO A 

curve) for all 

Finite element modeling 

with special 

considerations 

 

S-N curve analysis is by nature an empirical approach.  Stress range values are directly 

related to the fatigue life defined by S-N curves established from fatigue test data.  Most 

S-N curves in the worldwide codes are based on the nominal stress range (ENV, 2005; 
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AASHTO, 2007; DNV, 2008; Hobbacher, 2008).  The concepts and guidelines are 

widely presented in the literature (Maddox, 1991 and Radaj, 1990, 1998).  The nominal 

stress approach assumes the fatigue cracks occur in the base metal instead of through the 

welds.  The calculated nominal stress range and cycles to failure are used to develop the 

S-N curves.  The data scatter is handled by performing linear regression on the log(N) 

and log(S) data pairs.  The slope of the regression line is typically assumed to be -3, 

although the individual data sets may differ slightly from this value.  Assuming the slope 

of -3 for all data, the intercept becomes the single parameter that defines the S-N curve.  

The slope of -3 is also consistent with experimental observations of fatigue crack growth 

rates (see Section 2.2.3).  As a result, different S-N curves need to be established to 

account for different details in terms of joint geometry, weld type, loading type, and 

manufacturing influences (Radaj, 1990).  Different detail categories are established in 

similar fashion in all of the international codes for civil structures (ENV, 2005; 

AASHTO, 2007; DNV, 2008; Hobbacher, 2008).  A brief overview of the nominal stress 

approach can be found in Fricke (2003). 

The structural stress approach, also called the hot-spot stress approach or geometric stress 

approach, considers the non-homogeneous stress distribution in welded structures but 

excludes local notch effect.  Assuming the notch effect has similar magnitude for all 

structural details, the structural stress approach combines S-N curves for different 

structural details into a single master S-N curve.  This assumption generally works for 

evaluating weld toes as shown in Figure 2.13, but is not valid for analysis of the weld 

root.  Therefore, the structural stress approach is currently limited to application on weld 

toes.  In this thesis, hot-spot stress analysis is performed to establish hot-spot S-N curves 

specifically for different weld types and crack locations on rib-to-deck welds. 

The structural stress can be obtained either by calculation or direct strain measurements.  

Many methodologies exist to calculate the structural stress mostly from finite element 

models.  Three major methods, Linear Surface Extrapolation (LSE), Through Thickness 

at Weld Toe (TTWT), and Dongôs method are discussed in Section 2.2.1.  The LSE 

method was selected for analysis of the rib-to-deck welds in this study. 
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The fatigue resistance of a welded detail heavily depends on the notch effects occurring 

at the weld toe and weld root.  The notch effect induces both severe stress concentrations 

and strength reductions.  Since the maximum stress due to live load, dead load, and other 

loads is not allowed to exceed yield in structural design, it can be assumed that no plastic 

deformation occurs at the weld toe.  Under these high-cycle fatigue conditions, the notch 

stress can be evaluated as completely elastic (Radaj, 1998).The elastic stress at the weld 

toe can be assessed with numerical methods such as the finite element method (FEM) or 

boundary element method (BEM). 

Evaluation of the effective notch stress usually employs finite element models that have a 

fictitious rounding with a certain radius at the notch root.  Fricke (2006) studied 

variations of the notch rounding approach for predicting the fatigue resistance of three 

structural details with both FEM and BEM Fricke applied rounding with a 1-mm-radius 

as recommended by Radaj (1990).  The effective notch stress was obtained from models 

of each structural detail.  Both the weld toes and weld roots were modeled with different 

notch rounding (keyhole, oval), element type (quadratic, linear), and element size.  Fricke 

recommended quadratic elements with a maximum size of 0.25 mm.  The S-N data based 

on the effective notch stress had a lower bound corresponding to the FAT 225 curve 

proposed by the IIW.  Fricke (2007) furthered this approach by constructing finite 

element models based on the detailed weld geometry measured with a high-precision 

laser-based sheet-of-light technique (Figure 2.10).  The resulting S-N curve had lower 

fatigue resistance compared to the idealized rounded notch root curves, but the results 

were still close to the FAT 225 curve.  The structural stress S-N curve was also calculated 

and it corresponds to FAT 90 curve recommended by the IIW.  The data exhibited 

slightly larger scatter compared to the effective notch stress data for the different weld 

geometries.  Pedersen (2010) re-analyzed a large number of fatigue test data from the 

literature following the same notch stress procedure.  The results showed reasonable 

agreement with the FAT 225 curve but the FAT 200 curve was still recommended to 

provide a safety margin consistent with the conventional nominal stress approach.  A 

summary of the guidelines for Pedersenôs approach, together with other notch stress 

evaluation methods was made by Fricke (2008). 
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Figure 2.10 Sheet-of-light measurement and measured weld surface (Fricke, 2007) 

 

Figure 2.11 Fictitious rounding at weld toes and roots (Hobbacher, 2008) 

Similar recommendations were also presented by the IIW (Hobbacher, 2008).  Fictitious 

rounding with a 1 mm radius at both the weld toes and weld roots was proposed (Figure 

2.11) with a 5 mm plate thickness limitation.  For the determination of the effective notch 

stress by FEA, the linear element size should not exceed1/6 of the rounding radius (1/4 of 

the radius for quadratic elements).  The derived effective notch stress values at weld toes 

should be at least 1.6 times of the structural hot-spot stress at the same location.  

Poutiainen (2006b) compared this effective notch stress approach with the two structural 

stress approaches proposed by Xiao (2004) and Poutiainen (2006a).  It was observed that 

all three methods generated consistent results.  It was also found that larger weld sizes 

have a positive influence on fatigue strength. 

Fatigue life assessment can be also carried out using fracture mechanics approaches 
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based on fatigue crack propagation.  Unlike the S-N curve equations which are based on 

regression from experimental data, stress intensity factors are calculated based on 

theoretical derivations from fracture mechanics.  Mori (2009) applied this approach to 

study the fatigue strength of welded cruciform joints.  The method showed high accuracy 

for predicting failure in specimens failing from the weld root under out-of-plane bending.  

As discussed in Section 2.2.3, the crack propagation approach requires establishment of 

the constant values in the equations, most importantly is the determination of an accurate 

initial crack size.  Gurney (1991) used the crack growth rate approach to study the effect 

of local weld geometry on the fatigue strength of transverse fillet welded joints.  He 

concluded that the predicted fatigue life is very sensitive to the assumed initial crack size.  

Since initial crack size data is not reliably known, fatigue crack growth rate methods 

remain a research tool and are not used for fatigue design purposes. 

The nominal stress approach is considered to be a global approach since it is based on the 

global geometry and neglects the influence of local weld geometry on the stress 

distribution.  The effective notch stress approach and the various fracture-mechanics-

based approaches are considered to be local approaches since they require an assessment 

of the local notch effect.  The structural stress approach acts as somewhat of a link 

between the two since it has features common to both (Radaj, 1998).  A comparison of 

the above approaches is illustrated in Figure 2.12 and summarized in Fricke (2003).  A 

comprehensive discussion of the local approaches can be found in Radaj (1998). 

 

Figure 2.12 Summary of the different fatigue assessment approaches (Fricke, 2003) 
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2.2.1 Hot-Spot Stress Methodology 

The original hot-spot stress method was proposed to solve the fatigue assessment 

problem for tubular joints in offshore structures (Dijkstra, 1980).  Since the stress 

distribution is heavily influenced by the structural geometry of the tubular joints, such as 

tube diameter, tube thickness, and the joint angle, it is very hard to classify the joint into a 

single detail category.  The nominal stress is also difficult to define.  The method was 

later extended to plated structures.  Three different hot-spot types were identified for 

weld toes in different orientations as shown in Figure 2.13. 

 

Figure 2.13 Types of hot spots (DNV, 2008) 

The linear surface extrapolation (LSE) method calculates a weld toe stress based on the 

plate surface stress at a certain distance away from the weld toe.  The stress values 

normal to the weld toe are determined at reference points or ñread-out pointsò.  The 

reference point stresses are then linearly extrapolated to the hot-spot at the weld toe.  The 

reference points should be located far enough away from the weld toe to exclude the 

notch effect.  The LSE procedure was first introduced by Niemi (1995a, 1995b, 2001) 

and Partanen (1996).  Reference points located at 0.4t and 1.0t away from the weld toe 

(0410 extrapolation) were recommended, where t is the base plate thickness as shown in 

Figure 2.14.  The calculated hot-spot stress values are compared to a master fatigue 

resistance S-N curve.  A series of S-N curves were suggested for different structural 
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details that vary between FAT 90 to FAT 112 (Niemi, 2002). 

 

Figure 2.14 Linear surface extrapolation (0410) (Poutiainen, 2004) 

A similar procedure was proposed by Fricke (2001a) with some additional 

considerations.  Two alternative extrapolation techniques were investigated in addition to 

the 0410 technique.  The 0515 technique uses reference points located 0.5t and 1.5t away 

from the weld toe.  The single read-out point technique is based on a single reference 

point located 0.5t from the weld toe.  The 0515 extrapolation showed high agreement 

with 0410 extrapolation for models with relatively fine mesh size but the 0410 

extrapolation had greater scatter when coarser meshes were used.  Therefore, 0515 

extrapolation was recommended for coarser meshes while the 0410 extrapolation was 

only recommended for finer meshes.  The single read-out point technique showed lower 

hot-spot stress values compared to the other two techniques.  Therefore, the FAT 90 

curve was recommended for use with the single read-out point technique while the FAT 

100 curve was recommended for the other two extrapolation techniques.  Fricke also 

showed that plate thickness was not the best parameter to determine the reference point 

locations for the type b weld toe shown in Figure 2.13.  He concluded that the reference 

points should be placed at fixed distances of 5 mm and 15 mm away from the weld toe 

(Fricke, 2001b).  These recommendations were adopted by the IIW (Hobbacher, 2008, 

2009) as shown in Figure 2.15. 
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Figure 2.15 Location of reference points (Hobbacher, 2008) 

Another hot-spot stress procedure is to linearize the through-thickness normal stress 

distribution at the weld toe (TTWT).  Radaj (1990) states that the structural stress should 

be calculated as the summation of the membrane and bending stress, varying linearly 

through the thickness of the base plate.  The hot-spot stress is taken as the maximum 

value occurring at the plate surface.  The actual through-thickness stress distribution is 

non-linear due to the notch effect.  Linearizing the distribution averages out the nonlinear 

peak stress thereby suppressing the notch effect (Radaj, 1998).  According to Radaj, this 

is a better way to define the structural stress because the linear stress distributions can be 

calculated using Bernoulli-Euler beam theory or Kirchhoff plate theory without the need 

for finite element modeling.  This structural stress definition was later adopted by ASME 

Boiler and Pressure Vessel Code (BPVC).  It was noted that both the LSE and TTWT 

methods breakdown in the presence of heavy transverse shear stress because the shear 

stress also generates a notch effect at the hot-spot.  The shear notch effect appears to be 

independent from the normal stress notch effect and is not considered by either the LSE 

or TTWT methods. 

Dong (2001a) proposed an alternative structural stress determination method that 
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includes the transverse shear stress effects.  Like the TTWT method, Dong's method 

assumes that the structural stress at the weld toe has a linear distribution based on the 

addition of membrane and bending stress.  However, instead of calculating the stress 

distribution at the weld toe cross section, stresses are calculated on a section away from 

the weld toe.  Based on the normal and shear stress distribution at the remote section, the 

hot-spot stress at the weld toe is calculated based on equilibrium.  For the case where 

solid elements with monotonic through-thickness stress distribution are used, the 

structural stress at the weld toe can be expressed as the summation of membrane and 

bending stress calculated as follows: 
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(Equation 2.2) 

 

Figure 2.16 Structural stress calculation (Dong, 2001a) 

Based on the stress distribution shown in Figure 2.16, the membrane and bending stress 

(ům and ůb) were calculated from the last two equations then substituted into the first 

equation to get the structural stress.  Further modifications are made to the equations to 
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account for finite crack depths and non-monotonic stress distributions.  In cases 

plate/shell elements are used, Dongôs method uses stress resultants (sectional forces and 

moments) or nodal forces to calculate the structural stress.  If the sectional forces and 

moments are transferred into local coordinates and denoted as shown in Figure 2.17, the 

structural stress at section A-A can be calculated from the stress resultants at section B-B 

as: 
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(Equation 2.3) 

In cases section B-B is not available in the FE model, the sectional forces and moments at 

section A-A can be alternatively calculated from the nodal forces using appropriate shape 

functions.  Then the structural stress is calculated as below.  Note that the transverse 

shear is taken into account by the nodal forces. 
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(Equation 2.4) 

 

Figure 2.17 Dongôs method for plate/shell elements (Dong, 2001a) 

Dong's method claims to be mesh insensitive based on numerical evaluations on three 

different structural details.  Guidelines and recommendations for application of this 
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method are documented in Dong (2001b).  Dong (2004) later applied this approach to 

aluminum MIG and laser weldments.  The calculated structural stress values correlated 

very well with the experimental fatigue life defined by the master S-N curve. 

Kang (2007) applied Dong's method to study spot welds using the nodal forces and 

moments around the spot weld.  The resulting structural stress showed a good correlation 

with existing fatigue data.  Dong (2007) applied his method together with the LSE 

method and the TTWT method from the ASME code to analyze recent fatigue test data 

from pressure vessels and pipes.  A master S-N curve was developed based on Dongôs 

method. 

Xiao and Yamada (Xiao, 2004; Yamada, 2004) developed another method for structural 

stress analysis accounting for the size and thickness effect observed in welded joints.  It 

was observed that the effect of weld local geometry diminished faster in the thickness 

direction compared to the surface direction.  The structural stress was calculated 1 mm 

below the plate surface at the weld toe, perpendicular to the direction of the anticipated 

crack path.  The method was supported by crack propagation studies based on linear 

elastic fracture mechanics (LEFM).  Application of this approach resulted in less scatter 

on the S-N plot compared to the other structural stress evaluation techniques, and a lower 

bound fit to the data corresponds to the FAT 100 curve. 

Poutiainen (2005, 2006a) proposed another alternative approach to determine the 

structural stress considering both the nominal stress in the plate and the normal stress in 

the weld throat.  The structural stress is evaluated on the plate surface at the weld toe 

based on the modified stress distribution shown in Figure 2.18.  The structural stress was 

then taken as the nominal plate stress multiplied by a stress concentration factor 

(„ ὑ ).  Equations to determine the stress concentration factor ὑ  were presented as 

follows: 

ö
÷

õ
æ
ç

å
²+=

ö
÷

õ
æ
ç

å
¢ö

÷

õ
æ
ç

å
-+=

2

T
l

4l

T

ů

ů
1K

2

T
l

T

l
1

ů

ů
1K

w

wnom

weld

sa

w

w

nom

weld

sa

  

(Equation 2.5) 
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The definition of the terms in Equation 2.5 is illustrated in Figure 2.18.  As shown above, 

the stress concentration factor depends on the weld stress that is affected by the weld size, 

plate thickness, and the loading scenario.  These factors are inherently accounted for by 

the structural stress definition without further correction factors.  Figure 2.19 shows the 

stress distributions derived from Equation 2.5 in cases of different plate thicknesses. 

 

Figure 2.18 Definition of the modified through-thickness structural stress method (Poutiainen, 

2006a) 

 

Figure 2.19 Multi -linear stress distribution for different plate thickness and weld size (Poutiainen, 

2005) 

The effectiveness of this approach was further verified by LEFM predictions based on the 
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fatigue test data.  Poutiainen (2005, 2006a) demonstrated that this method showed very 

good agreement with the LEFM predictions and the modified structural stress also 

correlated well with previous fatigue test data on a single S-N curve. 

Doerk (2003) compared the LSE procedure recommended by the IIW with Dongôs 

method for four different structural details to assess mesh sensitivity.  The results 

indicated that Dongôs method was relatively mesh-insensitive for 2D problems but there 

were problems applying it to 3D cases.  This was attributed to the fact that shear stress 

acting on the transverse element sides is neglected in the equilibrium equations.  Hence 

the stress predicted by Dongôs method showed larger scatter for cases where the 

neglected shear stresses are high.  The LSE procedure generally exhibited sensitivity to 

both element type and size.  Element type and size limitations should be applied to 

different cases based on the IIW recommendations.  Mesh-insensitivity was observed in 

some cases, as long as the mesh is not too coarse, but did not show up with high local 

effect such as a bracket toe.  Nonetheless, the two LSE extrapolation methods (0410  and 

0515) produced essentially the same results for most of the cases.  A similar comparison 

was made by Fricke (2005) including Xiao and Yamadaôs method together with the LSE 

and Dongôs methods.  It was concluded that all three methods provided similar fatigue 

life predictions for the three structural details analyzed.  In general, Xiao and Yamadaôs 

method predicted slightly longer fatigue lives and Dongôs method predicted slightly 

shorter fatigue lives. 

Another comparison between LSE, TTWT, and Dongôs method was performed by 

Poutiainen (2004) with an emphasis on evaluating the finite element mesh.  Four different 

mesh arrangements were studied for 2D models and two different mesh arrangements 

(coarse and fine) were considered in the 3D models.  A correction was made to Dong's 

equilibrium equations to add the shear stress on the transverse element sides.  It was 

found that all three methods worked well for 2D structural details.  The TTWT and 

Dongôs method were more insensitive to different mesh configurations compared to the 

LSE method.  For the 3D models, the TTWT and Dong's method required nodal 

averaging to obtain accurate results, while the LSE method did not require any additional 

post-processing beyond that used for the 2D models.  The distance from the weld toe to 
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the reference cross section, Å, was also determined to influence the results from Dongôs 

method. 

2.2.2 Hot-spot Stress S-N Curves 

One of the advantages of using the structural stress over the nominal stress is that a single 

master S-N curve can be used instead of a series of S-N curves for different detail 

categories.  Different hot-spot stress based master S-N curves have been proposed but 

there is little difference between them.  A major Joint Industry Project (JIP), ñFPSO ð 

Fatigue Capacityò, evaluated the different master curves.  Lotsberg (2001) and Maddox 

(2001) summarized the resulting recommendations for hot-spot stress design S-N curves 

for type a) and c) hot spots shown in Figure 2.13 .  The FAT 90 curve was conservatively 

recommended by the IIW for application of the LSE procedure (Hobbacher, 2008).  The 

data tends to support use of the FAT 100 curve.  The FAT 80 curve was recommended 

when the hot-spot stress was directly read at the plate surface 0.5t away from the weld 

toe.  Fricke (2001a) recommended the FAT 100 and FAT 90 curves for the 

aforementioned two cases, respectively.  Fricke (2005) further recommended the FAT 90 

curve for the edges of longer attachments (>100 mm) and for load-carrying fillet welds.  

Lotsberg (2006) later narrowed down the selection to the FAT 90 curve based on the S-N 

data from both small scale and full scale fatigue tests.  Similar recommendations were 

made by DNV RP C203 (2008).  They proposed the DNV D curve, which corresponds to 

the FAT 90 curve, for hot-spot fatigue analysis.  The IIW currently allows both the FAT 

100 and FAT 90 curves depending on the structural detail type as shown in Table 2.6.  

All of the above mentioned curves have a log-log slope of -3.0. 
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Table 2.6 Fatigue resistance against structural hot spot stress (IIW-1823-07) 

No. 
Structural 

Detail 
Description Requirements 

FAT 

Steel 

FAT 

Alu. 

1 
 

Butt Joint As welded, NDT 100 40 

2 

 

Cruciform or T-joint 

with full penetration 

K-butt welds 

K-butt welds, no lamellar 

tearing 
100 40 

3 

 

Non load-carrying 

fillet welds 

Transverse non-load carrying 

attachment, not thicker than 

main plate, as welded 

100 40 

4 

 

Bracket ends, ends of 

longitudinal stiffeners 

Fillet welds welded around or 

not, as welded 
100 40 

5 
 

Cover plate ends and 

similar joints 
As welded 100 40 

6 

 

Cruciform joints with 

load-carrying fillet 

welds 

Fillet welds, as welded 90 36 

7 

 

Lap joint with load-

carrying fillet welds 
Fillet welds, as welded 90 36 

8 

 

Type ñbò joint with 

short attachment 

Fillet or full penetration weld, 

as welded 
100 40 

9 

 

Type ñbò joint with 

long attachment 

Fillet or full penetration weld, 

as welded 
90 36 

 

2.2.3 Approaches Based on Fracture Mechanics 

To overcome the singularity problem when applying classical elastic solid mechanics on 

crack tips, Griffith invoked the First Law of Thermodynamics to formulate a fracture 
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theory based on energy balance (Anderson, 1994; Griffith, 1920).  This theory, for the 

first time, successfully explained the relationship between fracture strength and flaw size 

for a given material.  The basic concept was that a crack becomes unstable (fractures) 

when the strain energy released during fracture surpasses the surface energy of the 

material.  Unfortunately Griffithôs theory only worked well on ideally brittle materials 

such as glass because it assumes that surface energy was the only type of energy that a 

fracture needed to overcome. 

To extend Griffithôs theory to metals, Irwin (1948) accounted for the energy dissipated by 

local plastic flow.  Several years later in 1956, Irwin developed the concept of the energy 

release rate, which became the foundation of LEFM.  Irwin (1957) described the crack tip 

stress state by a single characterizing parameter, the stress intensity factor.  Both the 

energy release rate and stress intensity factor methods provide equivalent results for some 

cases. 

As a simple illustration, take an infinite-size plate with a through-thickness crack under a 

remote tensile stress perpendicular to the crack.  The energy release rate can be expressed 

as: 

E

aˊů
G

2

=
    

(Equation 2.6) 

Where Ὃ is defined as the energy release rate, ὥ is half-length of the crack, „ is the 

applied stress, and E is Youngôs modulus of the material.  When the energy release rate 

generated by the applied stress exceeds the critical energy release rate, Ὃ, of the 

material, fracture initiates at the crack tip.  The critical energy release rate, Ὃ, is a 

constant material property, thus the fracture-inducing stress is inversely proportional to 

the crack size. 

The same problem can be explained in terms of the stress intensity factor.  The stress 

state at any point near the crack tip is a function of the location vector (defined in polar 

coordinates) and the mode-I stress intensity factor ὑ.  For a through-thickness crack in 

an infinite plate, the stress intensity factor ὑ, at the crack tip is defined based on the 
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crack size and the far-field stress perpendicular to the crack: 

ˊaůK I =     (Equation 2.7) 

When the stress intensity caused by the applied stress „ exceeds the critical stress 

intensity of the material ὑ , fracture occurs at the crack tip.  Equating equations 2.6 and 

2.7 shows that G and KI are related by: 
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(Equation 2.8) 

As shown above, the two approaches are essentially equivalent, but this is only true for 

linear elastic material.  Irwinôs LEFM theory is no longer valid when significant plastic 

deformation precedes failure (Anderson, 1994).  Irwin developed plasticity correction 

factors to extend LEFM beyond brittle materials.  Rice (1968) proposed a new parameter, 

the J integral, to solve the strain concentration problem at a crack tip for elastic-plastic 

material.  This became the theoretical foundation of Elastic-Plastic Fracture Mechanics 

(EPFM). 

Rice (1968) found that a path-independent line integral around the crack tip could be 

established for linear or nonlinear elastic materials (J-integral).  Since the J-integral has 

the same value for any arbitrary path, it is a path independent single parameter that 

describes the crack tip energy.  This approach was demonstrated to be effective in 

evaluating elastic-plastic fractures and converged to Griffithôs energy balance method for 

elastic brittle fracture. 

Paris (1960, 1961) extended the stress intensity factor concept to analyzing fatigue crack 

growth rates in terms of the stress intensity factor range ȹK.  Measurements in fracture 

mechanics specimens showed that the fatigue crack growth rate is proportional to the 

stress intensity factor range (Paris, 1960): 
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(Equation 2.9) 
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Where a is the crack size; N is the number of cycles; 
dN

da
 hence refers to the crack 

growth per loading cycle, in other words the crack propagation rate; C and m are assumed 

to be constants depending on the material; and Ўὑ is the range of the stress intensity 

factor, which is defined as: 

minmax KKȹK -=
   

(Equation 2.10) 

Where +  and +  are the maximum and minimum values of the stress intensity 

factor in the loading cycle, corresponding to the upper and lower limit of the stress 

history. 

Assuming all fatigue starts at a microscopic initial crack-like flaw, the Equation 2.9 can 

be integrated to determine the number of cycles needed to grow the crack to a failure 

size.  This approach has often been used in research, but practical application is difficult 

unless the initial crack size is accurately known.  Relevant guidelines for application can 

be found in the latest version of both IIW and DNV documents (Hobbacher, 2008; DNV-

RP-C203, 2008). 

In general, the process of fatigue failure can be divided into three stages, crack initiation, 

stable crack propagation, and unstable final rupture.  The crack initiation stage involves 

development of very small separations in the material, usually smaller than the grain size.  

This tends to occur at locations with high stress concentrations such as notches and 

defects.  The stable crack propagation phase begins once the microcrack reaches a size 

approximately equal to the grain size.  Under cyclic loading, the microcrack slowly 

grows into a macrocrack at a rate predicted by Equation 2.9.  Unstable rupture occurs 

when the crack size approaches the structural limit load for the cracked member.  The 

crack initiation phase has different duration but represents only a very small portion of 

the overall fatigue life for welded joints (Gurney, 2006).  Since fatigue in weldments 

usually initiates at weld toes or weld roots; the notch defects typically cause microcracks 

due to the welding process that begin to grow almost immediately under cyclic load.  As 

cracks grow larger, the crack growth rate accelerates and most of the fatigue life is 

exhausted once a macrocrack forms.  As a result, most of the total fatigue life of a welded 
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joint is expended in the stable crack propagation phase. 

As mentioned previously, the stress state at a crack tip can be solely described by the 

stress intensity factor, which is defined in Equation 2.7.  In general, the equation becomes 

more complicated for realistic geometries and crack shapes.  For cases other than mode I 

fracture for a through thickness crack in an infinite plate, a more general form, can be 

rewritten as (Gurney, 2006): 

ˊaYůK =     (Equation 2.11) 

Where Y is a correction factor that accounts for the structural geometry and crack 

geometry (DNV-RP-C203, 2008).  (Equation 2.11) is valid for both plane stress and 

plane strain condition. 

 

Figure 2.20 Relationship Between Crack Propagation Rate and Range of Stress Intensity Factor 

(Radaj, 1990) 

The basic crack growth rate relationship is illustrated in Figure 2.20.  The middle portion 

of the curve indicates stable crack growth governed by the Paris law.  At low values of 

ȹK a threshold is reached (Ўὑ ) where crack propagation stops.  At the upper end of the 
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curve ȹK approaches the critical value (Ўὑ) and the crack growth rate rapidly 

accelerates before failure.  The slope of the Paris law straight line varies somewhat 

depending on whether plane strain or plane stress conditions dominate around the crack.  

Typical weldments are sufficiently constrained to create plane strain conditions; therefore 

plane strain curve is typically used.  The constants in Equation 2.9 (C and m) are material 

properties that must be determined before performing fatigue analysis using crack growth 

rates.  However, the values of C and m also depend on the load ratio (R-ratio) and the 

ambient conditions (corrosiveness, temperature) present at the growing crack.  For data 

collected from tests in air under plane strain conditions with tensile loading (R=0), steel 

exhibits a linear relationship between log(C) and m as in SI units (Gurney, 1979): 
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(Equation 2.12) 

This yields Equation 2.9 to (in SI units): 
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At this moment it is still not clear the inherent mechanism in the material that determines 

the value of m, but based on experimental observation m=3.0 is frequently assumed for 

structural steel, which yields C as ρȢψσρπ  in SI units.  Once the value of m is 

selected, the crack propagation rate can be determined from Equation 2.13.  Further the 

fatigue life can be integrated from the assumed initial flaw size to the designated crack 

size that is considered as a fatigue failure.  Substituting Ўὑ in Equation 2.9 from 

Equation 2.11, it can be obtained: 
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It can be observed from Equation 2.14 that for a given type of structural detail (a given 

value of Y), initial flaw size and fatigue failure criterion (given values of ὥ and ὥ), the 

value of the integral is constant, so that: 
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 Constant    (Equation 2.15) 

The above equation is equivalent to the equation for S-N curves.  The value of m that 

assumed to be 3.0 is also in good agreement with experimental S-N data.  Evaluation of 

the integral in Equation 2.14 gives the following expression (Wang, 1996): 
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Therefore the fatigue life based on crack propagation approach can be predicted from 

Equation 2.16.  More information such as the evaluation of initial flaw size, calculation 

of stress intensity factors, effect of residual stress, and other fracture-mechanics-based 

approaches can be found in Radaj (1990, 1998) and Maddox (1991). 



48 

Chapter 3. Experimental Study 

One of the objectives of this research is to provide recommendations for fatigue design of 

the rib-to-deck welds in steel orthotropic decks.  The traditional stress range analysis 

methodology is adopted for this purpose.  The stress range values at the potential 

cracking locations can be calculated theoretically or obtained experimentally with strain 

measurements.  The fatigue life, represented by the number of cycles that it takes to fail a 

specimen, can only be determined by fatigue tests.  In this study fatigue tests were 

conducted in two different laboratories with similar methodology.  The details of the 

instrumentation, test procedure, data acquisition, and post-test processing are introduced 

in this chapter. 

A few considerations need to be made for the fatigue tests performed in this study.  

Testing needs to be performed at different stress ranges to establish the S-N curves.  The 

test protocol needs to establish a stress distribution at the potential cracking locations that 

can evoke as many failure modes as possible.  Residual stress is a key factor in the 

fatigue performance of welded joints; therefore tests should be performed at different R-

ratios to study their effect on fatigue life.  The stress cycle is under full tension when 

R=0; and it is under an equal tension-compression stress reversal when R=-1.  

Comparison of fatigue results from the two test conditions can help determine how much 

of the compression stress range is being placed in relative tension due to superposition of 

residual stresses.  The R=0 test condition will provide a lower bound for fatigue life.  

Additionally, it was found that the presence of a gap at the weld root influences the 

cracking locations and failure modes.  Specimens with both open and closed root gaps are 

tested to examine the difference.  Last but not the least important, since investigating the 

effect of different weld dimensions is the primary approach for weld optimization, 

specimens with a wide range of weld dimensions, such as weld penetration, weld toe size, 

and weld throat size should be included in the testing matrix. 

For the fatigue tests, instead of full-size orthotropic steel deck panels, full-scale single-rib 

deck segments were used as test specimens.  Advantages of this type of testing compared 

to full-size panels include: 1) Replicate tests sample a larger weld length under identical 



49 

conditions and provide multiple data points to establish S-N curves;  2) this type of tests 

is much more cost-effective compared to full-scale panel tests; and 3) adjusting the 

specimen geometry and testing setup can trigger different failure modes separately or 

jointly, while the full-size panel tests usually are biased toward one failure mode. 

Following the fatigue tests, the actual dimensions of each weld were measured and 

recorded.  The weld profile was photographed at each edge of the specimens after 

polishing and etching with hydrochloric acid.  In addition, measurements of the ñeffective 

lengthò between the weld toe and test fixture rollers were also taken to compare the hot-

spot stress values computed from ideal finite element models to the actual tests. 

3.1 Preparation of Specimens 

Overall, 95 fatigue specimens were tested in this study.  They were all fabricated at High 

Steel Structures, Inc. in Lancaster, PA with weld processes and procedures.  A full -scale 

6 foot long weldment was fabricated from a single rib and portion of a deck plate.  Tack 

welds were placed at intervals to fuse the ribs and decks together before the arc welding 

during the single-rib deck strip production.  Two types of welding techniques were 

applied on the weldments, which are gas metal arc welding (GMAW) and submerged arc 

welding (SAW).  Both of them were made as partial penetration welds with a designated 

penetration percentage for each specimen series, except for three series made as fillet 

welds (FIL, OB and UB) simply following the common practice without particular 

consideration on the weld penetration (Table 3.1).  The welds were produced by 

automatic welding equipment typically used for full scale fabrication of orthotropic 

decks.  No surface grinding or post-weld profile enhancement was performed.  The rib 

plate and deck plate were forced against each other during the welding process in order to 

get a tight fit-up between the plates.  Figure 3.1 shows the typical appearance of a 

finished weld.  The edges of the rib plate were beveled for GMAW welds to achieve 80% 

penetration.  No bevel preparation was used for the initial series of SAW welds; the rib 

plate had a square edge.  Additional specimens were prepared using the SAW process 

where the rib plate edge was either over beveled (OB) or under beveled (UB) to control 

the root gap for testing purposes. 
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Figure 3.1 Typical weld 

After welding, the weldment was transversely sectioned to cut-out the individual 4 in. test 

specimens shown in Figure 3.2.  The saw-cut edges of the specimens were milled to 

provide uniform specimen dimensions.  Also, holes were drilled through the flat bottom 

of the rib plate to enable mounting in the loading frame.  The tack weld locations were 

marked on each specimen to determine if tack welds influenced the fatigue crack 

initiation location.  The arrangement of specimens on the full-size deck panel is 

illustrated in Appendix A.  Figure 3.3 shows the dimensions of a typical specimen. 

 

Figure 3.2 Prepared specimens 
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Figure 3.3 Dimensions of specimens 

An additional 41 specimens were fabricated using the hybrid laser arc welding (HLAW) 

process to produce full penetration welds from one side.  The HLAW welding was 

performed at Applied Thermal Sciences, Inc. in Sanford, Maine.  The results from these 

tests are not included in this thesis because it remains an experimental technique. 

To investigate the influence of weld penetration on fatigue performance, the welding 

procedures were designed to produce different target penetration values.  The target 

values were 80%, 60%, 40%, and 20% of the rib plate thickness.  Typical profiles of 

welds in each series are illustrated in Figure 3.4.  However, the measured penetration 

values differed substantially from the target values.  The thin 5/16" rib plate thickness 

made it impossible to produce penetrations below about 50%.  Measurements of the 

actual penetration values were recorded for each specimen after fatigue tests.  The actual 

measurements showed that the target penetration values in fact were not achieved for 

most of the welds.  It is noted that the specimen series names do not reflect the measured 

penetration percentage.  The specimen edges were polished and etched using 

hydrochloric acid to highlight the weld and heat affected zone (HAZ) profile as discussed 

in Section 3.5. 
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Figure 3.4 Typical weld profile in each series 
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As mentioned before, the last two specimen series were designed to investigate the 

influence of the weld root gap.  Both the over beveled (OB) and under beveled (UB) 

specimen weld profiles are shown in Figure 3.5.  The OB specimens are prepared with a 

bevel angle greater than the rib angle, resulting in a root gap that is held open before 

welding.  The UB series have a bevel angle less than the rib angle resulting in a closed 

root gap before welding.  Despite this bevel preparation, weld shrinkage due to cooling of 

the weld metal caused the root gaps to close after welding.  The shrinkage forced the rib 

plate into contact with the deck plate, even for the OB series as shown in Figure 3.6.  

However, the different bevel preparation resulted in different amounts of contact pressure 

at the root.  The UB series showed definite plastic distortion where the two plates were 

pressed together.  This was less evident in the OB series where the root gap had to close 

before pressure could develop.  Since the OB series did not result in the desired open root 

gap, half of the specimens in both the OB and UB series were saw-cut at the root to open 

the gap before testing.  The saw-cuts were performed carefully to avoid contact with the 

weld, thereby preserving the natural situation at the tip of the root notch.  Figure 3.7 

shows typical saw-cuts on both the OB and UB specimens. 

 

Figure 3.5 Over-beveled (OB) and under-beveled (UB) rib plate preparation 
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Figure 3.6 Typical over-beveled (OB) and under-beveled (UB) specimens after welding 

  

Figure 3.7 Saw-cuts introduced at the weld roots on the OB (Left) and UB (Right) specimens 

Overall, there were eight different specimen series with two different welding processes, 

different target weld penetrations, and different root gap opening conditions.  The 

conditions used to fabricate each specimen series and the number of replicate specimens 

is listed in Table 3.1.  The name of each series is a combination of the welding process 

(GMAW or SAW) and the target penetration percentage (80% to FIL).  The FIL series 
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was targeted to have minimal penetration expected for a fillet weld.  For example, 

ñGMAW-80ò, or ñGM-80ò, indicates that this series of welds were made by gas metal arc 

welding with a target penetration of 80% into the rib plate.  The last two specimen series 

(OB and UB) were fillet welded with the different bevel preparations. 

Table 3.1 Test specimen series. 

Series 

Name 
Welding Process 

Target 

Penetration 

Rib Plate 

Beveling 

Number of 

Specimens 

GM-80 Gas Metal Arc Welding 80% Normal 16 

SA-80 Submerged Arc Welding 80% None 15 

SA-60 Submerged Arc Welding 60% None 8 

SA-40 Submerged Arc Welding 40% None 8 

SA-20 Submerged Arc Welding 20% None 8 

FIL Submerged Arc Welding None None 8 

OB Submerged Arc Welding None Over-beveled 16 

UB Submerged Arc Welding None Under-beveled 16 

 

3.2 Test Matrix  

Fatigue tests were carried out in two locations; Turner-Fairbank Highway Research 

Center (TFHRC) and the structures lab in Virginia Tech.  Forty-eight specimens were 

tested at TFHRC including theGMAW-80, SAW-60, SAW-40, SAW-20 and FIL series.  

Forty-seven specimens were tested in the Virginia Tech Structures Laboratory including 

the SAW-80, OB, and UB series.  The specimens were tested at different stress ranges at 

two different R-ratios as shown in Table 3.2.  With the exception of two specimens tested 

at 16.67 ksi, all specimens were tested at higher stress ranges to avoid effects of the 

constant amplitude fatigue limit threshold (CAFL). 
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Table 3.2 Test matrix 

Series 
16.67 

ksi, R=-1 

26.67 ksi, 

R=-1 

33.33 

ksi, R=-1 

36.67 

ksi, R=-1 

18.33 

ksi, R=0 

33.33 

ksi, R=0 

40 ksi, 

R=0 
Total 

GM-80 2 1 5 3 1 3 1 16 

SA-80 - - 8 4 - 3 - 15 

SA-60 - - - 5 - 3 - 8 

SA-40 - - - 5 - 3 - 8 

SA-20 - - - 5 - 3 - 8 

FIL - - - 5 - 3 - 8 

OB - - 8 4 - 4 - 16 

UB - - 8 4 - 4 - 16 

 

3.3 Equipment 

The fatigue tests at Virginia Tech were performed on an MTS servo-hydraulic load frame 

with an integrated data acquisition system.  A customized testing fixture allowed 

application of both positive and negative bending moments that were developed at the 

TFHRC also used for the VT testing.  This section includes descriptions of the three key 

parts of the testing equipment: the MTS servo-hydraulic load frame; the MTS integrated 

controller/data acquisition system; and the customized loading fixture. 

3.3.1 MTS Servo-hydraulic Test System 

A 110 kip MTS LandmarkÊ Servo-hydraulic Test System was used for all fatigue 

testing at VT.  It consists of a floor-standing MTS Landmark loading frame connected to 

a MTS Hydraulic Power Unit (HPU) and a MTS FlexTestǹR  controller with a computer 

workstation.  Figure 3.8 shows the MTS load frame used at Virginia Tech; similar MTS 

test systems were used at TFHRC. 
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Figure 3.8 MTS servohydraulic test system at VT 

Table 3.3 Floor-standing load frame specifications (model: 370.50) 

Load Frame Specifications U.S.  Units SI Units 

Force Capacity (rated dynamic force) 110 kips 500 kN 

Servo-valve Flow Rating 30 GPM 114 LPM 

Available Actuator Ratings 55, 110 kips 250, 500 kN 

Actuator Dynamic Stroke 6 in 150 mm 
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A FlexTest 40 controller with a capacity of up to 4 control channels on one test station 

was used in the fatigue tests performed at VT.  It consists of a Series 494 Hardware 

chassis that contains controller hardware as shown in Figure 3.9, and a computer 

workstation that runs MTS controller applications 

 

Figure 3.9 Flextest 40 controller (series 494) and handset (model: 494.05) 

Figure 3.10 shows the capability to monitor both the computer command and load cell 

response signals using the MTS application software.  The software continuously 

monitors the test response and ñtunesò the command signal to make sure the desired load 

range is achieved on the specimen.  This allows the command signal to ñover driveò the 

test to achieve higher cyclic frequencies without compromising accuracy of the loading. 

 

Figure 3.10 Comparison of command and response signals at a 4 Hz test speed showing ñover-

drivingò of the command signal 
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3.3.2 Customized Fixture 

A customized fixture was designed and fabricated to provide boundary conditions and 

stabilize the specimens during the tests.  It consists of a steel spreader beam with high 

stiffness and four steel columns used to attach rollers.  Figure 3.11 shows the two rollers 

mounted on each column to facilitate the application of load reversal on the test 

specimens.  Each of the rollers is supported by two adjustable threaded rods to allow the 

rollers to be adjusted to fit the test specimens.  The pillow blocks used to support the 

rollers have bearings that allow for some angle adjustment so the rollers can be adjusted 

perfectly parallel to the test specimen surface.  The rollers can tilt to make tight contact 

with the specimen thereby providing evenly distributed clamping forces along the length 

of the roller.  The welded test specimens have a certain amount of plate distortion 

induced by welding.  The angular adjustment capability of the rollers is essential to allow 

the rollers to adapt to the specimen and prevent distortional twisting that can cause error 

in the applied stress range.   

The bottom flat of the specimen rib plate is positively attached to the hydraulic actuator 

by bolting.  Since the bottom of the rib is not typically flat or parallel to the deck plate, 

two spherical bearing washers are placed between the specimen and hydraulic actuator to 

allow specimen alignment.  The washers can be rotated when the specimen is installed to 

level the deck plate in two directions.  The spherical washers are shown in Figure 3.12.  

Some of the early tests performed at TFHRC did not utilize the spherical washers in the 

test set-up. 
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Figure 3.11 Customized fixture 

  

Figure 3.12 Spherical bearing washers 

3.4 Test Setup and Procedure 

3.4.1 Test Setup 

The testing fixture applies load and roller boundary conditions to the test specimens as 

shown in Figure 3.13.  The strip of deck plate is simply supported by rollers at each end 

resulting in a 24 in. bending span length.  The loads were applied through the bottom flat 
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surface of the rib plate.  The top and bottom rollers allowed both positive and negative 

loads to be applied to the specimens resulting in both positive and negative bending of 

the deck plate.  Large bearing plate washers were placed above and below the rib flat to 

prevent distortional flexing. 

The test fixtures essentially create 4-point bending in the deck plate.  However, since the 

rib walls are not perpendicular to the deck plate, the bending stress distribution in the 

deck plate is altered by the presence of axial forces.  The idealized moment and axial 

force distribution in the rib and deck plates is shown in Figure 3.14 .  This represents the 

results from 1st-order structural analysis.  Additional 2nd-order moments are also 

induced in the rib plate walls since the rib plate flexes under load.  It is noted that the size 

of the bearing plate has an effect on the rib stress distribution.  Figure 3.14 shows the 

scenario for tests at VT where 3.75ò wide bearing plates were used.  The moment and 

axial force diagrams for the rib plate are slightly different for the tests performed at 

TFHRC since 5ò wide bearing plates were used.  These 2nd-order effects are considered 

further in the finite element analysis performed in Section 4.2.5. 

12in. 12in.

1in.1in.

Cyclic Load

(¼)
GMAW/SAW

(¼)
GMAW/SAW

 

Figure 3.13 Test setup 
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Figure 3.14 Moment and axial diagrams for the tests at VT 

3.4.2 Test Procedure 

Identical procedures were followed when installing the test specimens to minimize any 

testing bias due to the fixturing.  Figure 3.15 and Figure 3.16 show typical test specimens 

mounted in the loading fixture at VT and TFHRC, respectively.  The distance between 

the roller supports is precisely 24 in. while the specimen length is 26ò, leaving one in. 

extension beyond the rollers.  The installation procedure is as follows: 

1) The specimen is first bolted to the hydraulic actuator and the deck plate is leveled 

about two axes using the spherical washers.  The rollers are not in contact with the 

specimen at this stage. 

2) The lower rollers are adjusted up so they just contact the bottom surface of the 

deck plate.  Each side of the roller is adjusted individually so the roller is in even 

contact across the width of the deck plate.  This procedure exactly adapts the test 

fixture to the specimen geometry so the rollers do not impart any twisting to the 

specimen. 

3) The top rollers are adjusted to contact the top surface of the deck plate.  A modest 

pre-tension force is applied to the top roller to prevent slip in the test fixtures 

when the specimen is subjected to load reversal. 
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Figure 3.15 Test Setup at VT 

 

Figure 3.16 Test Setup at TFHRC 
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Consistent boundary conditions between specimens are essential to minimize scatter in 

the test results.  Ideally, the top and bottom rollers should provide ideal boundary 

conditions.  However, excessive clamping force between the two rollers potentially can 

add some fixity.  The stress state at the potential cracking locations is expected to change 

dramatically if fixed end conditions exist instead of the ideal rollers.  Too much clamping 

force from the rollers on the deck plate can cause roller friction that effectively creates a 

semi-fixed boundary condition.  Too little clamping force would introduce slip in the load 

path and allow the specimen to bang and vibrate in the test fixture under load reversal.  

Therefore, procedures were imitated to measure and limit the clamping force to insure 

that the ideal roller boundary condition is present.  After a few trials, the clamping force 

was set to be 70 lbs on each side, 140 lbs in total.  The force was measured by monitoring 

the load cell output during the clamping procedure.  It was observed that the rollers were 

still able to rotate freely at this clamping force level. 

Since only one load cell is used to measure the summation of both roller reactions; the 

clamping forces on both roller supports should be equalized.  The load cell is not capable 

of detecting differential clamping forces between the different supports as long as they 

balance each other out.  Different clamping forces between the supports could alter the 

stress state between the two welds which is a divergence away from the ideal boundary 

conditions used in the FEM.  Care was taken in the specimen installation procedure to 

ensure equal clamping force on each side of the specimen.   

The key steps described below were followed for the specimen installation: 

1) Tightly bolt the specimen to the actuator through the bottom of the rib.  Use a 

level to make sure the deck plate is horizontal before tightening the bolt. 

2) Manually raise the actuator under displacement control to raise the specimen into 

the desired test position. 

3) Take a zero load reading with no roller contact with the specimen. 

4) With the actuator still under displacement control, apply the equal 70 lb clamping 

force from the four rollers to the deck plate individually one after another by 

adjusting the height for both tips of each roller.  Also make sure the rollers tilt 
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along with the specimen for evenly distributed clamping forces along the roller 

lines.  This can be done by applying half of the clamping force for each roller, in 

this case 35 lbs, from each tip of the rollers.  To determine how much clamping 

force is being applied, access the real-time feedback from the load cell through 

the computer workstation. 

5) After applying the clamping forces from all the rollers, the reading from the load 

cell should be back to zero.  Though small error within tolerance may exist.  In 

this case turn the actuator to load control mode and manually command the force 

back to zero.  However this action is not suggested if the error is considered to be 

out of tolerance since differential clamping forces may be caused by this action.  

Instead, step 4 and step 5 should be performed again. 

6) After the specimen is clamped tight with zero reading from the load cell, offset 

the displacement reading from the LVDT to zero as well.  Turn off the manual 

control then initiate the cyclic load in the MPT application with the corresponding 

test procedure and environmental variables. 

A test procedure was designed and programmed in the MPT application through the 

Procedure Editor.  It acquired data from the sensors and controlled the action of the 

actuator and HPU.  The loading function was specified as a sine wave with the 

peak/valley levels corresponding to the target stress range and R-ratio listed in the test 

matrix in Table 3.2.  Two data limit detectors were enabled to stop the test if either one of 

them were triggered.  The first data limit would be triggered if the peak/valley 

displacement exceeds a preset limit.  The second data limit detector monitors the 

difference between the peak/valley displacements of two successive cycles and would be 

triggered if the difference were out of the specified tolerance.  This detector was usually 

triggered when fatigue crack initiation occurred and displacement increased.  Three data 

acquisition commands were programmed during testing.  The first recorded the peak and 

valley values of load and displacement for the first 2000 cycles after testing was initiated 

or resumed following a pause.  The second recorded the same values for the last 2000 

cycles before the cyclic load was terminated or paused.  These two data logs showed the 

behavior of the specimen during the stabilization of the sine wave loads and before the 

failure.  The third data acquisition command recorded the peak/valley values of load and 
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displacement at one hour intervals during the test.  This data logging provides assurance 

that the stress range remained constant over the entire test.  The test procedure in the 

Multi -Purpose Testware (MPT) is shown in Figure 3.17. 

 

Figure 3.17 Test procedure in the MPT 

3.5 Post-Test Processing 

3.5.1 Measurement of the Weld Profile 

Each of the test specimen series was produced with a different welding procedures 

resulting in different geometric weld profiles.  There was also a certain amount of profile 

variability along the length of the welds within a given series.  Therefore, detailed 

measurements were made of the weld profile at both exposed edges of each test 

specimen.  This data was statistically analyzed after testing to determine the effect of 

various geometric features on fatigue life.  The specimens were sanded and polished on 

each specimen edge at the rib-to-deck weld location.  An etching solution of concentrated 

hydrochloric acid was applied on the surfaces to mark the weld metal and heat affected 
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zone (HAZ).  High resolution digital photographs were taken of each etched weld along 

with a reference scale.  The photographs were then imported into AutoCAD, scaled to the 

drawing scale, and curved lines were traced along the weld outlines.  Additional straight 

measurement lines were then drawn to record features of the weld profile.  Figure 3.18 

shows typical AutoCAD drawings for each measurement location.  The measurement 

locations were assigned with reference numbers as shown in Figure 3.19 relative to the 

side where the specimen failed.  Locations 1 and 3 are on the cracked side, while 

locations 2 and 4 are on the un-cracked side.  For cases where cracks occurred on both 

sides, locations 1 and 3 are on the side with the larger crack. 
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Figure 3.18 AutoCAD drawings of weld profiles 

 

Figure 3.19 Denotation of weld locations 

A number of numerical measurements were taken from the AutoCAD drawings for each 
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weld profile, as shown in Figure 3.20.  These measurements included the weld toe size, 

weld penetration, weld throat size, weld area, etc.  Tables listing all the measurements 

can be found in Appendix D. 

 

Figure 3.20 Measured dimensions 

The measured weld dimensions are defined as follows: 

d1 ï weld toe size (on the deck plate) 

d2 ï size of the weld penetration (into the rib plate) 

d2/d4 ï percentage of the weld penetration 

d3 ï size of the gap behind the weld 

d1+d2 ï total size of the weld 

h ï weld height, essentially the weld toe size on the rib plate 

t ï weld throat size, defined as the distance from the weld root on the deck plate to 

the nearest point on the curved weld surface 

Aw ï weld area 

tr ï thickness of the rib plate 
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The measurements indicated that the target weld penetration for each series was not 

achieved.  As shown in Appendix D, the welds with 80% target penetration had larger 

penetration compared to the other specimen series, but the penetration values did not 

significantly change among other specimen series.  The average penetration achieved for 

the fillet welds and partial penetration welds with 20%~60% target penetration was 

between about 60%~70%.  As a result, the target penetration values were no longer taken 

as a relevant factor.  Although the names of the specimens and series were kept, they had 

no relation with the penetration of the welds in that series. 

3.5.2 Measurement of the Effective Length (Le) 

The effective length, Le, is defined as the distance from the fatigue crack at the weld toe 

on the deck plate to the line of roller support in the fixture, as shown in Figure 3.21.  The 

moment within this length varies linearly from zero at the support to certain value at the 

weld toe, as shown in Figure 3.14.  Therefore, the Le value directly affects the actual 

stress range at the weld toe on the deck plate, which is the primary crack location. 

 

Figure 3.21 Definition of Le 

Le was designed as 5ò for all the tests.  However this does not include the presence of the 

weld.  Variations in weld toe size, fabrication tolerance, and test specimen mounting 

tolerances, cause variations in Le.  This affects the stress range at the location of fatigue 



71 

cracking at the weld toe.  To quantify this effect and get accurate stress ranges, the actual 

Le values were measured on each specimen after testing.  The rollers left clear marks on 

the deck plate at the points of contact.  The distance between these marks and the weld 

toe could be accurately measured.  The results are tabulated in Appendix E. 

3.5.3 Record of the Tack Weld Locations 

Tack welds were made on the specimens to hold the rib plate and deck plate in place 

before the continuous welds were placed.  The continuous welds passed over and re-

melted the tack welds during the welding procedure.  This results in increased weld metal 

volume at the tack weld locations and a corresponding enlargement of the weld size.  A 

possible concern is that the geometry discontinuity at the tack weld locations would result 

in premature fatigue cracking in that area.  The tack weld locations were marked on the 

specimens during fabrication.  These locations were compared with the fatigue crack 

initiation locations observed in the test specimens.  Forty-four specimens tested at the 

TFHRC were examined for this investigation.  The specimens were loaded to open up the 

fatigue crack and expose the crack surface as shown in Figure 3.22.  The tack weld 

locations and fatigue crack initiation points were recorded and compared in Appendix F.  

A few observations were made during the recording: 

1) The cracks were predicted to initiate around the mid-width location along the weld 

toe as shown in Figure 3.23.  This is based on stress analysis of the specimens and the 

fact that the stress state varies from plane-strain at mid-width to plane stress at the 

edges.  Therefore, no conclusions can be made if the fatigue cracks initiate at tack 

welds located at the mid-width location.  Only the fatigue cracks initiating from the 

tack welds located away from the mid-width location can provide information useful 

to assess the effect of tack welds. 

2) The middle ¼ width of the deck plate can be assumed to have an equal probability of 

fatigue crack initiation at any point.  Since there is little variation in stress range 

across this region, the "weak-link" point of crack initiation can occur at any location.  

In cases where both the tack welds and crack initiation points were located in this 

region, it was identified as ñclose to centerò. 

3) For the cases where tack welds and cracks occurred at different locations, either with 
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one of them or neither at the center, it should be regarded as negative evidence to any 

relationship between them. 

 

Figure 3.22 Setup for breaking specimens from fatigue cracks 

After recording 44 specimens (Appendix F), it showed an inconclusive relationship 

between tack welds and crack initiation locations.  Eleven specimens were regarded as 

having a relation between them, while 12 of them were regarded as not having such 

relation.  The rest of the specimens could not be confirmed for a conclusion because 

either both locations occurred at the center, or no tack weld was present.  As a result, it 

can be concluded that tack weld locations were not more susceptible to fatigue cracking 

compared other locations along the weld. 
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Figure 3.23 Typical crack surface 

3.6 Test Results and Discussion 

Three failure modes were observed after fatigue testing 95 specimens as shown in Figure 

3.24.  The failure modes are labeled to indicate the point of fatigue crack initiation as 

follows: WT@DECK refers to cracks that initiate at the weld toe on the deck plate and 

propagate through the deck plate thickness; WT@RIB refers to cracks that initiate at the 

weld toe on the rib plate and propagate through the rib wall thickness; and WR indicates 

cracks that initiate at the weld root notch and propagate through the weld throat.  All 

three failure modes were observed in this testing program. 
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Figure 3.24 Failure modes: WT@DECK, WT@RIB, and WR 

For the initial test specimen series, only the WT@DECK and WT@RIB failure modes 

were observed.  Among the tests conducted at the TFHRC, only the WT@DECK failure 

mode was observed.  Both the WT@DECK and WT@RIB failure modes were observed 

in the initial test series performed at VT.  This can be explained by the difference in test 

fixtures between the two sites.  The TFHRC tests used larger bearing plates to support the 

bottom surface of the rib where it was attached to the actuator.  The larger support area 

reduced the amount of bending occurring in the rib wall.  This slightly reduced the stress 

range occurring at the weld toe on the rib wall and biased the failure to the weld toe on 

the deck plate.  The VT tests with the reduced size bearing plates came closer to having 

an equal probability of cracking at the rib plate and deck plate weld toes.  The effect of 

the bearing plate on rib bending is discussed further in Chapter 4. 

A noticeable difference was found between the fatigue test results performed at the two 

different R-ratios(R=0 and R=-1).  For the R=0 tests, the entire stress range applies 

tensile loading at the deck plate weld toe.  The R=-1 tests apply a complete stress reversal 
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cycle where the stress range alters between tension and compression.  It is generally 

known that significant tensile residual stresses are present at weldments.  When added to 

the applied stress cycle, a portion of the compressive part of the load cycle is converted to 

tension.  Therefore, a portion of the compressive load cycle can be added to the tension 

part of the load cycle to calculate the stress range that causes fatigue damage. 

The AASHTO bridge code only requires fatigue design for details that are located in 

regions of tensile stress.  The exception is details in regions of stress reversal where the 

compressive portion of the live load stress cycle is added to the tensile portion to define 

the stress range for fatigue design.  Consistent with this methodology, the stress range for 

the R=-1 tests is calculated assuming the compressive portion of the load cycle causes 

tensile stress at the detail.  This is based on the assumption that the residual tensile stress 

in most cases is as high as close to the yield stress, therefore the entire compressive stress 

cycle, as long as it remains elastic, is shifted to tensile cycle.   

Using this definition of stress range, the fatigue test results show that the R=-1 tests have 

noticeably longer fatigue lives compared to the R=0 tests.  If the assumption is correct 

that the entire compressive portion of the load cycle is converted to tension, the two 

different R-ratios should show equivalent fatigue resistance.  The fact that the R=-1 tests 

show longer fatigue lives indicates that only a portion of the compressive load cycle is 

converted to tension due to residual stresses.  This indicates that the residual stress for the 

weldments tested is lower in magnitude than the maximum compression stress induced 

by the load cycle. 

The residual stress magnitude at weldments depends on many variables such as the plate 

thickness, weld size, and welding procedure.  Residual stress magnitude cannot be readily 

calculated.  Therefore, the R=0 tests where the entire load cycle is guaranteed to produce 

a tensile stress range should be used to determine the fatigue resistance.  When 

calculating the stress range through structural analysis, both the tensile and compressive 

portions of the stress cycle should have the same sign and should be added. 

Overall, 15 fatigue specimens failed in the WR mode.  Only one of the 15 had a closed 

root notch, the others had open root notches.  A total of 24 specimens were tested with 
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open root gaps.  Seventeen of them were tested under R=-1.  Fourteen failed from root 

cracks while three failed at the weld toes; and the other one ran out over 4 million cycles 

without failure.  The rest 6 specimens with open root gaps under R=0 also failed at weld 

toes but due to the fact that they were tested under compressive cycles at weld roots.  

There is strong evidence that the open root gaps enable the root gap failure mode to occur 

prior to weld toe cracking for the specimen geometry tested.  There is a clear increase in 

fatigue resistance of the rib-to-deck joint when the root gap is closed by the combination 

of joint design and weld shrinkage. 

Among the 95 specimens from the seven test series, no distinguishable difference was 

found in the fatigue resistance.  The effect of weld penetration and other geometric 

variables is studied in more depth in 0.The weld dimension measurements shows that the 

average penetration achieved the target value at 80% for GMAW series, but is 65% 

to70% for all of the submerged arc welds (SAW series) and 60% to 65% for the fillet 

welds (FIL, OB & UB series), representing the typical penetration that can be achieved 

without special technique.  The lower bound penetration with 95% confidence is 64% for 

GMAW series, and 50.2% for SAW series and fillet welds, which is used in 0 to derive 

the requirement for the minimum weld toe sizes. 
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Chapter 4. Finite Element Modeling and Hot-Spot Stress 

Analysis 

The purpose of hot-spot stress concept is to provide structural stress values for different 

weld toe details that can be compared to a single S-N curve.  It is ñtypically used where 

there is no clearly defined nominal stress due to complicated geometric effects or where 

the structural discontinuity is not comparable to a classified structural detailò (Hobbacher, 

2008).  The hot-spot approach is very useful for fatigue analysis of tubular joints because 

nominal stress is usually very hard to calculate.  It has similar advantages for plate-type 

structures where detail specific S-N curves are unavailable.  Ideally the hot-spot stress 

values calculated using FEA should be mesh insensitive because the stress magnitude 

depends on the global geometry of the structure.  It should not be different from one 

finite element model to another.  However, in the currently available structural stress 

approaches discussed in Section 2.2.1, the goal of absolute mesh insensitivity is still not 

achieved.  Even though stresses are calculated at reference points located away from the 

weld toe, there is still some dependence on mesh size.  Therefore, modeling rules are still 

necessary in order to get consistent hot-spot stress values from finite element models 

built from different sources.  Among the different recommended finite element modeling 

guidelines for structural stress evaluation, the DNV-RP-C203 (2008) and IIW-1823-07 

(Hobacher, 2008) are used in this study since they have been validated in the literature. 

Since the notch effect (stress concentration effect) is intended to be excluded from the 

hot-spot stress values, the reference points used for the extrapolation should be located 

outside of the region that is considered to be under the influence of notch effect.  

However, they also should be close enough to capture the stress gradient approaching the 

weld toe.  Locations are specified in both the DNV and IIW recommendations for 

different cases.  Hot-spot stresses are calculated assuming linear elastic material behavior 

with an idealized structural model that contains no fabrication-related misalignment.  

Only the linear stress distribution through the plate thickness needs to be evaluated to 

define hot-spot stress as shown in Figure 4.1.  However, the finite element model should 

still have element types, shapes, and mesh size capable of capturing the stress gradients 
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and effects of plate bending (DNV-RP-C203, 2008). 

 

Figure 4.1 Schematic of the hot-spot stress distribution (DNV CN-30.7) 

It should be noted that the hot-spot stress method, at least the methods defined by DNV 

and IIW, is limited to the assessment of fatigue at weld toes.  The hot-spot methodology 

may be extended to other fatigue cracking locations such as the weld root, but this is 

further complicated since the master S-N curve used for hot-spot fatigue evaluation was 

developed based on the geometric and dimensional parameters of weld toe geometries. 



79 

4.1 Recommended Procedures 

4.1.1 DNV Recommendations 

Det Norske Veritas (DNV) adopted the procedures introduced in Section 2.2.1 as 

described in DNV-RP-C203 ñFatigue Design of Offshore Steel Structuresò, DNV CN-

30.7 ñFatigue Assessment of Ship Structuresò, and DNV-RP-C206 ñFatigue 

Methodology of Offshore Shipsò.  All t hree documents contain similar recommendations 

regarding element type, mesh size, reference point locations, and extrapolation methods.  

These documents are widely used and are considered to be a very important reference for 

this research. 

Both DNV CN-30.7 and DNV-RP-C206 suggest that both global and local models should 

be developed for fatigue analysis purposes.  Global models help to find the potential 

critical locations for fatigue while the local models enable calculation of hot-spot stress 

values at the critical locations.  DNV-RP-C203 states that the extent of the local model 

should be chosen so that the influence of the boundary conditions is minimized.  In this 

study, since the test specimens are relatively small, only one model was required to 

capture both the global and local effects. 

Three weld toe types are identified as illustrated in Figure 2.13.  Either 2D shell elements 

or 3D solid elements can be used in the finite element models.  Thin shell elements 

located at the mid-plane of the structural component should be used if shell elements are 

chosen.  Caution is needed when modeling type b) weld toes to prevent under-estimation 

of the stress.  In shell element models, the welds are usually not explicitly modeled 

except for special cases where high local bending effects are present.  Such cases include 

fabrication misalignment and offsets between plates.  In these cases the weld can be 

modeled as transverse plate/shell elements with appropriate stiffness or by assigning 

displacement constraints between the appropriate nodes.  If the weld is modeled using 

transverse shell elements, the weld element thickness may be defined as twice of the base 

plate thickness.  Eight node elements with a quadratic shape function (Q8) are preferred, 

especially in regions with high stress gradients.  The 4-node linear elements may be 

prone to shear locking problems. 
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Alternatively, 3D solid elements are recommended for more complex geometries.  The 

solid elements should also have quadratic shape functions capable of capturing steep 

stress gradients and a linear bending stress distribution through the base plate thickness.  

Isoparametric 20-node elements with quadratic shape functions along the edges (Q20) are 

recommended.  These elements enable evaluation of both the membrane and bending 

stress components using reduced integration from as few as two integration points 

through the thickness of the base plate.  Eight-node solid elements with linear shape 

functions could also be used but a finer mesh size is required.  The weld should be 

explicitly modeled in the 3D solid models to accurately capture the local stiffness of the 

geometry. 

The requirements for mesh density and element size vary depending on the element types 

used in the models.  General finite element modeling rules should be followed to obtain 

accurate results, such as limiting the corner angles of quadrilateral and hexahedral 

elements to between 45° to 135°, and limiting the element aspect ratio to less than five.  

For the Q8 shell elements and the L4 shell elements with additional internal degrees of 

freedom a mesh size between t×t and2t×2t may be used, where t is the thickness of the 

base plate.  Larger mesh sizes may produce non-conservative results in the hot-spot 

region.  For the Q20 solid elements, only one element is required through the plate 

thickness.  The first few element rows in front of the weld toe in the hot-spot region 

should have the following dimensions: 1) the element length can be selected as the plate 

thickness t with the limit of 2t; 2) the element width in the transverse direction can be 

again selected as t; and 3) the element width should not exceed the attachment width for 

type c) weld toes, where the attachment width is defined as the plate width plus twice the 

weld toe size.  For the 8-node solid elements with linear shape functions, a finer mesh 

size should be modeled.  In this case, at least 4 elements are recommended through the 

base plate thickness.  Both the length and width of the elements should be reduced 

proportionally. 

The hot-spot stress values are obtained by linear extrapolation as illustrated in Figure 4.1.  

The extrapolation is based on read-out points located at 0.5t and 1.5t away from the weld 

toe following theDNV-RP-C203 recommendations.  The extrapolation lines are shown in 
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Figure 4.2 for both the shell and solid element models.  When a t×t element size is used 

in the hot-spot region, the extrapolation can be performed as follows for both the shell 

and solid elements:  

¶ If shell elements are used as shown in Figure 4.2 (left), the surface stress 

calculated in the model can be directly used as read-out points at the 0.5t and 1.5t 

locations.   

¶ If solid elements are used, the surface stress needs to be extrapolated from the 

integration points; then linearly interpolated to 0.5t and 1.5t locations as shown in 

Figure 4.3. 

 

Figure 4.2 Stress extrapolation in 3D FE Models (DNV-RP-C203) 
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Figure 4.3 Interpolation of stress from the element integration points to the read-points (DNV-

RP-C203) 

 

Figure 4.4 Hot-spot stress derivation for element sizes larger than t×t (DNV-RP-C203) 

If the model is built using 4-node shell elements with a mesh size larger than t×t, the 

stress values at the read-out points should be derived from a quadratic curve fit to the 

corner point by stress values of the first three elements adjacent to the weld toe.  For 
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models built using 8-node elements with a mesh size larger than t×t, the stress values on 

the mid-side nodes of the first three elements adjacent to the weld toe should be used for 

quadratic curve fitting.  The stress values at 0.5t and 1.5t in front of the weld toe can then 

be determined from the quadratic curve.  The extrapolation and curve fitting procedures 

are shown in Figure 4.4.  For the models built in this study the elements size was much 

smaller than t×t so this calculation did not need to be performed. 

The DNV recommendations provide alternative methods for hot-spot stress determination 

in addition to the 0515 extrapolation.  For both methods, the ñeffective hot-spot stressò is 

calculated based on correction factors accounting for different fatigue crack orientations 

that alter the direction of the principal stresses.  The first method, ñMethod Aò, calculates 

the hot-spot stress components extrapolated from the 0515 read-out points as follows: 
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where Ŭ =  0.90, 0.80, or 0.72 for the DNV C2, C1, and C details, respectively.  The 

principal stresses, ɝ„ and ɝ„, are calculated as follows: 
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(Equation 4.3) 

The notation of ^Ds , //sD  and //tD refer to the normal and shear stress components 

perpendicular and parallel to the weld toe as illustrated in Figure 4.5.  This method is 

applicable to either shell or solid elements, with or without inclusion of the weld in the 

model. 
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Figure 4.5 Principal stress components and potential fatigue crack orientations (DNV-RP-C203) 

ñMethod Bò allows the hot-spot stress to be read as the stress at a single read-out point 

located 0.5t in front of the weld toe in either the shell or solid element models.  The 

effective hot-spot stress is calculated as follows: 
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(Equation 4.4) 

In the present study, only the crack pattern shown on the left in Figure 4.5 occurred.  The 

values of //ȹů and //ȹŰ were regarded as zero because they were very small compared to 

the magnitude of ^ȹů, therefore Equation 4.2 calculates the principal stress equal to 

^ȹů.  The effective hot-spot stress was also calculated as ̂ȹů according to Method A 

(Equation 4.1). 

For fatigue life prediction, the calculated hot-spot stress is compared to the DNV 

category D fatigue resistance S-N curve. 

4.1.2 IIW Recommendations 

The IIW-1823-07 (Hobbacher, 2008) document defines two different weld toe 

classifications compared to three in the DNV documents.  DNV types a) and c) are 

combined into a single classification as shown in Figure 4.6.  Different assessment 

procedures are proposed for these two weld-type classifications.  The hot-spot stress can 

be determined either by calculation or direct measurement, both following essentially the 
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same equations and procedures. 

 

Figure 4.6 Weld toe type classifications (IIW-1823-07) 

The IIW recommends essentially the same guidelines for finite element modeling as the 

DNV.  Eight-node thin shell elements are recommended without explicit modeling of the 

weld and 20-node quadratic solid elements are recommended if the weld is included in 

the model.  Any possible joint misalignment should be explicitly modeled in the 

geometry because the hot-spot stress methodology assumes idealized, perfectly aligned 

welded joints.  While the modeling recommendations are essentially the same between 

the IIW and DNV guides, different hot-spot stress assessment methods involving 

different extrapolation schemes are recommended by the IIW. 

For type a) weld toes, if the model has a relatively fine mesh with element size less than 

0.4t, linear extrapolation should be used from reference points located at 0.4t and 1.0t 

away from the weld toe, as calculated below: 

1.0t0.4ths ů0.67ů1.67ů Ö-Ö=
   

(Equation 4.5) 

For hot spots with pronounced nonlinear structural stress gradients, or sharp direction 

changes of the applied force, or thick plates, quadratic extrapolation from the 0.4t, 0.9t, 

and 1.4t reference points is recommended.  For fine mesh sizes the hot spot stress is 

calculated as follows: 
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1.4t0.9t0.4ths ů0.72ů2.24ů2.52ů Ö+Ö-Ö=
  

(Equation 4.6) 

For coarser mesh sizes with higher-order elements and element sizes equal to the plate 

thickness at the hot spot, linear extrapolation from reference points located at 0.5t and 

1.5t away from the weld toe is recommended.  In this case the stress values can be read 

directly from the mid-side points on the elements, as calculated below: 

1.5t0.5ths ů0.50ů1.50ů Ö-Ö=
   

(Equation 4.7) 

A correction for plate thickness is required to perform the surface extrapolation for type 

a) weld toes, especially when the plate thickness is greater than the reference thickness.  

For thinner plates, the thickness may be ignored, but this should be verified by 

component tests.  The thickness reduction factor is calculated as follows: 
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The reference thickness should be taken as 25mm.  The thickness correction exponent n 

depends on the effective thickness Ô  and the joint category, as listed in Table 4.1. 

Table 4.1 Thickness Correction Exponents (IIW-1823-07) 

Joint Category Condition n 

Cruciform joints, transverse T-joints, plates with transverse 

attachments, ends of longitudinal stiffeners 
As-welded 0.3 

Cruciform joints, transverse T-joints, plates with transverse 

attachments, ends of longitudinal stiffeners 
Toe ground 0.2 

Transverse butt welds As-welded 0.2 

Butt welds ground flush, base material, longitudinal welds or 

attachments to plate edges 
Any 0.1 

 

For type b) weld toes, it is believed that the stress distribution in the hot-spot region is 

independent from the plate thickness.  Therefore the reference points are given as the 
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absolute value of the distance from the weld toe.  For relatively fine mesh sizes with 

element lengths less than 4mm, the reference points should be located at 4mm, 8mm, and 

12mm away from the weld toe and the quadratic extrapolation method should be used to 

derive hot-spot stress, as calculated below: 

12mm8mm4mmhs ůů3ů3ů +Ö-Ö=
  

(Equation 4.9) 

For relatively coarse mesh sizes using higher-order elements and element lengths 

exceeding 10mm in the hot-spot region, the hot-spot stress should be linearly 

extrapolated from reference points located at 5mm and 15mm away from the weld toe as 

calculated below: 

15mm5mmhs ů0.5ů1.5ů Ö-Ö=
   

(Equation 4.10) 

The hot-spot stress can be also derived from strain measurements taken during fatigue 

tests.  The placement and number of strain gauges recommended by IIW-1823-07 

depends on the extent of shell bending stress, plate thickness, and the hot-spot type.  It is 

recommended that the center point of the first strain gauge should be placed at 0.4t away 

from the weld toe.  The length of the gauge should be not more than 0.2t.  If the plate 

thickness is too small to achieve this, the first gauge should be placed with its leading 

edge 0.3t away from the weld toe.  The number of gauges and extrapolation procedure 

are different for type a) and b) weld types as described below: 

For the type a) weld toes, two extrapolation methods can be applied.  Two strain gauges 

can be attached at reference points located at 0.4t and 1.0t in front of the weld toe then 

the hot-spot strain can be linearly extrapolated from the reference points, as calculated 

below: 

1.0t0.4ths Ů0.67Ů1.67Ů Ö-Ö=
   

(Equation 4.11) 

Alternatively, three strain gauges can be placed at reference points located at 0.4t, 0.9t 

and 1.4t in front of the weld toe from which quadratic extrapolation is used to derive the 

hot-spot strain, as calculated below: 
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1.4t0.9t0.4ths Ů0.72Ů2.24Ů2.52Ů Ö+Ö-Ö=
  

(Equation 4.12) 

For the type b) weld toes, it is recommended that the strain gauges should be placed at 

distances of 4mm, 8mm and 12mm away from the weld toe.  Quadratic extrapolation 

should be used to derive the hot-spot strain, as calculated below: 

12mm8mm4mmhs ŮŮ3Ů3Ů +Ö-Ö=
  

(Equation 4.13) 

In this study, both the DNV and IIW recommendations were considered.  Finite element 

models with very fine mesh were built; therefore linear 0410 extrapolation and 0515 

extrapolation were performed.  As a first step, 2D models with planar elements under 

plain strain assumption were built to verify the accuracy of the boundary conditions and 

investigate the influence of the local geometry.  The effects of element type, element size, 

and mesh configuration are studied with or without including the root gap and weld shape 

in the model.  Based on the results from the 2D models, 3D models with solid elements 

were constructed.  The hot-spot stress values obtained from the 3D models, adjusted to 

account for the variability in Le values, were used in this study as discussed in Section 

3.5.2. 

4.2 2D Modeling 

Both two-dimensional and three-dimensional models were built in this study.  Though the 

final stress results were obtained from 3D models, 2D models were still useful to 

investigate different modeling options such as boundary conditions, element type, and 

mesh density, since they take less computation time compared to the 3D models.  Since 

the cross-sectional dimensions of the weld were much smaller than its transverse length 

dimension, out-of-plane strains were not expected to be significant.  Plane strain 

conditions were assumed for the 2D elements; this was later verified as appropriate by the 

3D model results. 

Considering that the transverse weld dimension (4ò) is much larger than the in-plane 

dimensions (~0.3ò), plane strain elements with 4ò thickness were adopted in 2D models.  

The traditional modeling technique employs 2D shell elements representing the mid-
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surface of the plates to form 3D models.  This option is especially useful when modeling 

complex structures with interaction between different components.  3D solid element 

models are usually too computationally intensive for this purpose.  However, in this study 

shell element models were not used for the following reasons.  First, the stress 

distribution around the weld cross section and the effect of local weld geometry are of 

interest for this study.  However neither can be investigated using shell elements.  

Second, shell elements only allow one element through the thickness of the plate.  

Though one quadratic element is enough for the purpose of hot-spot stress extraction 

according to both the DNV and IIW recommendations, a finer mesh size with multiple 

elements through the thickness is desirable to capture the nonlinear stress gradient close 

to the weld toes.  Therefore, the linear region for read-out points is better defined.  This 

was later proven by a mesh density study, which showed a considerable disparity 

between the t×t mesh and finer mesh sizes.  The mesh density study was performed using 

2D plain strain elements.  Third, shell elements do not differentiate between the two weld 

toes on the deck and the rib plate because the weld generally is not explicitly modeled 

with shell elements.  In the fatigue tests conducted at VT, fatigue cracks were observed 

initiating from both the rib and deck plate weld toes.  Therefore it is necessary to 

investigate the different stress states occurring at each weld toes separately.  The weld 

can be included in the model using either 3D solid elements or 2D plain strain elements.  

For the aforementioned reasons, the hot-spot stress modeling was performed using 3D 

solid elements in this study. 

4.2.1 Construction of 2D Models 

The 2D models were built assuming plane strain behavior.  The primary purpose of 2D 

models was to quickly investigate a number of modeling options.  Considerably more 

time would have been required to investigate modeling options using 3D solid elements.  

The modeling options include the element shape, element type, mesh density, and the 

presence of a root gap in the local weld geometry.  The boundary conditions, effects of 

load application, influence of the load bearing plate were also investigated using the 2D 

models. 

The specimen was supported by two rollers on each end and fixed on the piston that 
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applied the load.  So ideally the boundary conditions should allow both ends of the 

specimen to translate horizontally and rotate within a small angle.  In reality this is 

somewhat compromised by the clamping force applied on the rollers against the 

specimen.  The clamping force is necessary to stabilize the specimen under the cyclic 

load reversals during testing.  However, excessive clamping force causes friction against 

the horizontal translation and restrains the end rotation of the specimen, thereby creating 

a partially fixed boundary condition.  The effect of clamping force on the boundary 

conditions depends on the ratio of the applied load and clamping force.  A clamping force 

of 140 lbs was found to be sufficient for the tests performed at VT where the fatigue 

loads were at least ±2.5 kips.  At this level, the effect of clamping force was minimal.  

Therefore, pin-roller end boundary conditions were assumed in this study. 

Even though the fatigue tests were conducted under different loads, it is unnecessary to 

apply different loads to the FE models since the tests remained linear-elastic under all 

load levels.  A representative load can be selected to calculate one stress state in the 

model and the stresses at other levels can be calculated by multiplying by the load ratio.  

As shown in Table 3.2, most tests were performed under either 33.33 ksi or 36.67 ksi 

stress ranges, corresponding to loads of ±2.5 kips/5 kips and ±2.75 kips; only the load of 

±2.75 kips was applied to all specimen series.  Therefore an upward load of 2.75 kips was 

selected to apply to all models. 

The exact global geometry of the test specimens was modeled except for the radius at the 

corners of the rib, which were not locations of interest.  The 2D model geometry is shown 

in Figure 4.7.  The deck plate length was taken as exactly 24 in. between the roller 

supports ignoring the extra 1 in. overhang at each end. 
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Figure 4.7 Global geometry of the 2D FE models 

Welds were included in both the 2D and 3D models.  The weld geometry used in the 

majority of the models was based on the average weld dimensions measured for each 

specimen series as listed in Table 4.2.  The weld outlines were approximated as straight 

lines instead of the rounded edges present in the actual welds.  These simplifications were 

justified by the following FE study on the local geometry that concluded that the 

deviation of individual weld dimensions had little influence on the hot-spot stresses 

magnitude. 

The weld geometry adopted for the generic models is shown in Figure 4.8.  The weld toe 

size on the deck plate (d1) was taken as 0.2 in.; the weld height on the rib plate (h) was 

taken as 0.3 in.; and the root gap size (d3) was taken as 0.075 in..  These dimensions were 

based on the average values in the specimen series.  The small weld geometry variations 

were taken into account in a follow-on study using the actual weld dimensions from one 

specimen; however the differences were found to be trivial.  The influence of the root gap 

was also investigated and will be discussed later. 
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Figure 4.8 Local weld geometry in the 2D FE models 

Table 4.2 Average weld dimensions throughout the specimen series 

Series d1 Average (in) d3 Average (in) h Average (in) 

GM-80 0.187 0.060 0.326 

FIL 0.266 0.123 0.368 

SA-20 0.195 0.104 0.285 

SA-40 0.253 0.136 0.282 

SA-60 0.231 0.105 0.283 

SA-80 0.320 0.116 0.241 

OB 0.336 0.122 0.310 

UB 0.284 0.122 0.337 

Average 0.266 0.109 0.304 

 

Another important issue was the presence and size of bearing plates used to distribute the 
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load to the bottom flat surface of the rib plate during the test.  The bearing plate effect 

was not recognized until some of the tests performed at VT failed at the weld toe on the 

rib plate.  Briefly speaking, the bearing plates restrained the flat section of the rib plate 

from bending This restraint affected the amount of bending deformation in the rib walls 

and affected the stress range at the rib weld toe.  Smaller bearing plates were used in the 

tests performed at VT compared to those performed at TFHRC.  This elevated the hot-

spot stress at the rib weld toe in the VT tests and explains why some of the specimens 

failed in the rib plate (WT@RIB).  Since the bearing plates were 1 in. thick; compared to 

the 5/16 in. rib plate thickness, the portion of the rib plate clamped between the bearing 

plates behaved nearly as a rigid body.  Thus in both 2D and 3D models, the flat portion of 

the rib under the bearing plates was kinematically constrained to the center point, where 

the load was applied.  The quantitive analysis of the bearing plate effect is presented in 

Section 4.2.5. 

4.2.2 Element Type and Mesh Density 

It is generally recommended by both DNV and IIW that quadratic elements should be 

used when modeling for hot-spot stress analysis purposes.  Linear elements could be used 

in global models to identify potential cracking locations; however higher-order elements, 

even sometimes with a coarser mesh, are preferred for the local models. 

The recommended maximum mesh density is t×t if the LSE method is applied.  However 

a finer mesh is useful to investigate the stress pattern through the plate thickness which is 

necessary for application of the TTWT method.  A mesh density study was performed to 

make sure that the read-out points are well located in the linear stress region and the hot-

spot stresses converge beyond a certain mesh density level. 

The influence of element type and mesh density was investigated using 2D plane strain 

models.  Models with 4-node linear quadrilateral elements (Q4), 6-node quadratic 

triangular elements (T6), or linear strain triangles (LST), and 8-node quadratic 

quadrilateral elements (Q8) built on 5 different mesh density levels were compared for 

their accuracy and effectiveness.  The normal stress predicted by both the LSE and 

TTWT methods was included in the comparison. 
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First, models with isoparametric Q4 or Q8 elements were built with the same mesh 

shown in Figure 4.9.  These models were built based on the 5 in. bearing plates used at 

TFHRC.  Regions between 0.4t to 2t away from the weld toes were modeled with a fine 

mesh (0.1t×0.1t) for the convenience of locating the read-out points.  A finer mesh (t/30) 

was used for the welds to provide higher resolution in that region.  The weld root gap was 

included but regarded as closed in the models.  A further mesh refinement (t/300) was 

used around the root gap.  The region between the first read-out point (0.4t) to the weld 

toe on the deck plate was also meshed as a transition area with isoparametric quadrilateral 

elements with sizes ranging between t/10 to t/30. 

The model with the T6 or LST elements was built based upon the previous models with 

the modification of using T6 elements in the transition regions instead of isoparametric 

Q4/Q8 elements.  The mesh elsewhere in the model was identical to the previous Q4/Q8 

models, as shown in Figure 4.10.  The bearing plate width was also taken as 5 in. in this 

model. 

Normal stresses on the surface and through the plate thickness near weld toes, as well as 

on the back of the rib plate toward the weld root, were outputted from the three models.  

The locations of stress read-out lines are shown in Figure 4.11.  The normal stress values 

are plotted in Figure 4.12 through 4.18. 
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Figure 4.9 Mesh for models with Q4/Q8 elements 



96 

2.0t 0.4t

2.0t

Toe

0.4t Toe

Toe

 

Figure 4.10 Mesh for the model with T6 Elements 
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Figure 4.11 Stress read-out lines in the 2D models 
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Figure 4.12 Normal sress on line 1 from different element types 
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Figure 4.13 Normal stress on line 2 from different element types 

As shown in Figure 4.12 and 4.13, quadratic elements (T6 & Q8) predict almost identical 

stress values with very noticeable nonlinear peaks starting about 0.25t away from the 

weld toe.  The linear elements (Q4) consistently predict a lower stress (1 ksi) and a much 

lower nonlinear peak.  It can be seen that the first element adjacent to the weld toe is still 

capable of depicting the peak stress due to the notch effect for both the T6 and Q8 

elements, but fails to capture the peak for Q4 elements due to nodal averaging.  Both the 

linear and quadratic elements give well-defined linear stress distributions away from the 

weld toes where the read-out points are located. 
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Figure 4.14 Normal stress on line 4 from different element types 
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Figure 4.15 Normal stress on line 5 from different element types 



100 

The stress pattern through the thickness at the weld toe also shows that higher nonlinear 

peaks are predicted by the quadratic elements.  According to the TTWT methodology, the 

hot-spot stress should be taken as a linearization of the nonlinear stress pattern through 

the plate thickness.  As shown in Figure 4.14 and 4.15, the T6 and Q8 elements again 

provide almost identical stress results capturing the high stress peak at the plate surface.  

The Q4 element cannot capture the notch effect at the surface resulting in an almost 

linear pattern through the plate thickness.  Therefore, the Q4 element underestimates the 

contribution from the nonlinear stress distribution and underestimates the hot-spot stress 

calculated by TTWT method.  It is noted that the depth of the nonlinear region predicted 

by the T6 and Q8 models also corresponds well with Xiaoôs assumption.  Xiao predicts 

that the nonlinear effect diminishes about 1mm below the plate surface, which is about 

πȢπυςυὸ  and πȢρςφὸ  for the test specimen geometry (see Figure 4.14 and 4.15). 

As previously discussed, the read-out points in the LSE method should be located outside 

of the region affected by notch effect.  This implies that the normal stress should have a 

linear pattern through the plate thickness under the read-out points.  The normal stresses 

through the thickness at the first read-out point at 0.4t from the weld toe are plotted in 

Figure 4.16 and 4.17.  As shown in the plots, all three models predict similar stress results 

with nearly linear stress distributions. 
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Figure 4.16 Normal stress on line 6 from different element types 
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Figure 4.17 Normal stress on line 7 from different element types 
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Hot-spot stress calculations were not performed for the weld roots, however the stress 

results from FE models were plotted for reference purposes.  The rib plate has a double-

curvature deflected shape with a stress reversal in the middle.  The normal stress along 

the inside surface of the rib plate near the weld root is plotted in Figure 4.18.  As shown, 

the local effects of the root gap diminish at distances greater than 1.0t from the weld root.  

Approaching the root gap, the stress drops and should theoretically reduce to zero at the 

notch edge.  The model shows a spike in normal stress within 0.2t from the weld root.  

This is an artificial modeling effect caused by the mesh size and the singularity that exists 

at the crack tip node.  Therefore, the stress distribution within 0.2t from the weld root 

should not be used for fatigue life prediction.  Again, the linear elements under-predict 

the stress magnitude compared to the quadratic elements. 
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Figure 4.18 Normal stress on line 3 from different element types 

In summary, the quadratic elements exhibited better ability to capture the nonlinear 

effects near the weld detail and showed better agreement with the 3D model results 

shown in Section 4.3.  The extra computation time required for quadratic versus linear 

elements was trivial for the 2D models.  The T6 and Q8 elements showed similar results.  
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Since the triangular T6 elements are cumbersome to mesh and require more DOFs in the 

3D cases, theQ8 elements were adopted for FE analysis in this study. 

Although the 0.1t × 0.1t seems to work well for the initial 2D model, A mesh density 

study was still performed to establish the mesh density level where the results started to 

converge.  This is not very important for 2D modeling since the computation time, even 

with a fine mesh, takes only seconds on a PC.  However, the need for mesh optimization 

becomes more important for the 3D models since they have about 100 times more DOFs 

compared to the 2D models with a corresponding increase in computational time. 

    

    

 

Figure 4.19 Meshing schemes for each model 

Models were built with five different mesh densities ( t × t, 0.5t × 0.5t, 0.25t × 0.25t, 0.1t 

× 0.1t, and 0.05t × 0.05t) as shown in Figure 4.19.  The weld root gap was not included in 

the models since it has almost no effect on the weld toes stress.  The normal stress 
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distribution along the plate surface is shown in Figure 4.20 and 4.21.  All of the mesh 

sizes predict similar normal stress results at distances greater than1.0t from the weld toe.  

Closer to the weld toe, the results diverge with the finer meshes doing a better job of 

capturing the stress concentration effect.  The largest difference in results occurs in the 

first element in front of the weld toe due to the nodal averaging including lower stress 

from elements in the weld.  As shown in Figure 4.20 and Figure 4.21, the mesh 1 and 2 

results diverge from the finer mesh size results at distances greater than 0.4t in the 

regions where the hot spot extrapolation points are defined.  The mesh 4 and 5 results 

converge well in this region and will provide similar hot spot stress predictions.  The 

mesh 3 results start to diverge from the mesh 4 and 5 results within the hot-spot 

extrapolation region, but the differences appear to be minor. 

Distance from Weld Toe (fraction of plate thickness)

0.0 0.5 1.0 1.5 2.0

N
o

rm
a

l 
S

tr
e

s
s
 (

k
s
i)

10

20

30

40

50

Mesh 1 (Element Size: t)

Mesh 2 (Element Size: 0.5t)

Mesh 3 (Element Size: 0.25t)

Mesh 4 (Element Size: 0.1t)

Mesh 5 (Element Size: 0.05t)

 

Figure 4.20 Normal stress on line 1 from different meshing schemes 



105 

Distance from Weld Toe (fraction of plate thickness)

0.0 0.5 1.0 1.5 2.0

N
o

rm
a

l 
S

tr
e

s
s
 (

k
s
i)

15

20

25

30

35

Mesh 1 (Element Size: t)

Mesh 2 (Element Size: 0.5t)

Mesh 3 (Element Size: 0.25t)

Mesh 4 (Element Size: 0.1t)

Mesh 5 (Element Size: 0.05t)

 

Figure 4.21 Normal stress on line 2 from different meshing schemes 
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Figure 4.22 Normal stress on line 4 from different meshing schemes 
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Figure 4.23 Normal stress on line 5 from different meshing schemes 

The through thickness normal stress distributions at the hot-spot extrapolation points are 

shown in Figure 4.22 and 4.23 for all five mesh densities.  As shown, all models predict 

nearly linear stress distributions through most of the plate thickness.  There is a notable 

difference, however, between the nonlinear peak stress values near the plate surface.  As 

expected, mesh 1predicts a linear stress distribution all the way to the plate surface since 

the Q8 elements can only predict a linear stress distribution across a given element.  The 

nonlinear surface stress only emerges when more elements are added through the plate 

thickness.  As previously discussed, the area affected by the nonlinear notch effect is 

limited to about1mm below the plate surface.  It is noted that although different mesh 

densities predict the stress gradient differently, better mesh-insensitivity is shown for 

TTWT method compared to the LSE method. 
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Figure 4.24 Normal stress on line 3 from different meshing schemes 

The stress distribution along the inside surface of the rib plate (line 3 in Figure 4.11) is 

shown in Figure 4.24.Similar to the deck plate results, the divergence of results from the 

different mesh sizes is greatest close to the weld root.  The results diverge at a greater 

distance from the weld root compared to the weld toe results.  The notch effect at the 

weld root is much more severe than the notch effect at the weld toe.  The influence of 

shear stress changes the direction of the maximum principal stress close to the root.  The 

maximum principal stress, not the normal stress, will drive the development of fatigue 

cracks.  In summary, mesh options 1 and 2 can be expected to introduce errors predicting 

normal stress within the hot-spot extrapolation region.  Mesh options 3, 4, and 5 are 

expected to provide similar hot-spot stress calculation results.  However, mesh3 has 

problems capturing the nonlinear behavior near the weld toe.  Mesh options 4 and 5 gave 

essentially the same results except for the peak value of the notch stress.  Therefore, mesh 

4 was selected for use in this study as the ideal compromise between accuracy and 

computation time. 

4.2.3 Modeling of the Weld Root Gap 
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Both open and closed root gaps were observed in the test specimens.  In many cases, the 

rib plate and deck plate were pressed against each other during fabrication to eliminate 

root gaps.  However, due to straightness imperfections along the rib plate edge and 

flatness imperfections in the deck plate, it is difficult to consistently achieve tight fit-up 

conditions for the entire weld length.  This tended to be overcome, however, by weld 

shrinkage that occurs when the weld metal cools.  The rib plate edge was pressed into the 

deck plate in most cases, thereby closing any root gap that may have existed due to plate 

tolerances.  Hairline cracks could still be observed, but they were being held closed due 

to residual stress effects.  This essentially pre-compressed the root notch in many cases. 

The stress state around the weld root is rather complicated due to contact effects and the 

presence of the root gap.  Compared to the weld toes, the inside corner at the weld root 

creates a much higher notch effect that cannot be predicted by the hot-spot stress method.  

The root gap produces a crack-like defect with a stress singularity that can only be 

properly dealt with by fracture mechanics.  The residual stress state causes compressive 

pre-stressing of the weld root crack that prevents the crack from opening through part of 

the fatigue loading cycle.  Therefore part of the applied load cycle does not contribute to 

fatigue damage at the root crack tip where fatigue cracks typically initiate.  The residual 

stress magnitude varies depending on the initial gap tolerance and the welding process.  

Considering these issues, the notch stress at the weld root can be calculated following the 

procedure recommended by the IIW (Hobbacher, 2008) involving fictitious rounding of 

the crack tip.  The stress state at the weld root and its influence on the weld toes stress 

was investigated in this study. 

Models with three different root gap conditions, no gap, closed gap, and open gap, were 

built using 0.1t × 0.1t Q8 quadratic elements in the hot-spot region as shown in Figure 

4.25.  According to IIW-1823-07 (Hobbacher, 2008), fictitious rounding with a 1mm 

radius was introduced at the two weld toes and root crack tip in all three models.  The 

rounding at the weld root for the no gap and open gap conditions was placed so the radius 

center point coincided with the crack tip.  For the closed gap model, the arc was made 

tangent to both crack edges as shown in Figure 4.25.  This represents the squashing effect 

on the weld root due to weld shrinkage and avoids the singularity problem encountered in 
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previous models.  Root gaps were assumed to extend 0.1ò at the back of the weld based 

on the average measured dimension of d3 shown in Table 4.2.  This resulted in a weld 

penetration about 68.6% through the rib plate thickness.  The open gap in the third model 

was modeled as a keyhole as recommended by Fricke (2008).  The gap was left with a 

0.02ò wide open end, representing the tolerance that can be typically achieved in the 

fabrication.  The element size in the effective notch stress region, as recommended by 

IIW-1823-07, should be less than ¼ of the radius if quadratic elements are used.  

Therefore the mesh size was set at 0.0075ò on the perimeter of the rounding, equal to 

about 1/5 of the radius.  The bearing plate width for all three models was 5 in. 

R=1mm

0.1"

R=1mm

R=1mmR=1mm

R=1mm

R=1mm

R=1mm
R=1mm

R=1mm

0.1"

 

Figure 4.25 Modeling of root gaps 

The maximum principal stress contours near the weld toes are shown in Figure 4.26 with the 

same scale of 0~50 ksi (dark grey represents compressive stress).  For all three models, the 

maximum stress occurs at the deck plate weld toe, which helps explain why none of the 

specimens tested at TFHRC failed at the weld root.  Tests performed in VT used a 3.75 in. wide 

bearing plate which changed the stress distribution especially at the weld toe on the rib plate and 

at the weld root, as will be discussed in Section 4.2.5. 



110 

  

 

Figure 4.26 Distributions of maximum principal stress near weld toes 

The stress distributions near weld toes are plotted in Figure 4.27 through 4.30.  It is noted 

that in Figure 4.27 and 4.28, the normal stresses are plotted in the hot-spot region 

(0.4t~2.0t) while maximum principal stresses are plotted within 0.4t where the stress state 

is strongly influenced by the notch effect.  This was done since the maximum principal 

stress drives the formation of fatigue cracks.  Theoretically the principal stress is equal to 

the normal stress on free plate surfaces where the other stress components vanish under 

the plane strain assumptions.  As shown in the figures, the weld toe stress distributions 

are essentially identical, on both the surface and throughout the thickness, for all three 

gap models.  Therefore, similar stress results can be obtained using LSE, TTWT or 

effective notch stress method. 
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Figure 4.27 Normal stress on line 1 from different root gap conditions 
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Figure 4.28 Normal stress on line 2 from different root gap conditions 
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Figure 4.29 Normal stress on line 4 from different root gap conditions 

Normal Stress (ksi)

-20 -10 0 10 20 30 40D
is

ta
n

c
e

 f
ro

m
 P

la
te

 S
u

rf
a

c
e

 (
fr

a
c
ti
o

n
 o

f 
p

la
te

 t
h

ic
k
n

e
s
s
)

0.0

0.2

0.4

0.6

0.8

1.0

No Gap

Closed Gap

Open Gap

 

Figure 4.30 Normal stress on line 5 from different root gap conditions 



113 

The only difference caused by root gap conditions occurs near the weld root.  Maximum 

principal stress is plotted within approximately 0.2t from the weld root and normal stress 

is plotted further away from the weld root on the inner surface of the rib plate (Figure 

4.31).  The zero gap and closed gap models produce similar results except at around 0.2t 

where the rounding is abruptly connected with the rib wall in the no root gap model.  

However, it should be noted that the closed gap model assumes the root gap does not 

open under tensile load, while in reality the compressive prestress might not be sufficient 

to hold the material together under all loading.  The compressive prestress magnitude is 

assumed to be sufficient to keep the crack closed under all loading.  The open gap 

condition causes the highest stress at the root notch radius represented by the part of the 

curve with a negative distance to the weld root.  Nonetheless, the hot-spot method is no 

longer effective in this case since the stress is not linear in the read-out region.  The notch 

effect is dominant and overwhelms the structural stress.  If extrapolation is intended to be 

performed, it seems that the read-out points should be located at least 1.0t away from the 

weld root.  It is also noted that the weld root undergoes stress reversal at the weld toes, 

which explains why none of the specimens failed at the weld root under R=0 loading.  

The weld root experienced a compressive stress range ignoring the contribution of 

residual stress 

The maximum principal stress contours inside the root gaps (Figure 4.32) show the upper 

corner is the location with the highest stress.  This corresponds to the location where 

fatigue crack initiation was observed in specimens that failed at the root gap.  The 

contours have the same scale of 0~50 ksi with areas in compression in dark grey.  The 

stress distributions are caused by a downward 2.75-kip load. 
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Figure 4.31 Normal stress on line 3 from different root gap conditions 

 

 

Figure 4.32 Distributions of maximum principal stress near weld roots 
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The FE modeling and the subsequent hot-spot stress and notch stress analysis shows that 

the root notch modeling method has little effect on the stress state at the weld toes.  As 

long as the stress state at the weld root is lower than the weld toe stress, the root gap does 

not need to be explicitly modeled to obtain accurate fatigue life prediction.  However, this 

is not always the case because there are plenty of scenarios where the weld root is more 

fatigue-critical than weld toes.  As an example, the tests conducted at VT show different 

stress distributions at the weld root due to the change of bearing plate size.  Still the root 

gap was not included in the 3D models because the extremely small element size required 

to model the root gap significantly increases the time required to build and run the 

models.  For fatigue analysis, the stress range carried by the weld root is determined 

using the traditional nominal stress method. 

4.2.4 Local Geometry Influence 

Small variations exist in the weld dimensions of the test specimens that might have an 

influence on the fatigue resistance.  To quantify this effect, a model with the actual weld 

profile from specimen GM-83 was built and analyzed (Figure 4.33).  The weld dimension 

can be found in Appendix D.  Using the same element type, mesh size, and bearing plate 

size, the GM-83 model was compared to the generic model.  Since the root gap was not 

open in GM-83, the detailed model was compared with generic models without root gaps, 

both with and without the fictitious rounding.  The two welds on the specimen were 

modeled differently with their individual dimensions; therefore the stresses near both 

welds were included in the comparison. 

 

Figure 4.33 GM-83 model 
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Figure 4.34 Normal stress on line 1 from different local geometries 
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Figure 4.35 Normal stress on line 2 from different local geometries 
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Figure 4.36 Normal stress on line 4 from different local geometries 
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Figure 4.37 Normal stress on line 5 from different local geometries 
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It can be seen in Figure 4.34 through 4.37 that all models give identical results except for 

small variations in the notch affected zone.  Here the model with fictitious rounding 

predicts the notch stress more effectively.  Therefore, the generic 3D models were used to 

predict all hot-spot stresses in this study.  However, it should be noted that the hot-spot 

stress methodology inherently excludes the notch effect which is highly influenced by the 

local geometry.  While in reality it is impossible to calculate notch stress for each actual 

weld profile, it is impractical to calculate the notch stress for each specimen.  Therefore 

the generic 2D models with fictitious rounding are used to predict the effective notch 

stress.  The influence of individual weld dimensions is studied statistically in Section 

4.2.4. 

4.2.5 Influence of the Bearing Plate Size 

The influence from the bearing plate was not realized until the fatigue tests performed at 

VT showed different failure modes compared to those tested at TFHRC.  The bearing 

plate was not modeled in the early stages of the FE analysis but was added when its 

importance was recognized.  The bearing plate size caused different stress distributions in 

the rib wall as illustrated by the moment diagrams for both the TFHRC (left) and VT 

(right) specimens as shown in Figure 4.38.  The moment diagrams are computed using 

first-order elastic structural analysis. 
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Figure 4.38 Moment Diagrams for Different Bearing Plate Sizes (in-kips) 
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Figure 4.39 Normal Stress on Line 1 from Different Bearing Plate Sizes 
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Figure 4.40 Normal stress on line 4 from different bearing plate sizes 
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Figure 4.41 Normal stress on line 2 from different bearing plate sizes 
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Figure 4.42 Normal stress on line 5 from different bearing plate sizes 
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Models were built including both bearing plate sizes with both no gap and open gap 

scenarios.  As shown in Figure 4.39 and 4.40, the bearing plate size has little effect on the 

deck plate weld toe stress.  However, the smaller bearing plate causes higher bending 

stresses in the rib walls raising the stress range by approximately 1 ksi throughout the 

hot-spot region (Figure 4.41).  The notch stresses at both the weld toe and weld root 

increase as well.  4.42 shows the stress pattern at the weld toe through the thickness of 

the rib wall plate.  After taking out the notch effect by linearization of the curves, the 

structural stresses calculated by the TTWT method are plotted in Figure 4.43.  This 

shows the higher structural stress induced by the smaller bearing plate. 

Linearized Normal Stress
through the Rib Plate Thickness at the Weld Toe

Normal Stress (ksi)
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Figure 4.43 Structural stresses according to ttwt method 

In summary, a number of different 2D FE models were built and compared to optimize 

the element type, mesh density, root gap condition, and the local geometry to provide the 

basis for 3D modeling.  It was decided to use generic models with 0.1t × 0.1t quadratic 

elements.  It was also decided to use average weld dimensions for the following analysis.  

2D models are used for effective notch stress determination to study the fatigue 

performance of weld roots. 
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4.3 3D Modeling 

Two 3D solid models were built using the same planar mesh as 2D models with 50 layers 

of quadratic 20-node (Q20) elements across the specimen width.  Root gaps were not 

included in these models since very small element sizes would be required, thereby 

dramatically increasing the computation time.  The root gap mesh would also be 

awkward to control since a mesh size transition is required.  The bearing plates were 

modeled as 5ò and 3.75ò wide by constraining the nodes in the clamped part between 

bearing plates to have identical vertical displacement.  The stress results were read along 

similar lines for comparison with the 2D models.  The mesh size and stress read-out lines 

are illustrated in Figure 4.44.  Lines 3 through 7 are not visible in the picture but their in-

plane locations on the center plane are the same as those shown in Figure 4.11 for the 2D 

models. 

1

2

2.0t

0.4t
Toe

0.4t

2.0t

 

Figure 4.44 Stress read-out lines in 3D models 

The maximum principal stress distributions are shown in Figure 4.45 with a scale of 0~50 

ksi.  Compared to the weld toe on the deck plate, the stress at the weld toe on the rib plate 

shows a higher stress concentration towards the center of the specimen.  This makes the 
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3D stress results somewhat higher than those predicted by the 2D models.  The smaller 

bearing plate size does not make much difference to the stresses at the weld toe on the 

deck plate, but it raises the stress along the weld toe on the rib plate.  However, the FE 

stress values on the weld toes cannot be regarded as the true notch stresses since weld toe 

rounding is not included in the 3D models. 

 

Figure 4.45 Maximum principal stress distribution for BP = 5" (left) and BP = 3.75" (right) 

The validity of the plane strain assumption used for the 2D models can be illustrated by 

the stress contours through the deck and rib plate thicknesses as shown in Figure 4.46.  

Plane strain behavior assumes the out-of-plane strains (‐ȟ‎  and ‎ ) to be zero, thus 

the in-plane stresses should be uniformly distributed in the transverse direction.  As 

shown, the normal stress is almost even along the weld on the deck plate, but there is 

some concentration at the center along the weld toe on the rib plate.  The weld root also 

exhibits plane strain behavior as shown in Figure 4.49 (the notch stress near the weld root 

predicted by the models without the fictitious rounding should be ignored).  Therefore, to 

account for the out-of-plane bending effect in the rib, the hot-spot stresses are derived 

from the 3D models.  However, since the corners are not rounded in 3D models, the 

notch stresses are still read from 2D models but an amplification factor can be applied to 

account for the stress concentration towards the center plane. 



124 

 

Figure 4.46 Maximum principal stress distributions through deck plates (left) and rib plates 

(right) with 5ò wide bearing plate (top) and 3.75ò wide bearing plate (bottom) at weld toes 
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Figure 4.47 Normal stress on line 1 with 5ò bearing plate 
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Figure 4.48 Normal stress on line 2 with 5ò bearing plate 

Distance from Weld Root (fraction of plate thickness)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

N
o

rm
a

l 
S

tr
e

s
s
 (

k
s
i)

-10

-5

0

5

10

15

20

25

2D with Fictitious Rounding

2D without Rounding

3D without Rounding

 

Figure 4.49 Normal stress on line 3 with 5ò bearing plate 



126 

4.4 Hot-Spot Stress Analysis 

The hot-spot stresses were calculated from 3D models using both the LSE and TTWT 

methods with similar results.  The read-out points for LSE method were located on the 

lines shown in Figure 4.44 at 0.4t and 1.0t from weld toes (0410 extrapolation), or at 0.5t 

and 1.5t from weld toes (0515 extrapolation).  Because all tests were carried out within 

elastic range, all models were run using an upward load of 2.75 kips.  The results were 

proportioned to correspond with the individual specimen loads.  To account for the 

different possible failure modes, the stress ranges at the cracked locations were calculated 

for each specimen.  Since the average weld dimensions were modeled, the Le distances 

(Figure 3.21) for both models (with 3.75ò & 5ò wide bearing plates) were taken as 4.8ò 

indicating a 0.2 in. weld toe size.  As addressed in Section 3.5.2, there was a small 

variation of Le values caused by the misalignment of the rib plate during fabrication.  

This caused slight changes in the stress values at the weld toe.  Therefore the extrapolated 

stresses from the FE models were proportioned by the actual Le distance for each failure 

at the weld toe on the deck plate (WT@DECK).  The Le distance is not directly related to 

the stress range on the rib plate so proportioning was not performed for specimens that 

exhibited other failure modes (WT@RIB & WR). 
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Table 4.3 Hot-Spot Stress Results 

Specimen 

Series 

Specimen 

ID 

Load 

Ratio 

Load 

Range 

(kips) 

Experimental 

Stress Range 

(ksi) 

Root 

Gap 
Failure Mode 

L e 

(in) 

SHS @ WT 

0410 

Extrapolation 

SHS @ WT 

0515 

Extrapolation 

Cycles to 

Failure 

FIL FIL-1 0 5.00 33.33 Close WT @ DECK 4-7/8 34.5057 34.0765 308,351 

FIL FIL-2 0 5.00 33.33 Close WT @ DECK 4-3/4 33.6209 33.2028 352,981 

FIL FIL-3 0 5.00 33.33 Close WT @ DECK 4-3/4 33.6209 33.2028 302,927 

FIL FIL-4 -1 5.50 36.67 Close WT @ DECK 4-15/16 38.4429 37.9647 698,763 

FIL FIL-5 -1 5.50 36.67 Close WT @ DECK 4-7/8 37.9563 37.4842 855,918 

FIL FIL-6 -1 5.50 36.67 Close WT @ DECK 4-3/4 36.9830 36.5230 2,179,319 

FIL FIL-7 -1 5.50 36.67 Close WT @ DECK 4-15/16 38.4429 37.9647 870,418 

FIL FIL-8 -1 5.50 36.67 Close WT @ DECK 4-7/8 37.9563 37.4842 529,113 

GM-80 GM-81 -1 5.50 36.67 Close WT @ DECK 5-1/8 39.9028 39.4064 888,807 

GM-80 GM-82 0 5.00 33.33 Close RUNOUT 5-3/16 36.7176 36.2609 20,000,655 

GM-80 GM-83 0 2.75 18.33 Close WT @ DECK 5-1/4 20.4380 20.1838 18,253,515 

GM-80 GM-84 -1 5.00 29.11 Close WT @ RIB 5-1/16 35.9264 35.7750 6,060,816 

GM-80 GM-85 -1 5.50 36.67 Close WT @ DECK 5-1/4 40.8760 40.3676 770,672 

GM-80 GM-86 -1 5.00 33.33 Close WT @ DECK 5 35.3905 34.9503 1,517,705 

GM-80 GM-87 -1 5.50 36.67 Close WT @ DECK 5-5/16 41.3626 40.8481 751,609 
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Specimen 

Series 

Specimen 

ID 

Load 

Ratio 

Load 

Range 

(kips) 

Experimental 

Stress Range 

(ksi) 

Root 

Gap 
Failure Mode 

L e 

(in) 

SHS @ WT 

0410 

Extrapolation 

SHS @ WT 

0515 

Extrapolation 

Cycles to 

Failure 

GM-80 GM-88 0 5.00 33.33 Close WT @ DECK 5-3/16 36.7176 36.2609 302,451 

GM-80 GM-89 -1 2.50 16.67 Close RUNOUT 5-1/16 17.9164 17.6936 10,000,000 

GM-80 GM-810 0 5.00 33.33 Close WT @ DECK 5 35.3905 34.9503 296,571 

GM-80 GM-811 -1 5.00 33.33 Close WT @ DECK 5-1/8 36.2752 35.8240 1,390,062 

GM-80 GM-812 -1 4.00 26.67 Close WT @ DECK 5 28.3124 27.9602 2,112,094 

GM-80 GM-813 -1 2.50 16.67 Close RUNOUT 5-7/16 19.2436 19.0042 10,000,000 

GM-80 GM-814 0 6.00 40.00 Close WT @ DECK 5-1/8 43.5303 42.9888 146,635 

GM-80 GM-815 -1 5.00 33.33 Close WT @ DECK 5-1/16 35.8328 35.3872 863,459 

GM-80 GM-816 -1 5.00 33.33 Close WT @ DECK 5-1/8 36.2752 35.8240 1,657,918 

SA-20 SA-21 -1 5.50 36.67 Close WT @ DECK 4-3/4 36.9830 36.5230 750,996 

SA-20 SA-22 -1 5.50 36.67 Close WT @ DECK 5-3/16 40.3894 39.8870 2,690,351 

SA-20 SA-23 -1 5.50 36.67 Close WT @ DECK 4-15/16 38.4429 37.9647 708,693 

SA-20 SA-24 -1 5.50 36.67 Close WT @ DECK 5-1/8 39.9028 39.4064 381,990 

SA-20 SA-25 -1 5.50 36.67 Close WT @ DECK 5-1/16 39.4161 38.9259 534,364 

SA-20 SA-26 0 5.00 33.33 Close WT @ DECK 5-1/8 36.2752 35.8240 258,639 

SA-20 SA-27 0 5.00 33.33 Close WT @ DECK 5-1/16 35.8328 35.3872 222,741 

SA-20 SA-28 0 5.00 33.33 Close WT @ DECK 5-1/8 36.2752 35.8240 238,136 
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Specimen 

Series 

Specimen 

ID 

Load 

Ratio 

Load 

Range 

(kips) 

Experimental 

Stress Range 

(ksi) 

Root 

Gap 
Failure Mode 

L e 

(in) 

SHS @ WT 

0410 

Extrapolation 

SHS @ WT 

0515 

Extrapolation 

Cycles to 

Failure 

SA-40 SA-41 -1 5.50 36.67 Close WT @ DECK 5 38.9295 38.4453 643,413 

SA-40 SA-42 -1 5.50 36.67 Close WT @ DECK 5 38.9295 38.4453 540,472 

SA-40 SA-43 -1 5.50 36.67 Close WT @ DECK 5-1/16 39.4161 38.9259 607,547 

SA-40 SA-44 -1 5.50 36.67 Close WT @ DECK 4-7/8 37.9563 37.4842 840,760 

SA-40 SA-45 -1 5.50 36.67 Close WT @ DECK 4-15/16 38.4429 37.9647 649,093 

SA-40 SA-46 0 5.00 33.33 Close WT @ DECK 5-1/8 36.2752 35.8240 294,621 

SA-40 SA-47 0 5.00 33.33 Close WT @ DECK 5 35.3905 34.9503 300,716 

SA-40 SA-48 0 5.00 33.33 Close WT @ DECK 4-15/16 34.9481 34.5134 407,819 

SA-60 SA-61 0 5.00 33.33 Close WT @ DECK 4-15/16 34.9481 34.5134 317,140 

SA-60 SA-62 0 5.00 33.33 Close WT @ DECK 5-3/16 36.7176 36.2609 257,016 

SA-60 SA-63 0 5.00 33.33 Close WT @ DECK 5-3/16 36.7176 36.2609 286,626 

SA-60 SA-64 -1 5.50 36.67 Close WT @ DECK 5 38.9295 38.4453 629,917 

SA-60 SA-65 -1 5.50 36.67 Close WT @ DECK 5 38.9295 38.4453 2,074,221 

SA-60 SA-66 -1 5.50 36.67 Close WT @ DECK 4-15/16 38.4429 37.9647 860,759 

SA-60 SA-67 -1 5.50 36.67 Close WT @ DECK 4-15/16 38.4429 37.9647 588,156 

SA-60 SA-68 -1 5.50 36.67 Close WT @ DECK 5 38.9295 38.4453 521,486 

SA-80 SA-81 -1 5.00 29.11 Close WT @ RIB 4-7/8 35.9264 35.7750 689,134 
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Specimen 

Series 

Specimen 

ID 

Load 

Ratio 

Load 

Range 

(kips) 

Experimental 

Stress Range 

(ksi) 

Root 

Gap 
Failure Mode 

L e 

(in) 

SHS @ WT 

0410 

Extrapolation 

SHS @ WT 

0515 

Extrapolation 

Cycles to 

Failure 

SA-80 SA-83 -1 5.00 29.11 Close WT @ RIB 4-3/4 35.9264 35.7750 3,732,998 

SA-80 SA-84 -1 5.00 29.11 Close WT @ RIB 5 35.9264 35.7750 2,321,046 

SA-80 SA-85 -1 5.00 33.33 Close WT @ DECK 4-7/8 34.4780 34.0597 3,332,973 

SA-80 SA-86 -1 5.00 33.33 Close WT @ DECK 4-3/4 33.5940 33.1864 2,623,398 

SA-80 SA-87 -1 5.00 29.11 Close WT @ RIB 4-11/16 38.5983 38.4205 3,399,577 

SA-80 SA-88 -1 5.00 29.11 Close WT @ RIB 4-25/32 38.5983 38.4205 2,743,534 

SA-80 SA-89 -1 5.50 32.02 Close WT @ RIB 4-27/32 42.4581 42.2625 283,556 

SA-80 SA-810 -1 5.00 29.11 Close WT @ RIB 4-5/8 35.9264 35.7750 869,732 

SA-80 SA-811 -1 5.50 32.02 Close WT @ RIB 4-7/8 42.4581 42.2625 617,702 

SA-80 SA-812 -1 5.50 36.67 Close WT @ DECK 4-31/32 38.6551 38.1862 1,930,296 

SA-80 SA-813 -1 5.50 36.67 Close WT @ DECK 4-11/16 36.4671 36.0247 1,782,037 

SA-80 SA-814 0 5.00 33.33 Close WT @ DECK 4-7/8 34.4780 34.0597 1,417,734 

SA-80 SA-815 0 5.00 33.33 Close WT @ DECK 4-11/16 33.1519 32.7497 943,434 

SA-80 SA-816 0 5.00 33.33 Close WT @ DECK 4-27/32 34.2570 33.8414 927,241 

OB OB-1 -1 5.00 24.93 Open WR 4-13/32 27.7492 27.7492 647,879 

OB OB-10 -1 5.00 24.93 Open WR 4-9/16 27.7492 27.7492 1,056,726 

OB OB-11 -1 5.00 24.93 Open WR 4-1/2 27.7492 27.7492 996,626 
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Specimen 

Series 

Specimen 

ID 

Load 

Ratio 

Load 

Range 

(kips) 

Experimental 

Stress Range 

(ksi) 

Root 

Gap 
Failure Mode 

L e 

(in) 

SHS @ WT 

0410 

Extrapolation 

SHS @ WT 

0515 

Extrapolation 

Cycles to 

Failure 

OB OB-12 -1 5.00 24.93 Open WR 4-5/8 27.7492 27.7492 1,316,952 

OB OB-15 -1 5.50 32.02 Open WT @ RIB 4-17/32 42.4581 42.2625 660,272 

OB OB-16 -1 5.50 27.42 Open WR 4-17/32 30.5242 30.5242 768,171 

OB OB-2 -1 5.00 24.93 Open WR 4-19/32 27.7492 27.7492 981,142 

OB OB-3 -1 5.00 24.93 Open WR 4-15/32 27.7492 27.7492 2,385,939 

OB OB-4 -1 5.00 24.93 Open WR 4-5/8 27.7492 27.7492 1,376,487 

OB OB-7 -1 5.50 27.42 Open WR 4-19/32 30.5242 30.5242 1,076,871 

OB OB-8 -1 5.50 27.42 Open WR 4-3/4 30.5242 30.5242 618,383 

OB OB-9 -1 5.00 24.93 Open WR 4-5/8 27.7492 27.7492 2,451,238 

UB UB-1 -1 5.00 33.33 Close WT @ DECK 4-5/8 32.7099 32.3131 1,359,570 

UB UB-10 -1 5.00 33.33 Open RUNOUT 5 35.3905 34.9503 4,725,868 

UB UB-11 -1 5.00 24.93 Open WR 4-7/8 27.7492 27.7492 1,483,203 

UB UB-12 -1 5.00 24.93 Open WR 4-11/16 27.7492 27.7492 1,590,018 

UB UB-15 -1 5.50 27.42 Open WR 4-5/8 30.5242 30.5242 856,676 

UB UB-16 -1 5.50 32.02 Open WT @ RIB 4-1/2 42.4581 42.2625 1,177,345 

UB UB-2 -1 5.00 24.93 Close WR 4-5/8 27.7492 27.7492 694,734 

UB UB-3 -1 5.00 29.11 Close WT @ RIB 4-5/8 38.5983 38.4205 2,011,029 
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Specimen 

Series 

Specimen 

ID 

Load 

Ratio 

Load 

Range 

(kips) 

Experimental 

Stress Range 

(ksi) 

Root 

Gap 
Failure Mode 

L e 

(in) 

SHS @ WT 

0410 

Extrapolation 

SHS @ WT 

0515 

Extrapolation 

Cycles to 

Failure 

UB UB-4 -1 5.00 33.33 Close WT @ DECK 4-9/16 32.2679 31.8764 1,372,641 

UB UB-7 -1 5.50 36.67 Close WT @ DECK 4-5/8 35.9809 35.5444 1,292,525 

UB UB-8 -1 5.50 36.67 Close WT @ DECK 4-3/4 36.9534 36.5050 1,182,601 

UB UB-9 -1 5.00 33.33 Open WT @ DECK 4-11/16 33.1519 32.7497 2,024,920 

OB OB-13 0 5.00 33.33 Open WT @ DECK 4-9/16 32.2679 31.8764 990,806 

OB OB-14 0 5.00 33.33 Open WT @ DECK 4-5/8 32.7099 32.3131 979,089 

OB OB-5 0 5.00 33.33 Open WT @ DECK 4-11/16 33.1519 32.7497 574,148 

OB OB-6 0 5.00 33.33 Open WT @ DECK 4-3/4 33.5940 33.1864 688,273 

UB UB-13 0 5.00 29.11 Open WT @ RIB 4-7/16 38.5983 38.4205 448,014 

UB UB-14 0 5.00 33.33 Open WT @ DECK 4-19/32 32.4889 32.0947 591,939 

UB UB-5 0 5.00 33.33 Close WT @ DECK 4-11/16 33.1519 32.7497 386,829 

UB UB-6 0 5.00 33.33 Close WT @ DECK 4-9/16 32.2679 31.8764 474,226 
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Figure 4.50 S-N curves for specimen series (R=-1) 
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Figure 4.51 S-N curves for specimen series (R=0) 
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A summary of the derived hot-spot stresses is tabulated in Table 4.3.  The experimental 

stress ranges in the table were calculated based on moment diagrams illustrated in Figure 

4.38 using beam theory.  The S-N curves for each specimen series are plotted in Figure 

4.50 and 4.51.  Hot-spot stresses are not available for the failure mode on weld root (WR) 

therefore nominal stresses are used in the plots.  As shown for the R = -1 loading, all data 

points are close together except for the over-beveled (OB) specimen series, since most of 

the OB specimens failed at weld root where the nominal stresses are higher.  For the R = 

0 tests, the average S-N curves for each specimen series show slightly larger scatter due 

to fewer replicate specimens were tested under R=0.  Nonetheless, the curves are not all 

statistically distinctive from each other, as demonstrated in Figure 4.51.  It is also 

observed that the R = 0 data shows shorter fatigue life compared to the R = -1 data.  This 

indicates the residual stress magnitude is insufficient to convert the entire compressive 

stress range into tension that will cause fatigue damage.  The residual stress magnitude 

can be roughly estimated by comparing results from these two loading cases statistically.  

More detailed analysis of the S-N results is presented in Chapter 5. 
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Chapter 5. S-N Curve Study and Statistical Analysis 

S-N curves are developed combining the results from the fatigue tests and the FE models.  

In this chapter curves are presented isolating the testing variables such as weld 

dimensions, specimen series, load ratio, failure mode, and root gap conditions.  Initially it 

is not known if these testing variables affect fatigue performance, therefore the S-N 

curves might not be properly categorized.  Regression analysis is required to investigate 

the significance of each test variable.  Of the different regression analysis methods that 

are available, the multiple linear regression (MLR) and multi-way analysis of covariance 

(Multi -way ANCOVA) methods particularly match the needs of this research. 

Correlation is the measurement of the relationship between two variables.  Correlation 

analysis gives the level of relevance indicated by the correlation coefficient ranging from 

+1.0 for a perfect positive correlation to -1.0 for a perfect negative correlation.  A value 

of 0.0 represents a lack of any correlation.  The Pearsonôs r, also called the linear or 

product- moment correlation, is the most widely-used type of correlation coefficient for 

linear correlation analysis.  When one of the variables is dependent on the other one, or 

there are more than two variables in the comparison, a generalized linear model (GLM) is 

generally used for regression analysis.  The model fit can be evaluated by the coefficient 

of determination (R
2
) where zero represents a lack of correlation and 1.0 represents a 

perfect correlation.  The value of R
2
 equals one minus the ratio of residual variability to 

the overall variability.  For simple linear regression, R
2
 yields to the same value as the 

square of Pearsonôs r in correlation analysis. 

Linear regression analysis determines the extent to which the dependent (criterion) 

variable is linearly related to one or more independent (predictor) variable(s).  This 

indicates how well the data pairs can be captured by a straight line as long as both 

variables are numerical.  The regression line is usually established using the least squares 

method.  For simple linear regression, the method calculates the regression line equation 

such that the sum of the squared residuals of all data points from the predicted regression 

line is minimized.  Note that the least squares method is not only limited to simple linear 

regression but is also applicable to many other types of regression analysis including the 
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MLR and multi-way ANCOVA methods. 

The different analysis methods are summarized in Table 5.1.  The general procedure 

involves determination of a regression line using the least squares method (if all 

independent variables are numerical) and performing hypothesis tests on individual 

independent variables to determine their level of statistical significance. 

Table 5.1 Types of regression analysis 

Independent 

Variable(s) 
Numerical Categorical Both 

Single 
Simple Linear 

Regression 

Analysis of Variance 

(ANOVA) 

Analysis of Covariance 

(ANCOVA) 

Multiple 
Multiple Linear 

Regression 
Multi -way ANOVA Multi -way ANCOVA 

 

ANOVA is the underlying hypothesis test involved the regression analysis.  It determines 

if the means of different variable groups differ from each other by comparing their 

variance to the overall variance across all groups.  The null hypothesis (H0) assumes all 

group population means are equal and there is no difference between the groups.  In other 

words, the effect of the factor (independent variable) is NOT statistically significant.  The 

alternative hypothesis (H1) means the opposite, indicating the factor is statistically 

significant to the result.  The level of statistical significance is indicated by the p-value, 

which is the probability that an outcome of the data (for example, the sample mean) will 

happen purely by chance when the null hypothesis is true (Illowsky, 2010).  Smaller p-

values suggest there is less likelihood of an outcome that contradicts the null hypothesis.  

If the p-value is small enough, an inferential decision can be made to reject the null 

hypothesis thereby supporting the alternative hypothesis. 

The null hypothesis (true or false) can be either accepted or rejected depending on the 

efficiency of the statistical model.  There are four possible outcomes that could occur as 

listed in Table 5.2.  Note that two types of errors can occur.  The possibility of a Type I 

error (Ŭ), is conventionally more rigidly controlled and referred as the basis for either 
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accepting or rejecting the null hypothesis.  The p-value is also called the computed Ŭ and 

is compared with the preset Ŭ value.  If the p-value is smaller than Ŭ, it suggests the 

possibility of getting a Type I error is less than Ŭ, therefore it is reasonable to reject the 

null hypothesis if Ŭ is small enough.  The Ŭ value is generally taken as 0.05 in 

engineering fields.  If the computed p-value is greater than Ŭ, there is not enough 

evidence to reject the null hypothesis.  Either the null hypothesis is true or a Type II error 

occurs.  The probability of occurrence of Type II errors is measured by the ɓ value.  In 

this case, a power analysis is helpful to evaluate the outcome.  The statistical power is 

equal to 1-ɓ where higher statistical power indicates that the null hypothesis is more 

likely to be correctly accepted. 

Table 5.2 Outcomes of a hypothesis test 

 H0 is true (H1 is false) H0 is false (H1 is true) 

Accept H0 (Reject H1) Correct Acceptance Type II Error (ɓ) 

Reject H0 (Accept H1) Type I Error (Ŭ) Correct Rejection 

 

It is clear that the stress range is the dominant factor affecting fatigue life but the effect of 

the other factors is not obvious.  Some factors, such as the failure mode and load ratio (R 

ratio) seem to have a clearly significant effect on fatigue life.  Other factors, such as the 

specimen series and weld dimensions, are more difficult to quantify because of possible 

correlation between multiple variables.  Therefore, a statistical model that includes all 

possible factors was used for a preliminary study to determine the potential independent 

variables that need to be considered in the MLR and ANCOVA analyses. 

The model fitting is summarized in Table 5.3.  A detailed report from the statistical 

software package JMP can be found in Appendix G.  As shown, the failure mode and R-

ratio are considered significant to the response in addition to the stress range.  This is 

demonstrated by the low p-values (<0.05) and high statistical powers.  The high p-values 

for the other factors indicate that there is insufficient evidence to indicate they affect 

fatigue life.  However, the low power of the hypothesis tests for the other factors 
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indicates there is a high chance that a Type II error is occurring meaning that the 

correlation might exist but cannot be detected by the particular model or sample size.  

Therefore, two additional analyses were performed, MLR to determine the effect of weld 

dimensions and multi-way ANCOVA to determine the effect of the test scenarios. 

Table 5.3 Summary of Model FittingðAll Potential Factors 

Response (Dependent Variable) Overall Model Fitness 

Lg (Cycles to Failure) R
2
=0.6519 R

2
 (Adjusted)=0.5517 

Factors (Independent Variables) p-value Power 

Specimen Series 0.7827 0.2285 

Failure Mode <0.0001* 0.9993 

Root Gap 0.5580 0.0895 

R-ratio <0.0001* 0.9998 

Weld Toe Size (d1) 0.1099 0.3586 

Weld Penetration 0.7430 0.0622 

Weld Throat (t) 0.1800 0.2669 

Weld Height (h) 0.3868 0.1380 

Weld Area (Aw) 0.9624 0.0502 

Lg (SHSï0515 extrapolation) 0.0001* 0.9790 

 

5.1 Multiple Linear Regression (MLR) 

In this section, the effect of weld dimensions are studied in more depth since the 

preliminary model indicates their effect may be overwhelmed by other factors such as the 

failure mode and R-ratio which affect the response on a much higher level.  MLR models 

that only include the weld dimensions as factors were built.  This excludes the influence 

from other factors by eliminating them from the model.  For example, separate MLR 

models were constructed for the data with different experimental stress ranges.  The 
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stress range is still included in the models to account for the small stress variance caused 

by the differing Le values. 

Since the dimensions taken from a weld profile are not completely independent from 

each other, the factors in the MLR models need to be carefully selected to avoid 

multicolinearity between the factors.  For example, consider the interdependence of the 

dimensions d1, d2, d3, d4, d5 and the weld penetration, dimension d4, the projection of the 

rib wall thickness on the deck plate, is not dependent on weld size.  Dimension d5 is 

completely redundant with d1 since d5=d1+d4.  Dimension d2 and the weld penetration are 

the same measurement and d3 can be derived from d2 or the weld penetration (d3=d4-d2).  

Therefore only one factor between d1 and d5 can enter the model.  Dimension d1 was 

selected because it excludes the error from d4.  Similarly, only one factor can be selected 

from among d2, d3 and the weld penetration.  The weld penetration is chosen because it 

can be calculated as the ratio of d2/d4, thereby canceling out possible measurement errors.  

Therefore 5 predictors are chosen as independent variables, the weld toe size d1, weld 

penetration, weld throat t, weld height h, and the weld area Aw.  However, it is still 

difficult to completely suppress the statistical correlation among the variables since larger 

welds tend to proportionally increase all dimensions and vice versa. 

5.1.1 Preliminary Simple Linear Regression 

MLR analyses are conducted separately for several data groups, each with identical stress 

range, failure mode, and R ratio.  Preliminary plots of the simple linear regression lines 

for each individual factor are made for each data group first; statistical models with 

different factor combinations are then built to account for the possible collaborative effect 

among factors.  The results of the preliminary simple linear regression are summarized in 

Table 5.4 and full reports are provided in Appendix H through Appendix K. 
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Table 5.4 Summary of Simple Linear Regressions 

Model Response: Cycles to Failure 

Data Group Factor R
2
 p-value 

R-ratio = -1 

Experimental Stress Range = 36.67 ksi 

Failure Mode: WT@DECK 

 

Number of Samples: 24 

Weld Toe Size (d1) 0.139767 0.0547 

Weld Penetration 0.007093 0.6762 

Weld Throat (t) 0.011237 0.5987 

Weld Height (h) 0.005336 0.7173 

Weld Area (Aw) 0.219426 0.0137* 

R-ratio = -1 

Experimental Stress Range = 33.33 ksi 

Failure Mode: WT@DECK 

 

Number of Samples: 9 

Weld Toe Size (d1) 0.630527 0.0106* 

Weld Penetration 0.135236 0.3302 

Weld Throat (t) 0.485763 0.0369* 

Weld Height (h) 0.566106 0.0193* 

Weld Area (Aw) 0.442688 0.0505 

R-ratio = 0 

Experimental Stress Range = 33.33 ksi 

Failure Mode: WT@DECK 

 

Number of Samples: 24 

Weld Toe Size (d1) 0.523656 <0.0001* 

Weld Penetration 0.006951 0.6985 

Weld Throat (t) 0.008631 0.6659 

Weld Height (h) 0.087336 0.1609 

Weld Area (Aw) 0.657158 <0.0001* 

R-ratio = 0 

Experimental Stress Range = 24.93 ksi 

Failure Mode: WR 

 

Number of Samples: 11 

Weld Toe Size (d1) 0.02864 0.6189 

Weld Penetration 0.208138 0.1584 

Weld Throat (t) 0.236645 0.1292 

Weld Height (h) 0.627773 0.0036* 

Weld Area (Aw) 0.106694 0.3269 

 

Four data groups were analyzed as shown in the Table 5.4.  It is observed that the weld 
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toe size (d1) and the weld area (Aw) generally show a correlation with the number of 

fatigue cycles indicated by p-values less than 0.05.  The weld height (h) also exhibits 

significance in the second and fourth data groups but with a negative correlation to 

fatigue life, meaning the fatigue life declines with increasing weld height.  Different from 

first three data groups with the WT@DECK failure mode, none of the dimensions had a 

significant effect on fatigue life for the fourth data group with the weld root failure mode.  

None of the regressions indicate that the weld penetration has a significant effect on the 

fatigue life.  It should be noted that the second and fourth data groups are less statistically 

stable due to their smaller sample sizes (9 and 11). 

5.1.2 MLR for All Possible Models 

MLR analyses were performed including multiple factors simultaneously to enhance the 

model fit.  The ñRoot Mean Squared Errorò (RMSE) indicating the model fit was 

calculated for all possible factor combinations which is equal to the square root of the 

variance of the residuals.  This provides a measure to indicate how close the predicted 

response matches the observed data; therefore it indicates the absolute fit of the model.  

Lower RMSE values indicate a better fit.  The R
2
 values are no longer used for models 

with more than one factor because the R
2
 value is dependent on the number of factors in 

the model.  The R
2
 value increases as more factors are added to the model, therefore the 

value is artificially biased.  Instead, an adjusted R
2
 value is used as a relative 

measurement of model fit that is independent from the number of predictors and can be 

interpreted as the proportion of total variance that is explained by the regression model.  

The overall performances of all possible models are sorted by their RMSE values in 

ascending order.  Then the models with high global fitness are analyzed and compared to 

indicate the effect of individual factors. 

Since MLR allows the stress range to be a predictor in every model, the samples are 

rearranged in four data groups disregarding the stress range.  The MLR results later prove 

the stress range to be significant in nearly all models.  For each data group, the three 

models with the highest RMSE value are listed in Table 5.5.  It can be seen that every 

factor has some contribution to the overall model fit.  Further investigation shows that not 

all factors have statistical significance in the model.  Some factors predict too little 
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response variance to be regarded as influential on the response.  The following stepwise 

model fitting analysis reveals the effect of each factor. 

Table 5.5 Models with high overall fit 

Data Group Model Adjusted R
2
 RMSE 

R-ratio = -1 

Failure Mode: WT@DECK 

Sample Size: 37 

d1, weld penetration, Lg(stress range) 0.4531 0.1804 

d1, weld penetration, h, Lg(stress range) 0.4404 0.1825 

d1, weld penetration, t, Lg(stress range) 0.4373 0.1830 

R-ratio = 0 

Failure Mode: WT@DECK 

Sample Size: 27 

h, Aw, Lg(stress range) 0.9192 0.1128 

d1, t, h, Aw, Lg(stress range) 0.9175 0.1140 

d1, h, Aw, Lg(stress range) 0.9165 0.1147 

R-ratio = -1 

Failure Mode: WT@RIB 

Sample Size: 12 

d1, h, Aw, Lg(stress range) 0.5996 0.2523 

t, Lg(stress range) 0.5856 0.2566 

d1, h, Lg(stress range) 0.5757 0.2597 

R-ratio = -1 

Failure Mode: WR 

Sample Size: 15 

weld penetration, t, h, Lg(stress range) 0.6828 0.1051 

d1, weld penetration, t, h, Lg(stress range) 0.6764 0.1062 

weld penetration, t, h, Aw, Lg(stress range) 0.6657 0.1079 

 

5.1.3 Stepwise Model Fitting Analysis 

Stepwise analysis only keeps the statistically significant factors in the model.  Depending 

on the screening criteria, there are two types of stepwise analysis, forward and backward.  

Forward stepwise analysis adds the most significant predictor in the model at every step 

among the remaining predictors.  Backward stepwise analysis first includes all factors in 

the model and eliminates the least significant factor at each step, leaving the significant 

factors at the end.  Criteria can be set for the p-value to determine if a factor should be 

added or removed from the model.  For this work, the p-value was set at 0.05, consistent 

with the preset significance level Ŭ.  A factor is regarded as significant and entered in the 
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model if its p-value is less than 0.05 and is regarded as insignificant and removed from 

the model if its p-value is greater than 0.05. 

Table 5.6 Stepwise model fitting analysis 

Response (Criterion): Lg(Cycles to Failure) 

Data Group Stepwise Method Model Fitness Factor p-value 

R-ratio = -1 

Failure Mode: 

WT@DECK 

 

Sample Size: 37 

Forward Adjusted R
2
 = 0.4289 

Aw 0.00377* 

Lg(Stress Range) 0.00221* 

Backward Adjusted R
2
 = 0.4531 

d1 0.00146* 

Weld Penetration 0.001189* 

Lg(Stress Range) 0.00431* 

R-ratio = 0 

Failure Mode: 

WT@DECK 

 

Sample Size: 27 

Forward Adjusted R
2
 = 0.9192 

h 0.00043* 

Aw 0.00018* 

Lg(Stress Range) 1.1×10
-13

*  

Backward Adjusted R
2
 = 0.9147 

d1 0.00028* 

Weld Penetration 0.02427* 

h 0.0015* 

Lg(Stress Range) 1.4×10
-12

*  

 

Due to potential correlation between the factors, the significance level of each individual 

factor is affected by the other factors.  Hence the forward and backward techniques do 

not always generate the same model.  For the analyses performed, the cases with the 

WT@DECK failure mode result indifferent models using forward and backward methods 

as shown in Table 5.6.  As expected, the stress range is included in all models.  The 

forward method predicts that the weld area (Aw) is significant, while the backward 

method predicts that d1 and the weld penetration are significant.  The weld height h is 

also selected for the R=0 case however with a negative correlation.  For the R=-1 case it 
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also shows a negative correlation although this effect has insufficient significance to 

allow h to be entered into the model.  Multiple models are suggested is due to the 

difference in correlation between factors as demonstrated below. 

5.1.4 Bivariate Regression Analysis for Relationships between Factors 

As discussed previously, the R
2
 value in a multiple regression model indicates the 

combined proportion of variance that is predicted by all factors.  When some of the 

factors are correlated with each other, their combined effect in the model can be either 

enhanced or decreased.  It was observed in the stepwise analyses that the Aw factor 

considerably reduces the significance of d1 (increases the p-value) when it enters into the 

model.  The d1 factor also decreases the significance of Aw slightly (Table 5.7).  This is 

due to the variance predicted by these two factors has a large overlap area correlated with 

the response, especially ford1 since it predicts less variance than Aw.  Therefore, the d1 

factor is redundant in this case.  As illustrated in Figure 5.1, both d1 and Aw individually 

predict a statistically significant variance in the response (number of fatigue cycles).  

However, once combined, d1 is no longer significant since a major portion of variance is 

explained by Aw.  The significance level of Aw is also reduced but remains above the 

threshold p-value<0.05. 

Response

d1

Aw

 

Figure 5.1 d1 as a redundant factor to Aw 
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Table 5.7 Combined effect of d1 an Aw 

Response (Criterion): Lg(Cycles to Failure) 

Data Group Model R
2
 Factor p-value 

R-ratio = -1 

Failure Mode: WT@DECK 

 

Sample Size: 37 

d1, Lg(Stress Range) 0.3910 d1 0.03775* 

Aw, Lg(Stress Range) 0.4607 Aw 0.00377* 

d1, Aw, Lg(Stress Range) 0.4608 
d1 0.91895 

Aw 0.04655* 

R-ratio = 0 

Failure Mode: WT@DECK 

 

Sample Size: 27 

d1, h, Lg(Stress Range) 0.9086 d1 0.00356* 

Aw, h, Lg(Stress Range) 0.9285 Aw 0.00018* 

d1, h, Aw, Lg(Stress Range) 0.9293 

d1 0.61499 

Aw 0.01858* 

 

The relationship between d1 and the weld penetration is more complex.  As shown in 

Table 5.8, the weld penetration alone is barely correlated with fatigue life.  However, its 

significance is drastically enhanced if d1 is included in the model.  The significance level 

of d1 is also increased but to a lesser extent.  This is a typical indication that d1 is a 

suppressor of the weld penetration, meaning that d1 is highly correlated to the weld 

penetration in the area that is NOT correlated to the response as illustrated in Figure 5.2.  

Hence inclusion of d1 suppresses the portion of variance that is irrelevant to the response 

from weld penetration and the remaining variance becomes the significant predictor.  In a 

classical suppression situation one of the factors has nearly zero correlation with the 

response.  It only acts as a suppressor to enhance the significance of the other factor on 

the response, its own correlation to the response cannot be increased by any means.  In 

fact, simple correlation coefficient of the suppressor is often negative.  In this case, both 

factors (d1 and the weld penetration) act as suppressors and enhance each otherôs 

significance levels.  This qualifies a cooperative suppression situation where the 

suppression effect is predominant on the weld penetration.  A major part of its irrelevant 

variance can be suppressed by d1.  The negative correlation between d1 and the weld 
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penetration is also a sign of cooperative suppression (Lewis, 1986). 

Table 5.8 Combined effect of d1 and weld penetration 

Response (Criterion): Lg(Cycles to Failure) 

Data Group Model R
2
 Factor p-value 

R-ratio = -1 

Failure Mode: 

WT@DECK 

 

Sample Size: 37 

d1, Lg(Stress Range) 0.3910 d1 0.03775* 

Weld Penetration, 

Lg(Stress Range) 
0.3156 

Weld 

Penetration 
0.52428 

d1, Weld Penetration, 

Lg(Stress Range) 
0.4987 

d1 0.00146* 

Weld 

Penetration 
0.01189* 

R-ratio = 0 

Failure Mode: 

WT@DECK 

 

Sample Size: 27 

d1, h, Lg(Stress Range) 0.9086 d1 0.00356* 

Weld Penetration, h, 

Lg(Stress Range) 
0.8667 

Weld 

Penetration 
0.96425 

d1, Weld Penetration, h, 

Lg(Stress Range) 
0.9278 

d1 0.00028* 

Weld 

Penetration 
0.02427* 

 

Response

d1

Weld Penetration

 

Figure 5.2 Factor d1 as a suppressor to the weld penetration factor 
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The redundancy and suppression relationships can be further validated mathematically by 

the following calculations.  Suppose the correlation coefficients between the response y 

and factor 1, y and factor 2, and between factors 1 and 2, are denoted as ry1, ry2 and r12, 

respectively.  According to Lewis (1986), the following conditions need to be satisfied to 

qualify a redundancy relationship: 

12y1y2

12y2y1

rrr

0rrr

>

>>

   

(Equation 5.1) 

The resulting effect on the regression coefficients can be expressed as: 

SimplePartial0 <<
   

(Equation 5.2) 

The condition for suppression is as the follows: 

0rrr 12y2y1 <
            

(Equation 5.3) 

The resulting effect on the regression coefficients can be expressed as: 

PartialSimple<
   

(Equation 5.4) 

Knowing the ry1, ry2 and r12 values from simple linear regression defined as the square 

root of the regression coefficient R
2
, semi-partial correlation coefficients can be 

calculated as follows (Pedhazer, 1982): 
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(Equation 5.5) 

The overall regression coefficient (R
2
) is calculated as: 
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(Equation 5.6) 
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Such calculations were performed on the first and third data groups in Table 5.4 to 

exclude the effect of stress range, thereby simplifying models as bivariate.  The results 

are tabulated below: 

Table 5.9 Redundancy within d1 (1) and Aw (2) 

Data Group Response (y): Cycles to Failure 

R-ratio = -1 

Experimental Stress 

Range = 36.67 ksi 

Failure Mode: 

WT@DECK 

R
2
y1 R

2
y2 R

2
12 R

2
y(1,2) R

2
y(2,1) R

2
y,12 

0.139767 0.219426 0.488805 0.004203 0.083862 0.223629 

ry1 ry2 r12 ry(1,2) ry(2,1) R
2
y(1,2)+ R

2
y(2,1) 

0.373854 0.468429 0.699146 0.064832 0.28959 0.088065 

R-ratio = 0 

Experimental Stress 

Range = 33.33 ksi 

Failure Mode: 

WT@DECK 

R
2
y1 R

2
y2 R

2
12 R

2
y(1,2) R

2
y(2,1) R

2
y,12 

0.523656 0.657158 0.568468 0.029294 0.162796 0.686452 

ry1 ry2 r12 ry(1,2) ry(2,1) R
2
y(1,2)+ R

2
y(2,1) 

0.723641 0.810653 0.753968 0.171156 0.40348 0.192091 

 

Table 5.10 Cooperative suppression between d1 (1) and the weld penetration (2) 

Data Group Response (y): Cycles to Failure 

R-ratio = -1 

Experimental Stress 

Range = 36.67 ksi 

Failure Mode: 

WT@DECK 

R
2
y1 R

2
y2 R

2
12 R

2
y(1,2) R

2
y(2,1) R

2
y,12 

0.139767 0.007093 0.126057 0.186533 0.053859 0.193626 

ry1 ry2 r12 ry(1,2) ry(2,1) R
2
y(1,2)+ R

2
y(2,1) 

0.373854 0.08422 -0.35505 0.431894 0.232075 0.240392 

R-ratio = 0 

Experimental Stress 

Range = 33.33 ksi 

Failure Mode: 

WT@DECK 

R
2
y1 R

2
y2 R

2
12 R

2
y(1,2) R

2
y(2,1) R

2
y,12 

0.523656 0.006951 0.116518 0.640255 0.12355 0.647206 

ry1 ry2 r12 ry(1,2) ry(2,1) R
2
y(1,2)+ R

2
y(2,1) 

0.723641 0.083373 -0.34135 0.80016 0.351497 0.763806 
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Simple calculations from Table 5.9 demonstrate that the redundancy relationships 

specified by Equation 5.1 are satisfied for both data groups.  The semi-partial correlation 

coefficients (ry(1,2) and ry(2,1)) are less than the corresponding simple correlation 

coefficients (ry1 and ry2) defined by Equation 5.2, especially for the d1 factor.  The 

variance predicted by d1 and Aw reduces simultaneously by 0.135564 and 0.494362 for 

the first and second data groups as they combined (R
2
y(1,2) - R

2
y1 or R

2
y(2,1) - R

2
y2).  The 

response variance uniquely predicted by both factors reduces by the same amount (R
2
y(1,2) 

+ R
2
y(2,1) - R

2
y,12) as the total correlated variance, indicating the size of the redundant 

overlap area. 

The condition required by Equation 5.3 is valid due to the negative correlation between 

d1 and the weld penetration.  As shown in Table 5.10, the two semi-partial correlation 

coefficients are uniformly enhanced for both data groups.  The correlation between the 

weld penetration and number of fatigue cycles is enhanced to a much larger extent 

indicating that the suppressed irrelevant variance is a greater portion in the weld 

penetration variance compared to the variance of d1 (Figure 5.2).  Due to the 

enhancement of semi-partial correlations when the two factors are combined, the sum of 

the variance correlated with each factor exceeds the overall variance correlated with both 

factors together: 

2

1,2y

2

y2

2

y(1,2)

2

y(2,1)

2

y(1,2) RRRRR =+>+  

The weld height (h) factor is also included with high significance level for the specimen 

group with R=0 (Table 5.6) but it has a negative effect on fatigue life when the specimen 

failed from the weld toe on the deck plate.  Stepwise analysis concludes that the 

significance level of h is not strongly affected by the other factors.  Correspondingly, 

simple linear regressions between the factors show that the weld height is not 

significantly correlated with any other factors.  The weld throat (t) does not present high 

significance in any models; however, the weld throat is largely correlated with the weld 

penetration.  Therefore, it is anticipated that the weld throat may also exhibit cooperative 

suppression behavior with the weld toe d1 if the sample size is large enough. 

Linear regressions performed on the weld dimensions to one another further support their 
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interactions found previously.  Among all the interrelationships, weld penetration and 

weld throat t are positively correlated with the highest R
2
 of above 0.65 for both load 

ratios.  Factor d1 is positively correlated with Aw to a large extent and negatively 

correlated with weld penetration, implying the redundancy and suppression behavior to 

those two factors, respectively.  Due to the strong positive correlation between weld 

penetration and throat size t, d1 is also negatively correlated with t in the case of R=-1.  It 

is also found that d1 and penetration combined can correlate with 80% variance of Aw 

(R
2
å0.80) for both load ratios, explaining similar fitness of the model with d1 and 

penetration and the model with Aw. 

The interrelationships between weld dimensions can be understood physically as well.  

Since during the welding process, certain voltage, amp and passing speed are set and 

maintained for the entire production to achieve the designated penetration percentage; a 

larger penetration is more likely to leave less welding material out of the rib wall, and 

vice versa.  The weld throat is measured from the weld root to the weld surface.  Larger 

penetration moves the weld root further away from the weld surface thus effectively 

increases the weld throat (Figure 3.20).  Weld area Aw, to a large extent, is determined by 

the production of d1+penetration and weld height h.  Therefore d1 appears to be redundant 

if A w is included in the model.  The negative effect of weld height h on the fatigue life 

can be explained by its influence on notch stresses on weld toes.  With the same weld toe 

size, a taller weld creates a sharper corner at the weld toe on the deck plate thus increases 

the notch stress.  The fatigue life is therefore reduced.  A smaller weld height however 

intensifies the notch effect on the other weld toe on the rib plate.  It is expected that the 

fatigue life is positively correlated with the weld height h but negatively correlated with 

the weld toe size d1 for the failures occurring at the other weld toe on the rib plate.  The 

relationships among individual weld dimensions can be illustrated as Figure 5.3. 

With the knowledge of the interactions between factors, models from stepwise analysis 

listed in Table 5.6 are selected and analyzed.  The reports are attached in Appendix N and 

Appendix O. 



151 

Response

d1 Aw

Weld Penetration

t

h

 

Figure 5.3 Interactions among weld dimensions on predicting the fatigue life 

Statistical significance of weld dimensions to the fatigue life is not well presented in 

MLR analyses for the other two failure modes, WT@RIB and WR, due to smaller sample 

sizes.  For the latter only the weld height h has a p-value lower than 0.05 that can be 

regarded as statistically significant, with a negative correlation with the fatigue life.  The 

model with the highest overall fit is thus analyzed in detail, see Appendix Q.  For the 

failures occurring at the weld toe on the rib wall, similar effects from factors are found as 

the failure mode on the deck plate, but with much less significance level (p-values>0.05) 

due to smaller sample size.  One noticeable difference is that in this case the weld height 

h is positively correlated with the fatigue life but the weld toe size d1 is negatively 

correlated (Appendix P).  This is another demonstration that the weld toe sizes on both 

plates (d1 & h) influence the fatigue life by affecting the notch stresses on weld toes, as 

described in the paragraph above. 

5.1.5 Summary and Recommendations 

The MLR analyses reveal the influential weld dimensions on the fatigue life, as well as 

their correlations and interactions to one another.  It is observed that the weld area Aw 

affects the fatigue life positively to a large extent with R
2
 ranging from 0.3 to 0.68.  The 
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weld toe sizes on the deck and rib plate, d1 and h, also statistically significant enough to 

influence the fatigue life, with positive effect on the local weld toe but negative effect on 

the other weld toe.  The weld penetration is significant to the fatigue life only when the 

weld toe is included in the statistical model as a suppressor, which implies that the weld 

penetration is not individually correlated to the fatigue life.  For the failures that occur at 

weld roots, the weld height seems to be a relevant factor that is negatively correlated with 

the fatigue life, however a larger sample size is helpful to reinforce this observation. 

To quantify the effects from the factors so that proper limits could be set to the weld 

dimensions to achieve an optimal fatigue performance, another MLR model is built from 

stepwise analysis with the effect of stress range leveled out, by including the stress range 

in the model with a fixed slope of -3, according to AASHTO.  The model is built based 

on the samples with R=0 and failure mode of WT@DECK since it is considered to be the 

worst scenario with full tensile stress range.  The idea for the optimization of the weld is 

making sure the lower bound of the samples is above the current code-specified S-N 

curveð AASHTO C Curve, DNV D-Curve or IIW FAT-90 Curve. 

The model with the best fit in this case includes weld toe size d1, weld throat t and weld 

height h.  Assume their regression coefficients are denoted as ɓ1, ɓ2 and ɓ3; the stress 

range is denoted as ů, the lower bound of the model can be expressed as: 

() RMSE2Interceptů3LghɓtɓdɓLg(Cycles) 3211 ³-+-++=
 

(Equation 5.7) 

The AASHTO C-Curve follows the equation of: 

()ů3Lg9.643Lg(Cycles) -=    (Equation 5.8) 

The lower bound curve should be above the AASHTO C-Curve, therefore: 

9.643RMSE2Intercepthɓtɓdɓ 3211 ²³-+++
  

(Equation 5.9) 

The combined effect of d1, t and h needs to satisfy (Equation 5.9) to maintain the fatigue 

performance above the AASHTO C-Curve.  (Equation 5.9) is calculated for a range of 

values as listed in Table 5.11.  The weld throat values are calculated from the weld 
















































































































































































































































































































































