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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 “melt-through” or “blow-through”
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



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 “orthotropic plate” 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



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.

S A

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



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 (I11W). 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 Administration’s Turner-Fairbank Highway



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 “hot-spot” 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 “hot-spot” 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



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 “blow-through” or
“melt-through” 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



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.



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 (“hot-spot” 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.



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 “Dynamic Loads on Bridges” 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 “Traffic Loads on
Bridges” (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 “Design of Steel Structures”, Part 1.9 “Fatigue” (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



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 “weak-link” 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.



Field tests were conducted on both two bridges and laboratory tests were conducted in
Lehigh University’s 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 (“Option B”) followed the guidelines in the 1994 AASHTO
LRFD Bridge Design Specification; an alternative (“Option A”) 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- Specimen 2 Specimen 5

through
Alternating 80% and 100%
penetration welds every Specimen 3 Specimen 6
meter
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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

mmIC2(125mm) |
_ E=jc1(260mm) ||

Specimen 5: no cracks

Rib-to-deck welds with
alternating 80% and
100% penetration every

meter

Specimen 6: 3 cracks at C1, C2 and C3

) C2 (275-mm) -
=) C1 (250-mm) -

* 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 2.4 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=—o0, 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 Stress Cycles to
b R-ratio Range, ye Failure Description
Number 2 Failure
N/mm
Crack propagation from weld toe
1A/1 R=-2 at weld toe 300 447,000
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
Crack propagation from weld root
1A/4 R=-2 at weld toe 240 378,000
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 Crack propagation from weld toe
(unbroken)
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 Crack propagation from weld root
(unbroken)
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.

R N A R

=

Weld dimensions

varied Specimens

ﬁ 35mm long
635 |

---rsa4-|
|

Trough centreline

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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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
AJ2/-. 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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MANUAL WELDING - Fillet weld joint - Throat failure
(Maddox 1974b)
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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=—co 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 O 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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MANUAL WELDING - Fillet weld - Throat failure
(Maddox 1974b)
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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:
T? t 0 ,
O yerd = s c, — 3+4?cos§ o, (Equation 2.1)

Where:

Oweld = Stress in the weld throat

o, = bending stress in the rib plate
oq = normal stress in the rib plate
T = rib plate thickness

t = weld throat size
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0 = 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? at 2 million cycles, falling
between the FAT-90 and FAT-100 curves established by International Institute of
Welding (1IW).

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

26



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

Associated S-N

Type of Stress Factors Considered Implementation Method
Curve
Loading scenario and ) Hand calculation, classical
A series of S-N )
) global/structural geometry, ] structural analysis

Nominal Stress o curves for different

under simplified ) ) software (e.g.

. detail categories
assumptions MASTAN2)

Single S-N curve

Structural/Hot- | Loading scenario and for different details | )
Finite element modeling
Spot Stress global/structural geometry | (only for weld
toes)

) Loading scenario, global Single S-N curve Finite element modeling
Effective Notch ) )
St geometry, and local (AASHTO A with special

ress
geometry curve) for all 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;

27




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 Dong’s 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-mme-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 IW. 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 1IW. 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 Pedersen’s approach, together with other notch stress

evaluation methods was made by Fricke (2008).
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Figure 2.11 Fictitious rounding at weld toes and roots (Hobbacher, 2008)

Similar recommendations were also presented by the 1IW (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).
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Figure 2.12 Summary of the different fatigue assessment approaches (Fricke, 2003)

31



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 “read-out points”. 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 I1W (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:

6, =06, t0,

(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
(om and op) 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, Dong’s 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:
o, =0, +0, = TX —= (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.

f. 6m, .
6, =6, +0, :TX+ 4 (Equation 2.4)

t2

Figure 2.17 Dong’s 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 Dong’s

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

(gnomKsq). Equations to determine the stress concentration factor K, were presented as

|
K, =14 wedq ‘w (Iwglj
G rom T 2

Ksa:1+cw_e'dl I, 21)
G, om 4l 2

nom w

follows:

(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.
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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 1W with Dong’s
method for four different structural details to assess mesh sensitivity. The results
indicated that Dong’s 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 Dong’s 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 Yamada’s method together with the LSE
and Dong’s methods. It was concluded that all three methods provided similar fatigue
life predictions for the three structural details analyzed. In general, Xiao and Yamada’s
method predicted slightly longer fatigue lives and Dong’s method predicted slightly
shorter fatigue lives.

Another comparison between LSE, TTWT, and Dong’s 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
Dong’s 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, O, was also determined to influence the results from Dong’s

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), “FPSO —
Fatigue Capacity”, 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 I1W 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 (11W-1823-07)

Structural o ) FAT | FAT
No. ] Description Requirements
Detail Steel | Alu.
1 E-) Butt Joint As welded, NDT 100 | 40
Cruciform or T-joint
) ) K-butt welds, no lamellar
2 ; with full penetration . 100 40
tearing
K-butt welds
) Transverse non-load carrying
Non load-carrying ]
3 ) attachment, not thicker than 100 40
fillet welds )
) main plate, as welded
Bracket ends, ends of | Fillet welds welded around or
4 o ] 100 40
) longitudinal stiffeners | not, as welded
Cover plate ends and
5 T ) | similar o As welded 100 | 40
similar joints
Cruciform joints with
6 ; load-carrying fillet Fillet welds, as welded 90 36
welds
S Lap joint with load- )
7 > o Fillet welds, as welded 90 36
- carrying fillet welds
L < 100mm Type “b” joint with Fillet or full penetration weld,
8 100 40
—D,— short attachment as welded
9 - 2 190 mm Type “b” joint with Fillet or full penetration weld, %0 36

long attachment

as welded

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 Griffith’s 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 Griffith’s 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:

(Equation 2.6)

Where G is defined as the energy release rate, a is half-length of the crack, o is the
applied stress, and E is Young’s modulus of the material. When the energy release rate
generated by the applied stress exceeds the critical energy release rate, G, of the
material, fracture initiates at the crack tip. The critical energy release rate, G, 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 K;. For a through-thickness crack in

an infinite plate, the stress intensity factor K;, at the crack tip is defined based on the
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crack size and the far-field stress perpendicular to the crack:
K, = ov/ma (Equation 2.7)

When the stress intensity caused by the applied stress o exceeds the critical stress
intensity of the material K;., fracture occurs at the crack tip. Equating equations 2.6 and
2.7 shows that G and K are related by:

G= % (Equation 2.8)
As shown above, the two approaches are essentially equivalent, but this is only true for
linear elastic material. Irwin’s 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 Griffith’s 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 AK. Measurements in fracture
mechanics specimens showed that the fatigue crack growth rate is proportional to the
stress intensity factor range (Paris, 1960):

da

N C(AK)"  (AK, <AK<AK,) (Equation 2.9)
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Where a is the crack size; N is the number of cycles; 3—; 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 AK is the range of the stress intensity

factor, which is defined as:

AK=K_, —K,

min

(Equation 2.10)

Where K.x and K, 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 1IW 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 |
fracture for a through thickness crack in an infinite plate, a more general form, can be

rewritten as (Gurney, 2006):

K = Yov/na (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.
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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
AK a threshold is reached (AK;;) where crack propagation stops. At the upper end of the
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curve AK approaches the critical value (AK,) 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 Sl units (Gurney, 1979):

co 1.315x107*

Equation 2.12
895.4™ (Eq )

This yields Equation 2.9 to (in Sl units):

da AK

— = 1.315><104[ j (AK,, <AK < AK_)(Equation 2.13)
dN 895.4

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 1.83 x 1013 in Sl 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 AK in Equation 2.9 from
Equation 2.11, it can be obtained:

| % (ao)'N (Equation 2.14)

“ C(Yma '

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 a, and ay), the

value of the integral is constant, so that:
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(Ac)" N = 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):

My
2 2
% - 1_[a_°J form==2
N, = (m- 2)C(YAA\/E) ay (Equation 2.1)
% n ar form=2
CY“Ac'ma a,

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).
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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
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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 “effective
length” 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,
“GMAW-80", or “GM-80”, 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 Welding Process TargeF Rib Pl_ate Num_ber of
Name Penetration Beveling 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 26.67 ksi, 33.33 36.67 18.33 33.33 | 40ksi, Total
ksi, R=-1 R=-1 ksi, R=-1 | ksi, R=-1 | ksi, R=0 | ksi, R=0 R=0

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 Landmark™ 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 FlexTest® 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 6in 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 “tunes” the command signal to make sure the desired load
range is achieved on the specimen. This allows the command signal to “over drive” the

test to achieve higher cyclic frequencies without compromising accuracy of the loading.
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Figure 3.10 Comparison of command and response signals at a 4 Hz test speed showing “over-

driving” 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 3.75” 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 5” wide bearing plates were used. These 2nd-order effects are considered

further in the finite element analysis performed in Section 4.2.5.

lin. lin.
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Cyclic Load
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 26”, 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 3.16 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 Ibs on each side, 140 Ibs 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 Ib 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 Ibs, 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.
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Figure 3.17 Test procedure in the MPT
35  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

Fatigue Crack

\ VAV

1 2

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.

h hl 4 t

AL tL

t-dl d2 d3
ds

Figure 3.20 Measured dimensions
The measured weld dimensions are defined as follows:

d; — weld toe size (on the deck plate)

d, — size of the weld penetration (into the rib plate)

d»/d4 — percentage of the weld penetration

d; — size of the gap behind the weld

d;+d; — total size of the weld

h —weld height, essentially the weld toe size on the rib plate

t — weld throat size, defined as the distance from the weld root on the deck plate to
the nearest point on the curved weld surface

A, —weld area

t, — 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 (L)

The effective length, L, 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 L value directly affects the actual

stress range at the weld toe on the deck plate, which is the primary crack location.

Fatigue Crack

Roller Line

W\

|

Figure 3.21 Definition of L,

L was designed as 5” 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
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cracking at the weld toe. To quantify this effect and get accurate stress ranges, the actual
L. 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 ¥ 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 “close to center”.

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 O 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 “typically 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 detail” (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 11W-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 I1IW 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).
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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 W, 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.
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4.1 Recommended Procedures

411 DNV Recommendations

Det Norske Veritas (DNV) adopted the procedures introduced in Section 2.2.1 as
described in DNV-RP-C203 “Fatigue Design of Offshore Steel Structures”, DNV CN-
30.7 “Fatigue Assessment of Ship Structures”, and DNV-RP-C206 “Fatigue
Methodology of Offshore Ships”. All three 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:

e 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.

e 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 4.4 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>¢, 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

82



models built using 8-node elements with a mesh size larger than 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>¢ 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 “effective hot-spot stress” is
calculated based on correction factors accounting for different fatigue crack orientations

that alter the direction of the principal stresses. The first method, “Method A”, calculates

the hot-spot stress components extrapolated from the 0515 read-out points as follows:

JAG? +0.81A.2
Gy = Maxs aAoc, (Equation 4.1)

OL|A62|

where o= 0.90, 0.80, or 0.72 for the DNV C2, C1, and C details, respectively. The

principal stresses, Aoy and Ag,, are calculated as follows:

A A .
Ao, = % + % J(Ac, —Ac, ) +4AR (Equation 4.2)
Ao, +Ac,

Ac, = —%\/(Acsl ~Ac, ) +4AK (Equation 4.3)

2

The notation of Ao, Ao, and A, 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)

“Method B” 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:

1.12\/Ac? +0.81A.2
O = Maxs1.120.1 | (Equation 4.4)
1.12(1|A<52|

In the present study, only the crack pattern shown on the left in Figure 4.5 occurred. The
values of Ac, and At, were regarded as zero because they were very small compared to
the magnitude of Ac  , therefore Equation 4.2 calculates the principal stress equal to

Ac | . The effective hot-spot stress was also calculated as Ac, 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 1IW Recommendations

The 11W-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 (11W-1823-07)

The IW 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 1IW and DNV guides, different hot-spot stress assessment methods involving

different extrapolation schemes are recommended by the 1IW.

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:

o, =1.67-0,, —0.67-0, (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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Cp =2.52:0y 4 —2.24-6,4+0.72 -G, (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:

64 =1.50-64,—0.50 06, (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:

f(t) = (:*—“J (Equation 4.8)

eff

The reference thickness should be taken as 25mm. The thickness correction exponent n

depends on the effective thickness tq¢ and the joint category, as listed in Table 4.1.

Table 4.1 Thickness Correction Exponents (11W-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 Toeground | 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:

Ohe =3°G4m — 3 Ogrm + O1omm (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:

6, =150, —05-0,5 (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 11W-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:

€, =1.67-g,,,—0.67-¢ (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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€ =252-€y,,—224-£,4,+0.72-¢, (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:
€hs = 3" €4mm — 3 €gnm T E12mm (Equation 4.13)

In this study, both the DNV and I1IW 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 L 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 (4”) is much larger than the in-plane
dimensions (~0.3”), plane strain elements with 4” 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 I1W 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 Ibs 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 22.75 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 (d;1) 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 (ds) 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 d; Average (in) ds 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 W 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>¢ 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
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Figure 4.10 Mesh for the model with T6 Elements

96



Losdad.15 ¥ koo
ODB: Jon°2_73_xlns_20_Flanar 08_BAx3.odu  Anaqus/Srandard vers bns. -2

105 50 Oroduce L S| normalSroess STrne e

Incedmem L Seen

Mon Jun 13 L7 25: 51 Bxsosen Dayllam: Time 2041

Figure 4.11 Stress read-out lines in the 2D models
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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 4.15 Normal stress on line 5 from different element types
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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 Xiao’s assumption. Xiao predicts
that the nonlinear effect diminishes about 1mm below the plate surface, which is about
0.0525t .., and 0.126t,;;, 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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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.

a S

HTHH A

Figure 4.19 Meshing schemes for each model

Models were built with five different mesh densities ( t x<t, 0.5t x<0.5t, 0.25t x<0.25t, 0.1t
x0.1t, 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.

50
‘ —&— Mesh 1 (Element Size: t)
o Mesh 2 (Element Size: 0.5t)
| -—-w-- Mesh 3 (Element Size: 0.25t)
‘ —-A— - Mesh 4 (Element Size: 0.1t)
40 ;J\ — - — Mesh 5 (Element Size: 0.05t)

Normal Stress (ksi)
w
o

N
o
©}
f{
o
4O
O
O
O
O

10 T T T 1
0.0 0.5 1.0 15 2.0
Distance from Weld Toe (fraction of plate thickness)

Figure 4.20 Normal stress on line 1 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 aboutlmm 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

107



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 1IW (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 I1W-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 0.1” at the back of the weld based
on the average measured dimension of dz 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
0.02” 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
11W-1823-07, should be less than % of the radius if quadratic elements are used.

Therefore the mesh size was set at 0.0075” 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.

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.
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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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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.

IHANNY

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 4.37 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.

Bearing Plate Width = 5" Bearing Plate Width = 3.75"
2.75 kips 2.75 kips
0.680 * 0.680 0.902 f 0.902
0.680/f~ ~ 0.680 0.902(~ -1 0.902
5.163 4,942
0.968 0.968 1.068 1.068
\ | |
6.875 5.907 5.907 6.875 6.875 5.807 5.807 6.875

Figure 4.38 Moment Diagrams for Different Bearing Plate Sizes (in-kips)
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Figure 4.42 Normal stress on line 5 from different bearing plate sizes

120



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.
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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 5 and 3.75” 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.

2.0t

0.4t

Toe
0.4t

2.0t 1 L

A

N

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 (&, y,, and y,,) 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.
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Figure 4.46 Maximum principal stress distributions through deck plates (left) and rib plates

(right) with 5 wide bearing plate (top) and 3.75” wide bearing plate (bottom) at weld toes
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Figure 4.47 Normal stress on line 1 with 5” bearing plate
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44  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 L. distances
(Figure 3.21) for both models (with 3.75” & 5” wide bearing plates) were taken as 4.8”
indicating a 0.2 in. weld toe size. As addressed in Section 3.5.2, there was a small
variation of L, 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 L. distance for each failure
at the weld toe on the deck plate (WT@DECK). The L¢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

S%eecriirgsn Spelcliamen Iﬁg?i?) Fle_ei_)r?ge E)t(feesgggggael Fé(;%t Failure Mode I__e SH%EOW_T SH%SQN_T nggllisrteo
(Kips) (ksi) (in) Extrapolation | Extrapolation
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 5.00 290.11 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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S%eecriirgsn Spelcliamen Iﬁg?i?) Fle_ei_)r?ge E)t(feesgggggael Fé(;%t Failure Mode I__e SH%EOW_T SH%SQN_T nggllisrteo
(Kips) (ksi) (in) Extrapolation | Extrapolation

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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S%eecriirgsn Spelcliamen Iﬁg?i?) Fle_ei_)r?ge E)t(feesgggggael Fé(;%t Failure Mode I__e SH%EOW_T SH%SQN_T nggllisrteo
(Kips) (ksi) (in) Extrapolation | Extrapolation
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 345134 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 20.11 Close WT @ RIB 4-7/8 35.9264 35.7750 689,134
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S%eecriirgsn Spelcliamen Iﬁg?i?) Fle_ei_)r?ge E)t(feesgggggael Fé(;%t Failure Mode I__e SH%EOW_T SH%SQN_T nggllisrteo
(Kips) (ksi) (in) Extrapolation | Extrapolation

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 5.00 290.11 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 20.11 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 0OB-1 -1 5.00 24.93 Open WR 4-13/32 27.7492 27.7492 647,879
OB 0OB-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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S%eecriirgsn Spelcliamen Iﬁg?i?) Fle_ei_)r?ge E)t(feesgggggael Fé(;%t Failure Mode I__e SH%EOW_T SH%SQN_T nggllisrteo
(Kips) (ksi) (in) Extrapolation | Extrapolation
OB 0OB-12 -1 5.00 24.93 Open WR 4-5/8 27.7492 27.7492 1,316,952
OB 0OB-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 0OB-2 -1 5.00 24.93 Open WR 4-19/32 27.7492 27.7492 081,142
OB OB-3 -1 5.00 24.93 Open WR 4-15/32 27.7492 27.7492 2,385,939
OB OoB-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
uUB 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
uUB UB-12 -1 5.00 24.93 Open WR 4-11/16 27.7492 27.7492 1,590,018
uUB 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
uUB UB-2 -1 5.00 24.93 Close WR 4-5/8 27.7492 27.7492 694,734
uUB UB-3 -1 5.00 20.11 Close WT @ RIB 4-5/8 38.5983 38.4205 2,011,029
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S%eecriirgsn Spelcliamen Iﬁg?i?) Fle_ei_)r?ge E)t(feesgggggael Fé(;%t Failure Mode I__e SH%EOW_T SH%SQN_T nggllisrteo
(Kips) (ksi) (in) Extrapolation | Extrapolation
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
uUB 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
uUB UB-14 0 5.00 33.33 Open | WT @ DECK | 4-19/32 32.4889 32.0947 591,939
uUB UB-5 0 5.00 33.33 Close | WT @ DECK | 4-11/16 33.1519 32.7497 386,829
uUB 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 Pearson’s 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?) where zero represents a lack of correlation and 1.0 represents a
perfect correlation. The value of R? equals one minus the ratio of residual variability to
the overall variability. For simple linear regression, R? yields to the same value as the

square of Pearson’s 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
Sinale Simple Linear Analysis of Variance Analysis of Covariance
g Regression (ANOVA) (ANCOVA)
Multiple Multiple Linear | \p 1 \way ANOVA | Multi-way ANCOVA
Regression

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 (Ho) 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 (H;) 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 |
error (o), 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 o and
is compared with the preset a value. If the p-value is smaller than a, it suggests the
possibility of getting a Type I error is less than a, therefore it is reasonable to reject the
null hypothesis if a is small enough. The a value is generally taken as 0.05 in
engineering fields. If the computed p-value is greater than o, there is not enough
evidence to reject the null hypothesis. Either the null hypothesis is true or a Type Il error
occurs. The probability of occurrence of Type II errors is measured by the f§ value. In
this case, a power analysis is helpful to evaluate the outcome. The statistical power is
equal to 1-f where higher statistical power indicates that the null hypothesis is more

likely to be correctly accepted.

Table 5.2 Outcomes of a hypothesis test

Hq is true (Hy is false) | Ho is false (Hy is true)

Accept Ho (Reject H;) | Correct Acceptance Type Il Error (B)

Reject Hy (Accept H,) Type | Error (o) 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

137



indicates there is a high chance that a Type Il 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 Fitting—All Potential Factors

Response (Dependent Variable) Overall Model Fitness
Lg (Cycles to Failure) R?=0.6519 R? (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 (d;) 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 (Ay) 0.9624 0.0502
Lg (SHS-0515 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 L, 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, d, ds, d4, ds and the weld penetration, dimension dg, the projection of the
rib wall thickness on the deck plate, is not dependent on weld size. Dimension ds is
completely redundant with d; since ds=d;+ds. Dimension d, and the weld penetration are
the same measurement and dsz can be derived from d; or the weld penetration (d;=ds-d>).
Therefore only one factor between d; and ds can enter the model. Dimension d; was
selected because it excludes the error from d4. Similarly, only one factor can be selected
from among ds, d; and the weld penetration. The weld penetration is chosen because it
can be calculated as the ratio of d,/d,, thereby canceling out possible measurement errors.
Therefore 5 predictors are chosen as independent variables, the weld toe size d;, weld
penetration, weld throat t, weld height h, and the weld area A,,. 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

RZ

Data Group Factor p-value
Weld Toe Size (d,) 0.139767 0.0547
R-ratio = -1
Experimental Stress Range = 36.67 ksi Weld Penetration 0.007093 0.6762
Failure Mode: WT@DECK Weld Throat (t) 0.011237 0.5987
Weld Height (h) 0.005336 0.7173
Number of Samples: 24
Weld Area (Ay) 0.219426 0.0137*
Weld Toe Size (d,) 0.630527 0.0106*
R-ratio = -1
Experimental Stress Range = 33.33 ksi Weld Penetration 0.135236 0.3302
Failure Mode: WT@DECK Weld Throat (t) 0.485763 0.0369*
Weld Height (h) 0.566106 0.0193*
Number of Samples: 9
Weld Area (Ay) 0.442688 0.0505
Weld Toe Size (d,) 0.523656 | <0.0001*
R-ratio =0
Experimental Stress Range = 33.33 ksi Weld Penetration 0.006951 0.6985
Failure Mode: WT@DECK Weld Throat (t) 0.008631 0.6659
Weld Height (h) 0.087336 0.1609
Number of Samples: 24
Weld Area (Ay) 0.657158 | <0.0001*
R-ratio=0 Weld Toe Size (d,) 0.02864 0.6189
Experimental Stress Range = 24.93 ksi Weld Penetration 0.208138 0.1584
Failure Mode: WR
Weld Throat (t) 0.236645 0.1292
Number of Samples: 11 Weld Height (h) 0.627773 0.0036*
Weld Area (Ay) 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 (d;) and the weld area (Ay) 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 “Root Mean Squared Error” (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? values are no longer used for models
with more than one factor because the R? value is dependent on the number of factors in
the model. The R? value increases as more factors are added to the model, therefore the
value is artificially biased. Instead, an adjusted R? 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

141



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? | RMSE

R-ratio = -1 d,, weld penetration, Lg(stress range) 0.4531 0.1804

Failure Mode: WT@DECK d,, weld penetration, h, Lg(stress range) 0.4404 0.1825
Sample Size: 37 d;, weld penetration, t, Lg(stress range) 0.4373 0.1830
R-ratio = 0 h, Ay, Lg(stress range) 0.9192 0.1128

Failure Mode: WT@DECK d, t, h, Ay, Lg(stress range) 0.9175 0.1140
Sample Size: 27 d;, h, Ay, Lg(stress range) 0.9165 0.1147
R-ratio = -1 d;, h, Ay, Lg(stress range) 0.5996 0.2523

Failure Mode: WT@RIB t, Lg(stress range) 0.5856 0.2566
Sample Size: 12 d, h, Lg(stress range) 0.5757 0.2597
R-ratio = -1 weld penetration, t, h, Lg(stress range) 0.6828 0.1051

Failure Mode: WR d;, weld penetration, t, h, Lg(stress range) 0.6764 0.1062
Sample Size: 15 weld penetration, t, h, A, 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 a. 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
Ay 0.00377*
R-ratio = -1 Forward Adjusted R? = 0.4289
) Lg(Stress Range) | 0.00221*
Failure Mode:
WT@DECK dy 0.00146*
) Backward Adjusted R?=0.4531 | Weld Penetration | 0.001189*
Sample Size: 37
Lg(Stress Range) | 0.00431*
h 0.00043*
Forward Adjusted R* = 0.9192 A, 0.00018*
R-ratio=0 13
) Lg(Stress Range) | 1.1x<10"°*
Failure Mode:
WT@DECK ds 0.00028*
) Weld Penetration | 0.02427*
Sample Size: 27 Backward Adjusted R? = 0.9147
h 0.0015*
Lg(Stress Range) | 1.4x10"%*

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 (Ay) is significant, while the backward

method predicts that d; 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? 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 A, factor
considerably reduces the significance of d; (increases the p-value) when it enters into the
model. The d; factor also decreases the significance of A, 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 ford; since it predicts less variance than Ay. Therefore, the d;
factor is redundant in this case. As illustrated in Figure 5.1, both d; and A, individually
predict a statistically significant variance in the response (number of fatigue cycles).
However, once combined, d; is no longer significant since a major portion of variance is
explained by A,. The significance level of Ay, is also reduced but remains above the
threshold p-value<0.05.

Response

Figure 5.1 d, as a redundant factor to A,
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Table 5.7 Combined effect of d; an A,

Response (Criterion): Lg(Cycles to Failure)

Data Group Model R? Factor | p-value
) d;, Lg(Stress Range) 0.3910 d; 0.03775*
R-ratio = -1
Failure Mode: WT@DECK Ay, Lg(Stress Range) 0.4607 Ay 0.00377*
BN
Sample Size: 37 di, Aw, Lg(Stress Range) 0.4608
Ay 0.04655*
) d, h, Lg(Stress Range) 0.9086 d; 0.00356*
R-ratio=0
Failure Mode: WT@DECK Ay, h, Lg(Stress Range) 0.9285 Ay 0.00018*
K
Sample Size: 27 di, h, Aw, Lg(Stress Range) | 0.9293

Ay 0.01858*

The relationship between d; 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 d; is included in the model. The significance level
of d; is also increased but to a lesser extent. This is a typical indication that d; is a
suppressor of the weld penetration, meaning that d; 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 d; 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 (d; and the weld penetration) act as suppressors and enhance each other’s
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 d;. The negative correlation between d; and the weld
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penetration is also a sign of cooperative suppression (Lewis, 1986).

Table 5.8 Combined effect of d; and weld penetration

Response (Criterion): Lg(Cycles to Failure)

Data Group Model R? Factor p-value
d;, Lg(Stress Range) 0.3910 d; 0.03775*
R-ratio =-1 Weld Penetration, Weld
Failure MOdEZ La(S R 0.3156 Penetration
WT@DECK g(Stress Range)
) ds 0.00146*
) d;, Weld Penetration,
Sample Size: 37 La(st R ) 0.4987 Weld
ress Range *
J J Penetration ULk
d, h, Lg(Stress Range) 0.9086 d; 0.00356*
R-ratio =0 Weld Penetration, h, Weld
Failure Mode: La(sS R 0.8667 Penetration
WT@DECK g(Stress Range)
ds 0.00028*
. d;, Weld Penetration, h,
Sample Size: 27 Lg(Stress Range) 0.9278 Weld .
. 0.02427
Penetration

Weld Penetration

Response

Figure 5.2 Factor d; 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 rys, Iy, and ryy,
respectively. According to Lewis (1986), the following conditions need to be satisfied to

qualify a redundancy relationship:

‘ryl‘ g ‘ry2‘|r12| >0 (Equation 5.1)

el > {1
The resulting effect on the regression coefficients can be expressed as:
0 < |Partial| < [Simple| (Equation 5.2)
The condition for suppression is as the follows:
Myalyal, <0 (Equation 5.3)
The resulting effect on the regression coefficients can be expressed as:
|Simple| < |Partiall (Equation 5.4)

Knowing the ry;, ry» and ri values from simple linear regression defined as the square
root of the regression coefficient R?, semi-partial correlation coefficients can be

calculated as follows (Pedhazer, 1982):

r _ ryl - ryzrlz
y@.2) — 2
y1-r15

ry2 - rylrlz

y@1) = 2
y1-r15

The overall regression coefficient (R?) is calculated as:

(Equation 5.5)
r

2 2
re +r,—2r..r.r
2 yl y2 y1l'y2'12 .
Ry= 1.2 (Equation 5.6)
12
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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 d; (1) and Ay, (2)

Data Group Response (y): Cycles to Failure
R-ratio = -1 R R’z R’ Ryaa | Riew R?12
Experimental Stress | 0.139767 | 0.219426 | 0.488805 | 0.004203 | 0.083862 0.223629
Range = 36.67 ksi
. RZ + R2
Failure Mode: M1 y2 M2 M2 My@.1) a2t Riyey
WT@DECK 0.373854 | 0.468429 | 0.699146 | 0.064832 | 0.28959 0.088065
R-ratio=0 R2y1 R2y2 R1 Rzy(le) Rzy(zyl) Rzy,lz
Experimental Stress | 0.523656 | 0.657158 | 0.568468 | 0.029294 | 0.162796 0.686452
Range = 33.33 ksi
. RZ + RZ
Failure Mode: M1 y2 M2 My My@2,1) yat Ry
WT@DECK 0.723641 | 0.810653 | 0.753968 | 0.171156 | 0.40348 0.192091

Table 5.10 Cooperative suppression between d; (1) and the weld penetration (2)

Data Group Response (y): Cycles to Failure
R—ratio =-1 R2yl R2y2 R212 R2y(1,2) R2y(2,1) R2y,12
Experimental Stress | 0.139767 | 0.007093 | 0.126057 | 0.186533 | 0.053859 |  0.193626
Range = 36.67 ksi ; ,
Failure Mode: Myt fy2 M2 Myw2) ey | Ryaat Ryey
WT@DECK 0.373854 | 0.08422 | -0.35505 | 0.431894 | 0.232075 |  0.240392
R-ratio = 0 R’y R’y R | Rywy | Riey Ry12
Experimental Stress | 0.523656 | 0.006951 | 0.116518 | 0.640255 | 0.12355 |  0.647206
Range = 33.33 ksi
2 2
Failure Mode: fy1 fy2 M2 lya2) ey | Ryaat Riyey
WT@DECK 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 (ryc,2) and ry(,1)) are less than the corresponding simple correlation
coefficients (ry1 and ryp) defined by Equation 5.2, especially for the d; factor. The
variance predicted by d; and A, reduces simultaneously by 0.135564 and 0.494362 for
the first and second data groups as they combined (R.2 - R%1 or R% 2.1 - R%). The
response variance uniquely predicted by both factors reduces by the same amount (Rzy(l,z)
+ R%2.1) - R%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
d; 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 d; (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 2 2 2 p2
Riwa+Ryeny > Ryuy Ry, =Ry,

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 d; 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? of above 0.65 for both load
ratios. Factor d; is positively correlated with Ay, 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, d; is also negatively correlated with t in the case of R=-1. It
is also found that d; and penetration combined can correlate with 80% variance of A,
(R?~0.80) for both load ratios, explaining similar fitness of the model with d; and

penetration and the model with A,,.

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 Ay, to a large extent, is determined by
the production of d;+penetration and weld height h. Therefore d; appears to be redundant
if Ay 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 d; 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.
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Response

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 d; is negatively
correlated (Appendix P). This is another demonstration that the weld toe sizes on both
plates (d; & 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 A,
affects the fatigue life positively to a large extent with R* ranging from 0.3 to 0.68. The
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weld toe sizes on the deck and rib plate, d; 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
curve— AASHTO C Curve, DNV D-Curve or IIW FAT-90 Curve.

The model with the best fit in this case includes weld toe size d;, weld throat t and weld
height h. Assume their regression coefficients are denoted as 1, B2 and Bs; the stress

range is denoted as o, the lower bound of the model can be expressed as:
Lg(Cycles) = B,d, +B,t +B,h —3Lg(c)+ Intercept—2x RMSE  (Equation 5.7)
The AASHTO C-Curve follows the equation of:
Lg(Cycles) = 9.643-3Lg(c) (Equation 5.8)
The lower bound curve should be above the AASHTO C-Curve, therefore:
B,d; +B,t+p;h + Intercept—2x RMSE > 9.643 (Equation 5.9)

The combined effect of d;, 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
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penetration because they are strongly correlated with each other. As shown d; and h
increase/decrease simultaneously since they have opposite effects in (Equation 5.9). The
satisfactory weld dimensions are not exclusive but can be optimized considering the
typical penetration and the limit for weld area A,,. A distribution analysis shows that the
penetration of the welds among these samples has a mean value of 66.6% and a lower
bound of 50.4%, including fillet welds which do not target for a specific penetration but
typically reach about 60%. The weld area A, in this case is again correlated with the
fatigue life, from where a value of 0.09063 in? is derived in order to maintain the lower
bound above C-Curve. Since Ay, is highly correlated d;, simple linear regression between
them suggests a d; value of 0.2181” corresponding to the minimum weld area
requirement. Considering the worst scenario of 50% penetration, this leads to an almost
equal weld height of 0.22” from Table 5.11, about 70% of the rib thickness.

The weld penetration does not affect the fatigue life as long as failures are not from weld
roots. In this sense a certain target penetration is not required thus fillet welds can be
directly applied without compromising the fatigue performance of the weld toes, so has
the tests proven. However, larger penetrations increases the possibility of the presence of
a root gap therefore raise the risk of cracking from the weld root. From the observation
to the specimens, it is found, however, almost all specimens did not present an open root
gap. Itis believed that the shrinkage of the welding material during the cooling process
pulled the gap closed. As the test results shows, only one out of 68 closed-gap specimens
failed from the weld root; and all the other 14 specimens that failed from weld roots had
open root gaps. It is very important to have closed gaps to avoid root failures. However,
because full penetration is not achievable for rib-to-deck welds, a small initial gap size
and sufficient welding material are preferred to close the root gap by the shrinkage.

Since the specimens with closed gaps have average penetrations of 66.6%, it is
recommended to require the weld penetration not less than 70% in the fabrication, which
reduces the probability of getting a melt-through defect, as well as ensures closed root
gaps. An initial gap size of less than 0.02” is also recommended to further help achieve

closed gaps.
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Table 5.11 Minimum Dimensions for d; (in)

Weld Penetration 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

h t 0.0605 | 0.0982 | 0.1359 | 0.1736 | 0.2113 | 0.2490 0.2866 0.3243 0.3620 0.3997 0.4374
0 0.3502 | 0.2790 | 0.2078 | 0.1367 | 0.0655 | -0.0057 | -0.0768 | -0.1480 | -0.2192 | -0.2903 | -0.3615

0.02 0.3714 | 0.3002 | 0.2290 | 0.1579 | 0.0867 | 0.0155 | -0.0556 | -0.1268 | -0.1979 | -0.2691 | -0.3403

0.04 0.3926 | 0.3214 | 0.2502 | 0.1791 | 0.1079 0.0368 -0.0344 | -0.1056 | -0.1767 | -0.2479 | -0.3191

0.06 0.4138 | 0.3426 | 0.2715 | 0.2003 | 0.1291 0.0580 -0.0132 | -0.0844 | -0.1555 | -0.2267 | -0.2979

0.08 0.4350 | 0.3638 | 0.2927 | 0.2215 | 0.1503 0.0792 0.0080 -0.0632 | -0.1343 | -0.2055 | -0.2767

0.1 0.4562 | 0.3850 | 0.3139 | 0.2427 | 0.1715 0.1004 0.0292 -0.0420 | -0.1131 | -0.1843 | -0.2555

0.12 0.4774 | 0.4062 | 0.3351 | 0.2639 | 0.1927 0.1216 0.0504 -0.0208 | -0.0919 | -0.1631 | -0.2342

0.14 0.4986 | 0.4274 | 0.3563 | 0.2851 | 0.2140 0.1428 0.0716 0.0005 -0.0707 | -0.1419 | -0.2130

0.16 0.5198 | 0.4487 | 0.3775 | 0.3063 | 0.2352 0.1640 0.0928 0.0217 -0.0495 | -0.1207 | -0.1918

0.18 0.5410 | 0.4699 | 0.3987 | 0.3275 | 0.2564 0.1852 0.1140 0.0429 -0.0283 | -0.0995 | -0.1706

0.2 0.5622 | 0.4911 | 0.4199 | 0.3487 | 0.2776 0.2064 0.1352 0.0641 -0.0071 | -0.0783 | -0.1494

0.22 0.5834 | 0.5123 | 0.4411 | 0.3699 | 0.2988 | 0.2276 0.1564 0.0853 0.0141 | -0.0570 | -0.1282

0.24 0.6046 | 0.5335 | 0.4623 | 0.3911 | 0.3200 0.2488 0.1777 0.1065 0.0353 -0.0358 | -0.1070
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Weld Penetration 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
h t 0.0605 | 0.0982 | 0.1359 | 0.1736 | 0.2113 | 0.2490 0.2866 0.3243 0.3620 0.3997 0.4374
0.26 0.6259 | 0.5547 | 0.4835 | 0.4124 | 0.3412 | 0.2700 0.1989 0.1277 0.0565 | -0.0146 | -0.0858
0.28 0.6471 | 0.5759 | 0.5047 | 0.4336 | 0.3624 | 0.2912 0.2201 0.1489 0.0777 0.0066 | -0.0646
0.3 0.6683 | 0.5971 | 0.5259 | 0.4548 | 0.3836 0.3124 0.2413 0.1701 0.0989 0.0278 -0.0434
0.32 0.6895 | 0.6183 | 0.5471 | 0.4760 | 0.4048 0.3336 0.2625 0.1913 0.1201 0.0490 -0.0222
0.34 0.7107 | 0.6395 | 0.5683 | 0.4972 | 0.4260 0.3549 0.2837 0.2125 0.1414 0.0702 -0.0010
0.36 0.7319 | 0.6607 | 0.5896 | 0.5184 | 0.4472 | 0.3761 0.3049 0.2337 0.1626 0.0914 0.0202
0.38 0.7531 | 0.6819 | 0.6108 | 0.5396 | 0.4684 | 0.3973 0.3261 0.2549 0.1838 0.1126 0.0414
0.4 0.7743 | 0.7031 | 0.6320 | 0.5608 | 0.4896 0.4185 0.3473 0.2761 0.2050 0.1338 0.0626
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52  Multi-way ANCOVA

From the preliminary analysis it is shown that factors of the failure mode and R ratio are

significant to the fatigue life. To confirm this conclusion, as well as to discover potential

influential factors that were not found before, other ANCOVA analyses are conducted

more in depth.

As suggested by the preliminary ANCOVA summarized in Table 5.3, the failure mode

and R-ratio were significant to the fatigue life. None of the weld dimensions were

effective since they were entered in the model altogether. Therefore two other ANCOVA

analyses are performed to confirm the effects of test scenarios and to isolate the

significant weld dimensions.

The first ANCOVA has four categorical factors: specimen series, failure mode, root gap

openness and R-ratio, with only Lg(stress range) as the covariant. The analysis resulted

in similar findings as in the preliminary analysis, as summarized in Table 5.12. Further

analyses show that the model with only factors of failure mode and R-ratio has an

improved model fit; the model with factors of specimen series and root gap exhibits a

lack of fit. Therefore these two factors are not included in the following analyses.

Table 5.12 Summary of Model Fitting — Fatigue Test Scenarios

Response (Dependent Variable)

Overall Model Fitness

Lg (Cycles to Failure) R?=0.62622 R? (Adjusted)=0.56623
Factors (Independent Variables) p-value Power
Specimen Series 0.0667 0.7428
Failure Mode <0.0001* 0.9987
Root Gap 0.4323 0.1221
R-ratio <0.0001* 0.9999
Lg (SHS-0515 Extrapolation) 0.0001* 0.9837
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The second ANCOVA further investigates the effects of fatigue test scenarios with the
weld dimensions taken into account, to build the model with the highest fit and
interactions of significant factors. The stepwise analysis shows that the best model
includes weld toe size d;, weld throat t and weld height h, besides the failure mode and
R-ratio, as summarized in Table 5.13. The model fitting report can be found in Appendix
R. As shown below, similar weld dimensions are again attributed to the variance of
fatigue life. According to the model fitting report, fatigue failures occurred the weld
roots have noticeably shorter fatigue lives than failures occurred at weld toes since
nominal stress is calculated for weld roots. Failures occurred at both weld toes have
statistically the same fatigue resistance. Specimens tested under R=0 have the lowest
fatigue resistance with a lower bound S-N curve right above AASHTO Category C. No
root failure is found in this test scenario since the weld root undergoes reverse stress state
as weld toes. All test results are re-grouped into four categories considering failure
modes and R-ratios, the average and lower bound S-N curves are shown in Figure 5.4 and
5.5. Note that the specimens failed at two weld toes with R=-1 actually follow the same
S-N curve, indicated by their individual curves very close to each other. The majority of
specimens under R=0 failed at WT@DECK with only one exception of WT@RIB,;

therefore their S-N curves are plotted jointly as the one labeled as R=0.

Table 5.13 Summary of Model Fitting — All Significant Factors

Response (Dependent Variable) Overall Model Fitness
Lg (Cycles to Failure) R?=0.630118 R? (Adjusted)=0.595711
Factors (Independent Variables) p-value Power
Weld Toe Size d; 0.0035* 0.8425
Weld Throat t 0.0007* 0.9378
Weld Height h 0.0416* 0.5342
Failure Mode <0.0001* 1.0000
R-ratio <0.0001* 1.0000
Lg (SHS-0515 Extrapolation) <0.0001* 0.9920
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Figure 5.4 Mean S-N curves for all specimens
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Figure 5.5 Lower bound S-N curves for all specimens
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As shown Figure 5.4 all the mean curves fall way above the AASHTO C Curve however
the lower bound curve for the worst scenario (R=0) falls above AASHTO C Curve but
below AASHTO B’ Curve. Considering full tensile stress cycle is not a rare event during
the life time of a bridge, AASHTO C Curve should be used in engineering design for rib-
to-deck welds to guarantee a 95% probability of survival. This corresponds to the DNV
and 1IW recommendations, where DNV D Curve and [IW FAT-90 Curve are proposed.
The comparison is shown in Figure 5.6. Thickness correction is performed for DNV D
Curve. As can be seen, three proposed curves are essentially the same.
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Figure 5.6 Lower bound S-N curves in comparison with proposed curves

By obtaining the mean S-N curves for both R ratios, it is possible to estimate the level of
residual stress involved in the tests under R=-1 by comparing the two mean curves,
regarding the curve for R=0 as unbiased. Most of the specimens with R=-1 are tested
under 36.67 ksi, corresponding to a fatigue life of 1172373 cycles on the mean curve for
R=-1. However, this amount of fatigue cycles are in fact caused by a stress range of
25.094 ksi, according to the mean curve for R=0. This leads to the residual stress as
25.094-36.67/2=6.761 ksi.
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Chapter 6. Conclusions and Recommendations

6.1 Summary

This research performed in Virginia Tech aimed to provide recommendations on both
design and detailing levels concerning the fatigue issues of rib-to-deck welds on steel
orthotropic decks. For this purpose the effects of different test scenarios and weld
dimensions were studied theoretically, experimentally and statistically, in order to
propose the proper S-N curve as the reference for design, as well as to optimize the shape

and size of the welds.

To establish S-N curves for this structural detail under different test scenarios, both
fatigue cycles and the stress state at the potential crack locations needed to be evaluated.
By fatigue testing 95 specimens with rib-to-deck welds produced by three different types
of welding processes across seven specimen series with different target weld
penetrations, the fatigue cycles were recorded under different load ratios and root gap
conditions. To study the stress state at the fatigue critical locations, a method called hot-
spot stress analysis was applied, which evaluated all weld toes altogether by using a
single S-N curve. Finite element modeling was employed to derive the hot-spot stresses
at weld toes. Since the method is currently only limited to weld toes, traditional nominal
stresses calculated from first-order elastic structural analysis were still used for weld
roots. Notch stresses were also calculated using fictitious rounding method to study the
effect of the presence of an open root gap.

From the fatigue tests three failure modes were found: fatigue cracks at the weld toe into
the deck plate (WT@DECK), at the weld toe into the rib wall ( WT@RIB) and from the
weld root through the weld (WR). Only the first failure mode presented in the first stage
of the tests conducted in TFHRC but all three failure modes were found in the tests
performed in VT. The presence of the second failure mode was attributed to the different
sizes of the bearing plates involved. Since the bearing plates used in VT were narrower
(3.75”) than the ones used in TFHRC (5”), more bending effect was induced which raised
the stress range at the weld toe on the rib plate, so has demonstrated by FE analysis.
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Fatigue cracks from weld roots were attributed to the presence of open root gaps. Strong

correlation between the root gap condition and the third failure mode was shown from the
test results that suggested the open gaps directly caused fatigue cracks to occur from weld
roots. Similar findings were also obtained from notch stress analysis that showed a stress

range increase at the inner tip of the open root gap.

To investigate the effect of different weld dimensions on the fatigue resistance for
detailing requirements, statistical analysis was adopted under the circumstance without
any available theoretical equations. Multiple linear regression (MLR) analyses were
performed for this purpose accounting for the possible interactions among individual
dimensions. The findings were then explained physically from a structural point of view.
Recommendations were made regarding to the detailing requirements. Another statistical
analysis, multi-way analysis of covariance (ANCOVA) was also performed to investigate
the effect of parameters involved in fatigue tests such as the specimen series, failure
mode, load ratio, and root gap condition. This analysis resulted in re-categorizing test
data based on their failure modes and R-ratios so that the worst case could be found and
the lower bound S-N curve could be established.

6.2 Conclusions and Recommendations

The validity of hot-spot stress analysis for weld toes has been demonstrated by its
corresponding S-N curve being consistent with the proposed curves (AASHTO C, DNV
D and IIW FAT-90) as shown in Figure 5.6. It is found through the finite element
analysis, though, that LSE method generally exhibited a higher mesh-sensitivity than
TTWT method. The first element in front of the weld toe is recommended to be limited
out of the region of read-out points since the stress prediction within that element is
heavily affected by the notch effect. A transition region between the first read-out point
and the weld toe is very helpful to capture a better stress peak, but in any case the notch
stress should be calculated with more elaborate methods, for example, the fictitious
rounding method.

Certain requirements are recommended for the detailing of the weld dimensions.

Although it is very difficult to completely isolate one dimension from the others due to
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the correlations among them, it was found that generally the weld toe sizes of both weld
toes are significant to the fatigue resistance of the weld. The weld toe size positively
affects the fatigue resistance of the local weld toe but negatively on the other weld toe.
Both toe sizes need to be increase/decrease simultaneously to ensure balanced fatigue
resistance on both weld toes. The weld area is also significant to the fatigue performance
and is referred to set the lower limits of toe sizes. In other words, comparable toe sizes
need to be maintained (i.e., one toe should not be excessively larger than the other); also
both weld toes should be large enough to make sure the weld area is sufficient, so that the
lower bound curve can be guaranteed above AASHTO C Curve. Through statistical
calculations, it is recommended that both toes should be not less than 0.7 times of the rib

plate thickness.

Weld penetration is found to be generally not related to the fatigue performance of the
weld toes, which are the primary cracking locations. However, excessive lack of
penetration may leave a large initial root gap that is difficult to be pulled closed by the
weld shrinkage during the cooling process. It is found in the test results that open root
gaps directly caused fatigue cracks occurring from weld roots. Since the design
philosophy is to completely eliminate root failures due to its inaccessibility for inspection
and catastrophic consequences, all root gaps should be closed. From the measurements
of the tested specimens, it is found that with an average of 66.6% penetration, all the root
gaps were closed by the shrinkage unless the root gap was intended to be made open (OB
series and saw-cut specimens). Therefore a penetration of not less than 70% and an
initial gap size of not more than 0.02” are recommended to close the root gaps during the

cooling process.

Failure modes and R-ratios are found to be influential to the fatigue performance.

Among the three failure modes, the one at weld roots has lower fatigue resistance while
the other two at weld toes have statistically the same fatigue resistance. Specimens tested
under R=0 have much lower fatigue resistance than the ones tested under R=-1. This is
attributed to that the residual stress is not high enough to offset the entire compressive
stress cycle into tensile for the case of R=-1. By comparing the two mean S-N curves

corresponding to R=0 and R=-1, the residual stress is calculated as 6.761 ksi for the

162



specimens tested under 36.67 ksi experimental stress range with R=-1.

The specimens that failed from weld toes with R=0 appear to be the worst scenario with
the lowest S-N curve. The lower bound curve with a 95% possibility of survival for this
scenario falls above AASHTO C Curve but below B’ Curve, so as found by other
researchers. Considering full tensile stress cycle is likely to happen during the lifetime of

a bridge, AASHTO C curve is recommended for the fatigue design of rib-to-deck welds.
6.3  Future Research

Currently the hot-spot stress method is limited to weld toes only. The reason is that the
hot-spot stress method assumes the disparity between the predicted structural stress and
the actual stress is uniform throughout all weld toes. Hence the fatigue resistance for all
weld toes follows the same S-N curve. However this assumption no longer holds for
weld roots since the notch effect is much more severe thus it follows a different S-N
curve; especially for open root gaps since it creates a crack-like defect, whose fatigue
resistance highly depends on the local geometry thus difficult to be captured by a single
S-N curve. A more comprehensive methodology to determine the stress range including
for weld roots is needed to be developed so that a unified S-N curve can be achieved. In
this study such method is not available so conservatism is involved that the root gap is
required to be closed to prevent any root failures.

It is observed in the test results that specimens failed at weld toes under full tensile stress
range (R=0) have the lowest fatigue resistance. Specimens failed at weld roots have a
lower S-N curve than the ones failed at weld toes with R=-1; but failures at weld roots
were not found under R=0 since the weld root in this case experienced full compressive
stress cycles (ignoring the residual stress). The fatigue performance for the weld root
under more severe circumstances is not investigated. Nevertheless, root failures are

aimed to be completely avoided by following the recommended detailing requirements.

It is concluded that the R-ratio has a significant effect on the fatigue resistance, while
only two R-ratios are involved in the tests. It is possible to obtain more realistic R-ratio

values for actual bridges by long-term monitoring or extensive full-scale bridge modeling
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so that design requirements can be improved accordingly. Before acquiring this
information, the design curve is recommended as AASHTO C to account for the worst
scenario (R=0). The residual stress calculation can also be improved by including a
range of different R-ratios.

An initial tight fit for the weld root is preferred to help eliminate root gaps after the weld
fabrication. However zero initial gap size raises very high requirement to the straightness
of the rib edge and flatness of the deck plate and is often very difficult to achieve. Itis
observed in the specimens that all the root gaps are closed by the shrinkage of the weld
with the presented weld toe size, penetration and initial gap size of 0.02”, which is
claimed by the fabricator to be achievable. Such requirements are then recommended
accordingly. However, further research is appreciated on this matter including welds
from different fabricators, or finite element modeling accounting for the heat transfer and
shrinkage during the cooling process; so that requirements for sizes of the weld and the

initial gap can be established with higher rationality.
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Appendix A Arrangement of Specimens on Full-Scale Deck
Strips from TFHRC
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Appendix B Test Results from TFHRC

Table B.1 Test Results of GM-80 Series

Load Experimental |
Specimen Range Stress Range | Load | Cyclesto Failure Mode
) Ratio Failure
(Ibs) (ksi)
GM-81 | 2750/-2750 36.66 -1 888807 | Crack in deck plate at east rib leg
GM-82 0/5000 33.33 0 20000655 | Test stopped without cracking
GM-83 0/2750 18.33 0 18253515 | Crack in deck plate at east rib leg
GM-84 |2500/-2500 |  33.33 1 | 6060816 ﬁt';aﬁ:;thm“gh weld throat at east
GM-85 | 2750/ -2750 36.66 -1 770672 | Crack in deck plate at east rib leg
GM-86 | 2500 /-2500 33.33 -1 1517705 | Crack in deck plate at east rib leg
GM-87 | 2750/ -2750 36.66 -1 751609 | Crack in deck plate at east rib leg
GM-88 0/5000 33.33 0 302451 | Crack in deck plate at east rib leg
GM-89 | 1250/-1250 16.66 -1 10000000 | Test stopped without cracking
GM-810 0 /5000 33.33 0 296571 Cracks in dec_k plate at both legs,
west leg dominate
GM-811 | 2500/ -2500 33.33 -1 1390062 | Crack in deck plate
GM-812 |2000/-2000 |  26.66 1| 2112004 Iig""k in deck plate at west rib
GM-813 | 1250/ -1250 16.66 -1 10000000 | Test stopped without cracking
GM-814 0/ 6000 40.00 0 146635 Cracks in dec_k plate at both legs,
west leg dominate
GM-815 | 2500/ -2500 33.33 -1 863459 | Crack in deck plate at east rib leg
GM-816 | 2500/ -2500 33.33 -1 1657918 | Crack in deck plate
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Table B.2 Test Results of FIL Series

Experimental

Load Range
Specimen 9 | stress Range | Load | Cyclesto Failure Mode
(Ibs) . Ratio | Failure
(ksi)
FIL-1 0/5000 33.33 0 | 308351 | Crackindeck plate at both
' rib legs, west leg dominate
FIL2 | 0/5000 33.33 0 | 352081 | Crackindecknplate at both
' rib legs, east leg dominate
FIL3 | 0/5000 33.33 0 | 302027 | Crackindecknplate at both
' rib legs, east leg dominate
FIL-4 | 2750/-2750 36.66 1 | 698763 IcraCk in deck plate at east rib
. o
FIL5 | 2750/ -2750 36.66 1 | 855918 ﬁt';aﬁ:;'” deck plate at west
FIL6 | 2750/-2750 36.33 1| 2179319 | Crackin deck plate at both
ribs, east rib most dominate
FIL-7 | 2750/-2750 36.66 1 | s7oa1s | Crackin deck plate at both
rib legs, west leg larger
FIL-8 | 2750/ -2750 36.66 4 | 529113 | Crackindeck plate at both

rib legs, west leg dominate
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Table B.3 Test Results of SA-20 Series

Experimental

Load Range
Specimen 9 | Stress Range | Load | Cyclesto Failure Mode
(Ibs) . Ratio | Failure
(ksi)
SA-21 | 2750/-2750 |  36.66 1 | 750096 | Crackindeck plate at both rib
' legs, east leg dominate
SA-22 | 2750/ -2750 36.66 1| 2690351 | Deck plate cracks at both rib
legs, west leg dominate
SA-23 | 2750/-2750 |  36.66 1 | 708693 | Srackin deck plate at both rib
' legs, east leg dominate
SA-24 | 2750/ -2750 36.66 1 | 381990 ﬁgali}‘;'” deck plate at west
SA-25 | 2750/-2750 36.66 1 | 534364 ﬁt';aﬁ:;'” deck plate at west
SA-26 0/ 5000 33.33 0 258639 C.lr)afk in deck plate at west
' rib leg
SA-27 0/5000 33.33 0 | 2201m1 C.Lal‘:k in deck plate at west
rib leg
SA-28 0/5000 33.33 0 | 238136 | Crackin deck plate at west

rib leg
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Table B.4 Test Results of SA-40 Series

Experimental

Load Range
Specimen 9 | stressRange | Load | Cyclesto Failure Mode
(Ibs) . Ratio | Failure
(Ksi)
SA-41 | 2750/ -2750 36.66 1| 643413 Ii;;“’k In deck plate at west
SA42 | 2750/-2750 |  36.66 1| 540472 | Crackin deck plate at both rib
' legs, west leg dominate
SA43 | 2750/-2750 | 36.66 1 | 607547 | Crackindeckplate at both rib
' legs, west leg dominate
SA-44 | 2750/-2750 |  36.66 1| sap7go | Creckin deckplate atwestrib
. o
SA45 | 2750/-2750 | 36.66 1| eagoe3 | Creckin deckcplate atwestrib
eg
SA-46 0/5000 33.33 0 294621 | Crackin deck plate at both rib
' legs, west leg dominate
SA-47 0/5000 33.33 0 300716 | Crack in deck plate at west rib
' leg
Crack in deck plate at east rib
leg. Crack started on north
SA-48 0/5000 33.33 0 | 407819 | ©d9e found stripped rod

supporting roller and
probably affected load
distribution
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Table B.5 Test Results of SA-60 Series

Load Experimental Load | Cvelest
i Range Stress Range oa ycles 10 :
Specimen g ' g Ratio | Failure Failure Mode
(Ibs) (ksi)
Crack in deck plate at both
SA-61 0 /5000 33.33 0 317240 | 0 et log dominats
Crack in deck plate at both
SA-62 0/ 5000 33.33 0 257016 | 0 et log dominato
Crack in deck plate at both
SA-63 0/ 5000 33.33 0 286626 | i loce ot log dominats
SA-64 | 2750/ -2750 36.66 1 629917 ﬁgaﬁe‘;;”faiﬁgg%tgnﬁfa‘ih
SA65 | 2750/ -2750 36.66 1 | 2074221 ﬁgaﬁe'é'” deck plate at east
SA-66 | 2750/ -2750 36.66 1 860759 ﬁl;alcezm deck plate at west
SA-67 | 2750/-2750 36.66 1 | sgg15e | Crackin deck plate at both
rib legs, west leg dominate
SA68 | 2750/-2750 36.66 1 | 521486 | Crackin deckplate at just
west rib leg
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Appendix C  Test Results from VT

Table C.1 Test Results of SA-80 Series

Specimen Load_Range Loa_d Nominal Str_ess Number of Failure
(kips) Ratio Range (Kksi) Cycles Mode

SA-81 25/-25 -1 29.10 689,134 WT-RIB
SA-83 25/-25 -1 29.10 3,732,998 WT-RIB
SA-84 25/-25 -1 29.10 2,321,046 WT-RIB
SA-85 25/-25 -1 33.33 3,332,973 WT-DECK
SA-86 25/-25 -1 33.33 2,623,398 WT-DECK
SA-87 25/-25 -1 31.90 3,399,577 WT-RIB
SA-88 25/-25 -1 31.90 2,743,534 WT-RIB
SA-89 2.75/-2.75 -1 35.09 283,556 WT-RIB
SA-810 25/-25 -1 29.10 869,732 WT-RIB
SA-811 2.75/-2.75 -1 35.09 617,702 WT-RIB
SA-812 2.75/-2.75 -1 36.67 1,930,296 WT-DECK
SA-813 2.75/-2.75 -1 36.67 1,782,037 WT-DECK
SA-814 0/5 0 33.33 1,417,734 WT-DECK
SA-815 0/5 0 33.33 943,434 WT-DECK
SA-816 0/5 0 33.33 927,241 WT-DECK
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Table C.2 Test Results of OB Series

Specimen Load_Range R_ Nominal Str_ess Range | Number of Failure
(kips) Ratio (ksi) Cycles Mode

0OB-01 25/-25 -1 27.75 647,879 WR
0OB-02 25/-25 -1 27.75 981,142 WR
OB-03 25/-25 -1 27.75 2,385,939 WR
OB-04 25/-25 -1 27.75 1,376,487 WR
0OB-05 0/5 0 33.33 574,148 WT-DECK
OB-06 0/5 0 33.33 688,273 | WT-DECK
OB-07 2.75/-2.75 -1 30.52 1,076,871 WR
0OB-08 2.75/-2.75 -1 30.52 618,383 WR
0B-09 25/-25 -1 27.75 2,451,238 WR
0OB-10 25/-25 -1 27.75 1,056,726 WR
OB-11 25/-25 -1 27.75 996,626 WR
OB-12 25/-25 -1 27.75 1,316,952 WR
0OB-13 0/5 0 33.33 990,806 WT-DECK
OB-14 0/5 0 33.33 979,089 WT-DECK
OB-15 2.75/-2.75 -1 35.09 660,272 WT-RIB
OB-16 2.75/-2.75 -1 30.52 768,171 WR
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Table C.3 Test Results of UB Series

Specimen Load_Range R_ Nominal Str_ess Range | Number of Failure
(kips) Ratio (ksi) Cycles Mode

UB-01 25/-25 -1 33.33 1,359,570 | WT-DECK
UB-02 25/-25 -1 27.75 694,734 WR
UB-03 25/-25 -1 31.90 2,011,029 WT-RIB
UB-04 25/-25 -1 33.33 1,372,641 | WT-DECK
UB-05 0/5 0 33.33 386,829 WT-DECK
UB-06 0/5 0 33.33 474,226 WT-DECK
UB-07 2.75/-2.75 -1 36.67 1,292,525 | WT-DECK
UB-08 2.75/-2.75 -1 36.67 1,182,601 | WT-DECK
UB-09 25/-25 -1 33.33 2,024,920 | WT-DECK
UB-10 25/-25 -1 N/A 4,725,868 RIB TOP
UB-11 25/-25 -1 27.75 1,483,203 WR
UB-12 25/-25 -1 27.75 1,590,018 WR
UB-13 0/5 0 31.90 448,014 WT-RIB
UB-14 0/5 0 33.33 591,939 WT-DECK
UB-15 2.75/-2.75 -1 30.52 856,676 WR
UB-16 2.75/-2.75 -1 35.09 1,177,345 WT-RIB
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Appendix D Weld Dimensions

Table D.1 Weld Dimensions of GM-80 Series

Specimen Weld Location | d; (in) | d, (in) | ds (in) | da (in) | do/ds | ds (in) | T @in) | hy (in) | hy (in) | h(in) | t, (in) | Ay (in?)
1 0.278 | 0.241 | 0.105 | 0.346 | 0.698 | 0.624 | 0.332 | 0.317 | 0.059 | 0.378 | 0.307 | 0.106

2 0.213 | 0.262 | 0.057 | 0.318 | 0.822 | 0.531 | 0.360 | 0.330 | 0.061 | 0.391 | 0.313 | 0.123

3 0.197 | 0.247 | 0.080 | 0.327 | 0.756 | 0.524 | 0.309 | 0.201 | 0.055 | 0.256 | 0.318 | 0.104

CM-81 4 0.193 | 0.256 | 0.067 | 0.323 | 0.792 | 0.516 | 0.308 | 0.286 | 0.061 | 0.347 | 0.319 | 0.090
Average1&3 | 0.237 | 0.244 | 0.092 | 0.336 | 0.727 | 0.574 | 0.321 | 0.259 | 0.057 | 0.317 | 0.313 | 0.105
Average 2 & 4 | 0.203 | 0.259 | 0.062 | 0.321 | 0.807 | 0.523 | 0.334 | 0.308 | 0.061 | 0.369 | 0.316 | 0.106

1 0.189 | 0.251 | 0.103 | 0.355 | 0.709 | 0.440 | 0.342 | 0.227 | 0.065 | 0.293 | 0.325 | 0.091

2 0.255 | 0.219 | 0.100 | 0.319 | 0.687 | 0.574 | 0.342 | 0.286 | 0.053 | 0.338 | 0.315 | 0.115

3 0.208 | 0.244 | 0.078 | 0.322 | 0.757 | 0.530 | 0.313 | 0.288 | 0.065 | 0.353 | 0.315 | 0.091

cM-82 4 0.221 | 0.252 | 0.080 | 0.332 | 0.759 | 0.553 | 0.325 | 0.255 | 0.057 | 0.311 | 0.327 | 0.099
Average 1 & 3 | 0.198 | 0.248 | 0.091 | 0.338 | 0.733 | 0.485 | 0.328 | 0.257 | 0.065 | 0.323 | 0.320 | 0.091
Average 2 & 4 | 0.238 | 0.235 | 0.090 | 0.325 | 0.723 | 0.563 | 0.333 | 0.270 | 0.055 | 0.325 | 0.321 | 0.107
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

1 0.194 | 0.257 | 0.063 | 0.320 | 0.805 | 0.513 | 0.357 | 0.248 | 0.059 | 0.307 | 0.314 | 0.104

2 0.166 | 0.245 | 0.074 | 0.319 | 0.768 | 0.485 | 0.310 | 0.190 | 0.061 | 0.252 | 0.313 | 0.090

3 0.220 | 0.249 | 0.072 | 0.321 | 0.775 | 0.541 | 0.332 | 0.227 | 0.052 | 0.282 | 0.317 | 0.099

cM-83 4 0.180 | 0.256 | 0.073 | 0.329 | 0.778 | 0.509 | 0.333 | 0.223 | 0.065 | 0.288 | 0.322 | 0.092
Average1 &3 | 0.207 | 0.253 | 0.067 | 0.321 | 0.790 | 0.527 | 0.344 | 0.238 | 0.056 | 0.295 | 0.315 | 0.101

Average2 &4 | 0.173 | 0.250 | 0.073 | 0.324 | 0.773 | 0.497 | 0.322 | 0.206 | 0.063 | 0.270 | 0.318 | 0.091

1 0.220 | 0.226 | 0.097 | 0.322 | 0.700 | 0.542 | 0.336 | 0.295 | 0.039 | 0.334 | 0.320 | 0.117

2 0.167 | 0.225 | 0.105 | 0.330 | 0.681 | 0.497 | 0.336 | 0.252 | 0.069 | 0.321 | 0.323 | 0.085

3 0.220 | 0.205 | 0.115 | 0.320 | 0.640 | 0.540 | 0.317 | 0.275 | 0.038 | 0.313 | 0.318 | 0.076

cM-84 4 0.168 | 0.273 | 0.046 | 0.318 | 0.857 | 0.486 | 0.363 | 0.254 | 0.066 | 0.320 | 0.312 | 0.099
Average1 &3 | 0.220 | 0.215 | 0.106 | 0.321 | 0.670 | 0.541 | 0.327 | 0.285 | 0.039 | 0.324 | 0.319 | 0.096

Average2& 4 | 0.168 | 0.249 | 0.075 | 0.324 | 0.769 | 0.492 | 0.349 | 0.253 | 0.067 | 0.320 | 0.317 | 0.092

1 0.217 | 0.252 | 0.053 | 0.305 | 0.828 | 0.522 | 0.347 | 0.222 | 0.052 | 0.275 | 0.300 | 0.105

GM-85 2 0.154 | 0.274 | 0.043 | 0.317 | 0.863 | 0.471 | 0.348 | 0.226 | 0.061 | 0.286 | 0.311 | 0.092
3 0.220 | 0.246 | 0.063 | 0.309 | 0.797 | 0.529 | 0.347 | 0.245 | 0.052 | 0.297 | 0.305 | 0.099
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

4 0.170 | 0.248 | 0.065 | 0.313 | 0.792 | 0.483 | 0.327 | 0.206 | 0.061 | 0.267 | 0.307 | 0.093

Average 1 &3 | 0.219 | 0.249 | 0.058 | 0.307 | 0.812 | 0.526 | 0.347 | 0.234 | 0.052 | 0.286 | 0.302 | 0.102

Average2& 4 | 0.162 | 0.261 | 0.054 | 0.315 | 0.827 | 0.477 | 0.337 | 0.216 | 0.061 | 0.276 | 0.309 | 0.092

1 0.162 | 0.265 | 0.061 | 0.325 | 0.814 | 0.487 | 0.350 | 0.224 | 0.063 | 0.286 | 0.319 | 0.093

2 0.157 | 0.254 | 0.076 | 0.330 | 0.770 | 0.411 | 0.352 | 0.256 | 0.055 | 0.311 | 0.225 | 0.116

3 0.185 | 0.262 | 0.079 | 0.340 | 0.768 | 0.526 | 0.350 | 0.222 | 0.068 | 0.290 | 0.334 | 0.099

GM-86 4 0.216 | 0.195 | 0.135 | 0.330 | 0.592 | 0.545 | 0.304 | 0.230 | 0.056 | 0.286 | 0.325 | 0.090
Average1&3 | 0.174 | 0.263 | 0.070 | 0.333 | 0.791 | 0.507 | 0.350 | 0.223 | 0.065 | 0.288 | 0.326 | 0.096

Average2 &4 | 0.187 | 0.224 | 0.105 | 0.330 | 0.681 | 0.478 | 0.328 | 0.243 | 0.056 | 0.299 | 0.275 | 0.103

1 0.181 | 0.268 | 0.047 | 0.315 | 0.851 | 0.496 | 0.357 | 0.251 | 0.056 | 0.308 | 0.310 | 0.100

2 0.196 | 0.256 | 0.055 | 0.312 | 0.822 | 0.508 | 0.332 | 0.206 | 0.063 | 0.269 | 0.305 | 0.101

GM-87 3 0.195 | 0.255 | 0.060 | 0.316 | 0.809 | 0.511 | 0.341 | 0.235 | 0.057 | 0.292 | 0.310 | 0.098
4 0.165 | 0.267 | 0.054 | 0.321 | 0.831 | 0.486 | 0.334 | 0.222 | 0.062 | 0.284 | 0.315 | 0.093

Average1 &3 | 0.188 | 0.262 | 0.054 | 0.315 | 0.830 | 0.503 | 0.349 | 0.243 | 0.056 | 0.300 | 0.310 | 0.099
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
Average2 &4 | 0.181 | 0.261 | 0.055 | 0.316 | 0.827 | 0.497 | 0.333 | 0.214 | 0.062 | 0.276 | 0.310 | 0.097
1 0.244 | 0.219 | 0.106 | 0.325 | 0.674 | 0.569 | 0.338 | 0.243 | 0.054 | 0.297 | 0.320 | 0.104
2 0.174 | 0.255 | 0.072 | 0.326 | 0.780 | 0.500 | 0.339 | 0.241 | 0.062 | 0.303 | 0.320 | 0.092
3 0.233 | 0.229 | 0.093 | 0.322 | 0.711 | 0.554 | 0.351 | 0.274 | 0.055 | 0.329 | 0.317 | 0.112
cM-88 4 0.141 | 0.276 | 0.051 | 0.327 | 0.844 | 0.468 | 0.350 | 0.218 | 0.062 | 0.280 | 0.321 | 0.095
Average1&3 | 0.238 | 0.224 | 0.099 | 0.323 | 0.693 | 0.562 | 0.344 | 0.259 | 0.054 | 0.313 | 0.319 | 0.108
Average2 &4 | 0.157 | 0.265 | 0.061 | 0.327 | 0.812 | 0.484 | 0.344 | 0.230 | 0.062 | 0.292 | 0.321 | 0.094
1 0.171 | 0.253 | 0.059 | 0.312 | 0.810 | 0.483 | 0.309 | 0.308 | 0.046 | 0.354 | 0.340 | 0.105
2 0.157 | 0.314 | 0.014 | 0.328 | 0.957 | 0.485 | 0.320 | 0.285 | 0.070 | 0.355 | 0.392 | 0.129
3 0.182 | 0.271 | 0.040 | 0.311 | 0.871 | 0.494 | 0.308 | 0.351 | 0.048 | 0.399 | 0.367 | 0.100
GM-89 4 0.192 | 0.253 | 0.055 | 0.308 | 0.822 | 0.501 | 0.302 | 0.289 | 0.059 | 0.349 | 0.349 | 0.096
Average1 &3 | 0.176 | 0.262 | 0.050 | 0.312 | 0.841 | 0.488 | 0.308 | 0.329 | 0.047 | 0.376 | 0.353 | 0.102
Average2 &4 | 0.175 | 0.284 | 0.035 | 0.318 | 0.889 | 0.493 | 0.311 | 0.287 | 0.065 | 0.352 | 0.371 | 0.113
GM-810 1 0.151 | 0.272 | 0.065 | 0.336 | 0.808 | 0.487 | 0.347 | 0.225 | 0.066 | 0.291 | 0.330 | 0.096
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
2 0.207 | 0.255 | 0.076 | 0.331 | 0.770 | 0.538 | 0.363 | 0.272 | 0.055 | 0.327 | 0.327 | 0.121
3 0.151 | 0.292 | 0.034 | 0.326 | 0.897 | 0.477 | 0.372 | 0.244 | 0.065 | 0.308 | 0.319 | 0.112
4 0.213 | 0.214 | 0.107 | 0.321 | 0.666 | 0.535 | 0.323 | 0.244 | 0.053 | 0.296 | 0.317 | 0.096
Average1 &3 | 0.151 | 0.282 | 0.049 | 0.331 | 0.853 | 0.482 | 0.360 | 0.234 | 0.065 | 0.300 | 0.324 | 0.104
Average2 &4 | 0.210 | 0.234 | 0.092 | 0.326 | 0.718 | 0.536 | 0.343 | 0.258 | 0.054 | 0.312 | 0.322 | 0.108
1 0.149 | 0.303 | 0.019 | 0.322 | 0.940 | 0.471 | 0.316 | 0.312 | 0.062 | 0.374 | 0.385 | 0.098
2 0.161 | 0.262 | 0.076 | 0.337 | 0.776 | 0.498 | 0.347 | 0.316 | 0.068 | 0.384 | 0.330 | 0.086
3 0.166 | 0.270 | 0.053 | 0.323 | 0.836 | 0.488 | 0.359 | 0.357 | 0.058 | 0.415 | 0.318 | 0.097
GM-811 4 0.188 | 0.259 | 0.075 | 0.334 | 0.776 | 0.522 | 0.368 | 0.307 | 0.063 | 0.370 | 0.328 | 0.095
Average1 &3 | 0.157 | 0.286 | 0.036 | 0.322 | 0.888 | 0.480 | 0.337 | 0.335 | 0.060 | 0.394 | 0.351 | 0.097
Average2 &4 | 0.175 | 0.260 | 0.075 | 0.335 | 0.776 | 0.510 | 0.357 | 0.311 | 0.066 | 0.377 | 0.329 | 0.090
1 0.168 | 0.298 | 0.042 | 0.340 | 0.878 | 0.507 | 0.392 | 0.262 | 0.064 | 0.326 | 0.334 | 0.097
2 0.201 | 0.262 | 0.062 | 0.325 | 0.808 | 0.525 | 0.375 | 0.262 | 0.055 | 0.316 | 0.320 | 0.112
ML 3 0.180 | 0.298 | 0.042 | 0.340 | 0.878 | 0.507 | 0.392 | 0.232 | 0.059 | 0.291 | 0.311 | 0.097
4 0.229 | 0.241 | 0.085 | 0.326 | 0.738 | 0.554 | 0.349 | 0.276 | 0.050 | 0.326 | 0.322 | 0.100
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
Average1 &3 | 0.174 | 0.298 | 0.042 | 0.340 | 0.878 | 0.507 | 0.392 | 0.247 | 0.061 | 0.308 | 0.322 | 0.097
Average2 &4 | 0.215 | 0.252 | 0.074 | 0.325 | 0.773 | 0.540 | 0.362 | 0.269 | 0.052 | 0.321 | 0.321 | 0.106
1 0.134 | 0.308 | 0.000 | 0.308 | 1.000 | 0.458 | 0.425 | 0.346 | 0.053 | 0.399 | 0.303 | 0.129
2 0.148 | 0.278 | 0.045 | 0.323 | 0.861 | 0.472 | 0.355 | 0.275 | 0.067 | 0.342 | 0.316 | 0.092
3 0.169 | 0.283 | 0.035 | 0.317 | 0.890 | 0.486 | 0.368 | 0.268 | 0.055 | 0.323 | 0.313 | 0.100
GM-813 4 0.167 | 0.264 | 0.056 | 0.319 | 0.825 | 0.487 | 0.335 | 0.285 | 0.067 | 0.356 | 0.312 | 0.093
Average1 &3 | 0.151 | 0.295 | 0.017 | 0.313 | 0.945 | 0.472 | 0.396 | 0.307 | 0.054 | 0.361 | 0.308 | 0.114
Average2 &4 | 0.158 | 0.271 | 0.050 | 0.321 | 0.843 | 0.479 | 0.345 | 0.280 | 0.067 | 0.349 | 0.314 | 0.092
1 0.221 | 0.220 | 0.103 | 0.323 | 0.682 | 0.544 | 0.293 | 0.190 | 0.061 | 0.251 | 0.317 | 0.078
2 0.176 | 0.273 | 0.053 | 0.326 | 0.837 | 0.502 | 0.364 | 0.250 | 0.054 | 0.304 | 0.322 | 0.109
3 0.172 | 0.277 | 0.039 | 0.317 | 0.876 | 0.489 | 0.376 | 0.276 | 0.058 | 0.334 | 0.311 | 0.099
GM-814 4 0.196 | 0.277 | 0.058 | 0.335 | 0.826 | 0.531 | 0.376 | 0.274 | 0.058 | 0.332 | 0.330 | 0.121
Average1 &3 | 0.197 | 0.249 | 0.071 | 0.320 | 0.779 | 0.516 | 0.334 | 0.233 | 0.060 | 0.293 | 0.314 | 0.088
Average2 &4 | 0.186 | 0.275 | 0.056 | 0.331 | 0.832 | 0.516 | 0.370 | 0.262 | 0.056 | 0.318 | 0.326 | 0.115
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
1 0.132 | 0.315 | 0.000 | 0.315 | 1.000 | 0.454 | 0.434 | 0.355 | 0.061 | 0.416 | 0.309 | 0.126
2 0.153 | 0.265 | 0.061 | 0.326 | 0.814 | 0.479 | 0.336 | 0.310 | 0.067 | 0.377 | 0.319 | 0.091
3 0.134 | 0.293 | 0.022 | 0.315 | 0.930 | 0.449 | 0.399 | 0.348 | 0.054 | 0.402 | 0.311 | 0.105
GM-815 4 0.159 | 0.266 | 0.055 | 0.321 | 0.827 | 0.480 | 0.352 | 0.226 | 0.066 | 0.292 | 0.314 | 0.085
Average1 &3 | 0.133 | 0.304 | 0.011 | 0.315 | 0.965 | 0.452 | 0.416 | 0.352 | 0.057 | 0.409 | 0.310 | 0.115
Average2 &4 | 0.156 | 0.265 | 0.058 | 0.323 | 0.821 | 0.479 | 0.344 | 0.268 | 0.066 | 0.334 | 0.317 | 0.088
1 0.187 | 0.244 | 0.075 | 0.318 | 0.765 | 0.505 | 0.347 | 0.242 | 0.055 | 0.297 | 0.313 | 0.088
2 0.154 | 0.243 | 0.082 | 0.325 | 0.748 | 0.479 | 0.316 | 0.216 | 0.063 | 0.279 | 0.319 | 0.084
3 0.153 | 0.286 | 0.031 | 0.317 | 0.901 | 0.470 | 0.440 | 0.309 | 0.056 | 0.364 | 0.312 | 0.109
GM-816 4 0.140 | 0.257 | 0.067 | 0.325 | 0.793 | 0.464 | 0.373 | 0.231 | 0.063 | 0.294 | 0.318 | 0.092
Average1 &3 | 0.170 | 0.265 | 0.053 | 0.318 | 0.833 | 0.488 | 0.393 | 0.275 | 0.055 | 0.331 | 0.313 | 0.098
Average2 &4 | 0.147 | 0.250 | 0.075 | 0.325 | 0.770 | 0.472 | 0.344 | 0.223 | 0.063 | 0.286 | 0.319 | 0.088
1&3 0.187 | 0.262 | 0.060 | 0.323 | 0.814 | 0.507 | 0.353 | 0.269 | 0.056 | 0.326 | 0.320 | 0.101
Average 2&4 0.181 | 0.256 | 0.068 | 0.324 | 0.790 | 0.502 | 0.341 | 0.256 | 0.061 | 0.317 | 0.319 | 0.099
All 0.184 | 0.259 | 0.064 | 0.323 | 0.802 | 0.505 | 0.347 | 0.263 | 0.059 | 0.322 | 0.320 | 0.100
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
1&3 0.035 | 0.028 | 0.031 | 0.011 | 0.092 | 0.039 | 0.036 | 0.048 | 0.007 | 0.046 | 0.017 | 0.011
Standard Deviation 2&14 0.028 | 0.022 | 0.022 | 0.007 | 0.068 | 0.033 | 0.021 | 0.035 | 0.005 | 0.036 | 0.023 | 0.012
All 0.031 | 0.025 | 0.027 | 0.009 | 0.081 | 0.036 | 0.030 | 0.042 | 0.007 | 0.042 | 0.020 | 0.012
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Table D.2 Weld Dimensions of FIL Series

Specimen Weld Location | d; (in) | d; (in) | ds (in) | da (in) | do/ds | ds (in) | T (in) | hy (in) | h, (in) | h(in) | t, (in) | Ay (in?)
1 0.241 | 0.248 | 0.076 | 0.324 | 0.767 | 0.565 | 0.353 | 0.290 | 0.067 | 0.356 | 0.317 | 0.128

2 0.259 | 0.226 | 0.108 | 0.335 | 0.675 | 0.594 | 0.312 | 0.230 | 0.063 | 0.293 | 0.329 | 0.123

3 0.278 | 0.184 | 0.148 | 0.332 | 0.555 | 0.610 | 0.293 | 0.310 | 0.070 | 0.380 | 0.325 | 0.103

FIL-1 4 0.248 | 0.218 | 0.097 | 0.315 | 0.691 | 0.563 | 0.319 | 0.316 | 0.056 | 0.372 | 0.310 | 0.121
Average 1 & 3 | 0.259 | 0.216 | 0.112 | 0.328 | 0.661 | 0.587 | 0.323 | 0.300 | 0.068 | 0.368 | 0.321 | 0.116
Average 2 & 4 | 0.254 | 0.222 | 0.103 | 0.325 | 0.683 | 0.579 | 0.316 | 0.273 | 0.059 | 0.332 | 0.319 | 0.122

1 0.269 | 0.172 | 0.154 | 0.326 | 0.528 | 0.594 | 0.300 | 0.334 | 0.060 | 0.334 | 0.320 | 0.114

2 0.262 | 0.202 | 0.130 | 0.332 | 0.608 | 0.594 | 0.314 | 0.298 | 0.069 | 0.366 | 0.325 | 0.116

3 0.263 | 0.218 | 0.122 | 0.340 | 0.642 | 0.602 | 0.318 | 0.378 | 0.068 | 0.445 | 0.333 | 0.122

FIL-2 4 0.240 | 0.222 | 0.099 | 0.321 | 0.690 | 0.561 | 0.310 | 0.256 | 0.065 | 0.321 | 0.314 | 0.115
Average 1 & 3 | 0.266 | 0.195 | 0.138 | 0.333 | 0.585 | 0.598 | 0.309 | 0.356 | 0.064 | 0.390 | 0.327 | 0.118
Average2 & 4 | 0.251 | 0.212 | 0.115 | 0.326 | 0.649 | 0.577 | 0.312 | 0.277 | 0.067 | 0.344 | 0.319 | 0.115

FIL-3 1 0.267 | 0.206 | 0.119 | 0.324 | 0.634 | 0.591 | 0.316 | 0.333 | 0.060 | 0.393 | 0.319 | 0.116

194




Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

2 0.205 | 0.272 | 0.044 | 0.316 | 0.860 | 0.521 | 0.357 | 0.328 | 0.065 | 0.392 | 0.310 | 0.121

3 0.255 | 0.216 | 0.116 | 0.332 | 0.650 | 0.587 | 0.316 | 0.328 | 0.060 | 0.388 | 0.326 | 0.118

4 0.268 | 0.150 | 0.181 | 0.331 | 0.453 | 0.599 | 0.301 | 0.292 | 0.070 | 0.362 | 0.324 | 0.112

Average1&3 | 0.261 | 0.211 | 0.118 | 0.328 | 0.642 | 0.589 | 0.316 | 0.331 | 0.060 | 0.391 | 0.323 | 0.117

Average2 &4 | 0.237 | 0.211 | 0.113 | 0.324 | 0.656 | 0.560 | 0.329 | 0.310 | 0.067 | 0.377 | 0.317 | 0.116

1 0.261 | 0.225 | 0.105 | 0.329 | 0.682 | 0.591 | 0.335 | 0.336 | 0.060 | 0.396 | 0.324 | 0.120

2 0.241 | 0.211 | 0.116 | 0.327 | 0.646 | 0.568 | 0.320 | 0.301 | 0.067 | 0.368 | 0.320 | 0.120

3 0.235 | 0.213 | 0.110 | 0.323 | 0.661 | 0.558 | 0.327 | 0.355 | 0.061 | 0.416 | 0.317 | 0.118

FiL-4 4 0.264 | 0.334 | 0.000 | 0.334 | 1.000 | 0.598 | 0.293 | 0.246 | 0.070 | 0.317 | 0.326 | 0.116
Average1& 3 | 0.248 | 0.219 | 0.107 | 0.326 | 0.672 | 0.574 | 0.331 | 0.345 | 0.061 | 0.406 | 0.320 | 0.119

Average2 &4 | 0.253 | 0.272 | 0.058 | 0.330 | 0.823 | 0.583 | 0.307 | 0.274 | 0.069 | 0.342 | 0.323 | 0.118

1 0.269 | 0.233 | 0.092 | 0.325 | 0.718 | 0.594 | 0.328 | 0.298 | 0.067 | 0.365 | 0.318 | 0.117

2 0.284 | 0.151 | 0.165 | 0.315 | 0.478 | 0.600 | 0.273 | 0.256 | 0.054 | 0.311 | 0.311 | 0.089

e 3 0.301 | 0.175 | 0.151 | 0.326 | 0.538 | 0.631 | 0.310 | 0.317 | 0.066 | 0.384 | 0.319 | 0.111
4 0.275 | 0.180 | 0.137 | 0.316 | 0.569 | 0.591 | 0.289 | 0.275 | 0.057 | 0.331 | 0.311 | 0.109
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average1&3 | 0.285 | 0.204 | 0.121 | 0.325 | 0.628 | 0.612 | 0.319 | 0.308 | 0.067 | 0.374 | 0.318 | 0.114

Average2 &4 | 0.280 | 0.165 | 0.151 | 0.316 | 0.524 | 0.595 | 0.281 | 0.266 | 0.056 | 0.321 | 0.311 | 0.099

1 0.270 | 0.208 | 0.117 | 0.326 | 0.640 | 0.596 | 0.314 | 0.304 | 0.060 | 0.364 | 0.320 | 0.115

2 0.196 | 0.265 | 0.058 | 0.323 | 0.821 | 0.519 | 0.353 | 0.286 | 0.066 | 0.353 | 0.316 | 0.120

3 0.285 | 0.215 | 0.109 | 0.325 | 0.663 | 0.610 | 0.319 | 0.331 | 0.061 | 0.392 | 0.319 | 0.122

FIL-6 4 0.271 | 0.164 | 0.160 | 0.324 | 0.507 | 0.595 | 0.289 | 0.267 | 0.065 | 0.332 | 0.318 | 0.100
Average1 &3 | 0.278 | 0.212 | 0.113 | 0.325 | 0.651 | 0.603 | 0.317 | 0.317 | 0.060 | 0.378 | 0.319 | 0.118

Average2 &4 | 0.234 | 0.215 | 0.109 | 0.324 | 0.664 | 0.557 | 0.321 | 0.277 | 0.065 | 0.342 | 0.317 | 0.110

1 0.324 | 0.079 | 0.253 | 0.332 | 0.239 | 0.657 | 0.235 | 0.252 | 0.067 | 0.318 | 0.326 | 0.079

2 0.326 | 0.082 | 0.249 | 0.331 | 0.249 | 0.658 | 0.244 | 0.255 | 0.060 | 0.315 | 0.326 | 0.078

3 0.265 | 0.221 | 0.100 | 0.321 | 0.689 | 0.585 | 0.304 | 0.245 | 0.065 | 0.310 | 0.314 | 0.118

FIL-7 4 0.286 | 0.206 | 0.120 | 0.326 | 0.633 | 0.612 | 0.300 | 0.242 | 0.059 | 0.301 | 0.321 | 0.105
Average1 &3 | 0.295 | 0.150 | 0.176 | 0.326 | 0.464 | 0.621 | 0.270 | 0.248 | 0.066 | 0.314 | 0.320 | 0.098

Average2& 4 | 0.306 | 0.144 | 0.184 | 0.329 | 0.441 | 0.635 | 0.272 | 0.248 | 0.060 | 0.308 | 0.323 | 0.092
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
1 0.232 | 0.232 | 0.091 | 0.323 | 0.720 | 0.555 | 0.345 | 0.253 | 0.065 | 0.318 | 0.316 | 0.115
2 0.245 | 0.194 | 0.135 | 0.328 | 0.589 | 0.573 | 0.311 | 0.278 | 0.059 | 0.337 | 0.323 | 0.110
3 0.246 | 0.220 | 0.107 | 0.327 | 0.672 | 0.574 | 0.292 | 0.265 | 0.066 | 0.330 | 0.321 | 0.094
FIL-8 4 0.286 | 0.161 | 0.156 | 0.317 | 0.507 | 0.603 | 0.265 | 0.257 | 0.055 | 0.312 | 0.312 | 0.099
Average1 &3 | 0.239 | 0.226 | 0.099 | 0.325 | 0.696 | 0.564 | 0.319 | 0.259 | 0.065 | 0.324 | 0.318 | 0.104
Average2 &4 | 0.265 | 0.177 | 0.146 | 0.323 | 0.548 | 0.588 | 0.288 | 0.267 | 0.057 | 0.324 | 0.318 | 0.104
1&3 0.266 | 0.204 | 0.123 | 0.327 | 0.625 | 0.594 | 0.313 | 0.308 | 0.064 | 0.368 | 0.321 | 0.113
Average 2&4 0.260 | 0.202 | 0.122 | 0.325 | 0.624 | 0.584 | 0.303 | 0.274 | 0.062 | 0.336 | 0.318 | 0.110
All 0.263 | 0.203 | 0.123 | 0.326 | 0.624 | 0.589 | 0.308 | 0.291 | 0.063 | 0.352 | 0.320 | O0.111
1&3 0.024 | 0.039 | 0.041 | 0.005 | 0.122 | 0.026 | 0.027 | 0.039 | 0.004 | 0.038 | 0.005 | 0.012
Standard Deviation 2&4 0.032 | 0.058 | 0.058 | 0.007 | 0.177 | 0.034 | 0.029 | 0.028 | 0.005 | 0.029 | 0.007 | 0.013
All 0.028 | 0.049 | 0.049 | 0.006 | 0.150 | 0.030 | 0.028 | 0.037 | 0.005 | 0.037 | 0.006 | 0.012
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Table D.3 Weld Dimensions of SA-20 Series

Specimen Weld Location | d; (in) | d; (in) | ds (in) | da (in) | do/ds | ds (in) | T (in) | hy (in) | h, (in) | h(in) | t, (in) | Ay (in?)
1 0.196 | 0.289 | 0.035 | 0.324 | 0.891 | 0.520 | 0.332 | 0.179 | 0.063 | 0.242 | 0.318 | 0.121

2 0.200 | 0.210 | 0.116 | 0.326 | 0.643 | 0.526 | 0.289 | 0.217 | 0.065 | 0.282 | 0.319 | 0.090

3 0.188 | 0.255 | 0.076 | 0.331 | 0.771 | 0.519 | 0.311 | 0.232 | 0.066 | 0.298 | 0.324 | 0.100

SA-21 4 0.197 | 0.206 | 0.120 | 0.326 | 0.632 | 0.523 | 0.292 | 0.223 | 0.063 | 0.287 | 0.320 | 0.091
Average 1 & 3 | 0.192 | 0.272 | 0.056 | 0.327 | 0.831 | 0.519 | 0.322 | 0.206 | 0.065 | 0.270 | 0.321 | 0.110
Average 2 & 4 | 0.198 | 0.208 | 0.118 | 0.326 | 0.637 | 0.524 | 0.290 | 0.220 | 0.064 | 0.284 | 0.320 | 0.090

1 0.196 | 0.217 | 0.114 | 0.332 | 0.654 | 0.527 | 0.294 | 0.204 | 0.066 | 0.270 | 0.325 | 0.093

2 0.173 | 0.279 | 0.053 | 0.332 | 0.840 | 0.505 | 0.330 | 0.325 | 0.064 | 0.389 | 0.322 | 0.103

3 0.205 | 0.224 | 0.105 | 0.329 | 0.681 | 0.535 | 0.296 | 0.206 | 0.067 | 0.273 | 0.322 | 0.095

SA22 4 0.264 | 0.202 | 0.147 | 0.349 | 0.580 | 0.613 | 0.320 | 0.475 | 0.068 | 0.543 | 0.342 | 0.127
Average 1 & 3 | 0.200 | 0.221 | 0.109 | 0.331 | 0.668 | 0.531 | 0.295 | 0.205 | 0.067 | 0.272 | 0.324 | 0.094
Average 2 & 4 | 0.219 | 0.240 | 0.100 | 0.340 | 0.710 | 0.559 | 0.325 | 0.400 | 0.066 | 0.466 | 0.332 | 0.115

SA-23 1 0.194 | 0.269 | 0.061 | 0.330 | 0.814 | 0.524 | 0.317 | 0.190 | 0.064 | 0.253 | 0.324 | 0.098
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

2 0.182 | 0.210 | 0.120 | 0.331 | 0.636 | 0.513 | 0.283 | 0.216 | 0.066 | 0.282 | 0.324 | 0.088

3 0.167 | 0.208 | 0.131 | 0.339 | 0.614 | 0.506 | 0.297 | 0.280 | 0.069 | 0.349 | 0.332 | 0.096

4 0.202 | 0.206 | 0.118 | 0.324 | 0.636 | 0.526 | 0.302 | 0.269 | 0.063 | 0.332 | 0.318 | 0.088

Average1&3 | 0.181 | 0.238 | 0.096 | 0.334 | 0.714 | 0.515 | 0.307 | 0.235 | 0.066 | 0.301 | 0.328 | 0.097

Average2 &4 | 0.192 | 0.208 | 0.119 | 0.327 | 0.636 | 0.519 | 0.292 | 0.243 | 0.064 | 0.307 | 0.321 | 0.088

1 0.212 | 0.208 | 0.116 | 0.323 | 0.643 | 0.535 | 0.287 | 0.237 | 0.064 | 0.301 | 0.317 | 0.092

2 0.333 | 0.194 | 0.125 | 0.319 | 0.609 | 0.652 | 0.340 | 0.443 | 0.058 | 0.501 | 0.314 | 0.144

3 0.188 | 0.221 | 0.114 | 0.334 | 0.661 | 0.522 | 0.288 | 0.205 | 0.068 | 0.274 | 0.327 | 0.091

SA-24 4 0.182 | 0.242 | 0.082 | 0.324 | 0.747 | 0.506 | 0.292 | 0.212 | 0.060 | 0.273 | 0.318 | 0.090
Average1 &3 | 0.200 | 0.214 | 0.115 | 0.329 | 0.652 | 0.529 | 0.288 | 0.221 | 0.066 | 0.287 | 0.322 | 0.092

Average2 &4 | 0.257 | 0.218 | 0.103 | 0.322 | 0.678 | 0.579 | 0.316 | 0.328 | 0.059 | 0.387 | 0.316 | 0.117

1 0.224 | 0.193 | 0.137 | 0.331 | 0.585 | 0.555 | 0.284 | 0.184 | 0.066 | 0.251 | 0.324 | 0.089

2 0.174 | 0.264 | 0.068 | 0.332 | 0.796 | 0.507 | 0.320 | 0.193 | 0.063 | 0.256 | 0.326 | 0.100

S 3 0.187 | 0.219 | 0.115 | 0.334 | 0.656 | 0.521 | 0.302 | 0.219 | 0.066 | 0.286 | 0.328 | 0.093
4 0.211 | 0.183 | 0.140 | 0.323 | 0.566 | 0.535 | 0.274 | 0.243 | 0.063 | 0.306 | 0.317 | 0.089
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

Average1 &3 | 0.205 | 0.206 | 0.126 | 0.332 | 0.620 | 0.538 | 0.293 | 0.202 | 0.066 | 0.268 | 0.326 | 0.091

Average2 &4 | 0.193 | 0.224 | 0.104 | 0.328 | 0.681 | 0.521 | 0.297 | 0.218 | 0.063 | 0.281 | 0.322 | 0.094

1 0.227 | 0.212 | 0.115 | 0.327 | 0.649 | 0.552 | 0.287 | 0.204 | 0.064 | 0.268 | 0.321 | 0.092

2 0.195 | 0.268 | 0.058 | 0.326 | 0.823 | 0.521 | 0.313 | 0.202 | 0.062 | 0.265 | 0.320 | 0.097

3 0.186 | 0.208 | 0.121 | 0.329 | 0.634 | 0.514 | 0.285 | 0.200 | 0.065 | 0.265 | 0.322 | 0.089

SA-26 4 0.224 | 0.216 | 0.111 | 0.327 | 0.662 | 0.551 | 0.271 | 0.171 | 0.063 | 0.234 | 0.321 | 0.099
Average1 &3 | 0.206 | 0.210 | 0.118 | 0.328 | 0.641 | 0.533 | 0.286 | 0.202 | 0.064 | 0.267 | 0.322 | 0.090

Average2 &4 | 0.210 | 0.242 | 0.084 | 0.327 | 0.743 | 0.536 | 0.292 | 0.187 | 0.063 | 0.250 | 0.320 | 0.098

1 0.193 | 0.235 | 0.098 | 0.333 | 0.707 | 0.526 | 0.310 | 0.210 | 0.065 | 0.275 | 0.326 | 0.096

2 0.202 | 0.199 | 0.144 | 0.343 | 0.582 | 0.545 | 0.281 | 0.236 | 0.067 | 0.303 | 0.336 | 0.093

3 0.173 | 0.235 | 0.091 | 0.326 | 0.722 | 0.499 | 0.328 | 0.260 | 0.061 | 0.322 | 0.320 | 0.098

SA21 4 0.266 | 0.150 | 0.177 | 0.327 | 0.459 | 0.593 | 0.239 | 0.160 | 0.062 | 0.221 | 0.321 | 0.080
Average1 &3 | 0.183 | 0.235 | 0.094 | 0.329 | 0.714 | 0.512 | 0.319 | 0.235 | 0.063 | 0.298 | 0.323 | 0.097

Average2 &4 | 0.234 | 0.175 | 0.160 | 0.335 | 0.520 | 0.569 | 0.260 | 0.198 | 0.064 | 0.262 | 0.329 | 0.086
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
1 0.182 | 0.231 | 0.097 | 0.328 | 0.704 | 0.510 | 0.311 | 0.246 | 0.064 | 0.309 | 0.322 | 0.090
2 0.225 | 0.260 | 0.073 | 0.336 | 0.773 | 0.561 | 0.314 | 0.205 | 0.064 | 0.269 | 0.330 | 0.099
3 0.207 | 0.192 | 0.136 | 0.328 | 0.586 | 0.535 | 0.286 | 0.267 | 0.063 | 0.330 | 0.322 | 0.083
SA-28 4 0.356 | 0.283 | 0.043 | 0.326 | 0.869 | 0.682 | 0.369 | 0.256 | 0.060 | 0.316 | 0.321 | 0.103
Average1&3 | 0.194 | 0.212 | 0.117 | 0.328 | 0.645 | 0.523 | 0.298 | 0.256 | 0.064 | 0.320 | 0.322 | 0.087
Average2 &4 | 0.291 | 0.272 | 0.058 | 0.331 | 0.821 | 0.622 | 0.341 | 0.231 | 0.062 | 0.292 | 0.325 | 0.101
1&3 0.195 | 0.226 | 0.104 | 0.330 | 0.686 | 0.525 | 0.301 | 0.220 | 0.065 | 0.285 | 0.323 | 0.095
Average 2&4 0.224 | 0.223 | 0.106 | 0.329 | 0.678 | 0.554 | 0.302 | 0.253 | 0.063 | 0.316 | 0.323 | 0.099
All 0.210 | 0.225 | 0.105 | 0.330 | 0.682 | 0.539 | 0.301 | 0.237 | 0.064 | 0.301 | 0.323 | 0.097
1&3 0.017 | 0.026 | 0.027 | 0.004 | 0.082 | 0.015 | 0.016 | 0.030 | 0.002 | 0.030 | 0.004 | 0.008
Standard Deviation 2&4 0.054 | 0.038 | 0.039 | 0.008 | 0.116 | 0.054 | 0.031 | 0.090 | 0.003 | 0.090 | 0.007 | 0.016
All 0.042 | 0.032 | 0.033 | 0.006 | 0.099 | 0.042 | 0.024 | 0.068 | 0.003 | 0.068 | 0.006 | 0.013
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Table D.4 Weld Dimensions of SA-40 Series

Specimen Weld Location | d; (in) | d; (in) | ds (in) | da (in) | do/ds | ds (in) | T (in) | hy (in) | h, (in) | h(in) | t, (in) | Ay (in?)
1 0.248 | 0.199 | 0.170 | 0.369 | 0.540 | 0.617 | 0.290 | 0.224 | 0.056 | 0.280 | 0.318 | 0.097

2 0.152 | 0.333 | 0.000 | 0.333 | 1.000 | 0.485 | 0.374 | 0.226 | 0.065 | 0.292 | 0.326 | 0.104

3 0.253 | 0.209 | 0.125 | 0.335 | 0.626 | 0.587 | 0.285 | 0.242 | 0.057 | 0.299 | 0.323 | 0.102

SA-4L 4 0.266 | 0.236 | 0.138 | 0.374 | 0.630 | 0.640 | 0.304 | 0.211 | 0.062 | 0.273 | 0.312 | 0.116
Average 1 & 3 | 0.251 | 0.204 | 0.148 | 0.352 | 0.583 | 0.602 | 0.288 | 0.233 | 0.057 | 0.290 | 0.320 | 0.099
Average 2 & 4 | 0.209 | 0.284 | 0.069 | 0.353 | 0.815 | 0.562 | 0.339 | 0.219 | 0.063 | 0.282 | 0.319 | 0.110

1 0.258 | 0.195 | 0.133 | 0.328 | 0.593 | 0.586 | 0.282 | 0.223 | 0.058 | 0.280 | 0.323 | 0.099

2 0.219 | 0.333 | 0.000 | 0.333 | 1.000 | 0.552 | 0.358 | 0.150 | 0.067 | 0.218 | 0.326 | 0.111

3 0.253 | 0.219 | 0.114 | 0.333 | 0.658 | 0.585 | 0.301 | 0.238 | 0.060 | 0.298 | 0.327 | 0.105

SA-42 4 0.191 | 0.290 | 0.058 | 0.348 | 0.834 | 0.539 | 0.316 | 0.130 | 0.073 | 0.203 | 0.340 | 0.102
Average 1 & 3 | 0.255 | 0.207 | 0.124 | 0.330 | 0.626 | 0.586 | 0.292 | 0.230 | 0.059 | 0.289 | 0.325 | 0.102
Average 2 & 4 | 0.205 | 0.312 | 0.029 | 0.340 | 0.917 | 0.546 | 0.337 | 0.140 | 0.070 | 0.210 | 0.333 | 0.107

SA-43 1 0.226 | 0.190 | 0.185 | 0.375 | 0.506 | 0.601 | 0.281 | 0.234 | 0.057 | 0.292 | 0.322 | 0.098
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

2 0.196 | 0.320 | 0.000 | 0.320 | 1.000 | 0.516 | 0.372 | 0.272 | 0.059 | 0.331 | 0.314 | 0.119

3 0.244 | 0.207 | 0.120 | 0.326 | 0.634 | 0.570 | 0.286 | 0.221 | 0.056 | 0.277 | 0.321 | 0.104

4 0.182 | 0.323 | 0.000 | 0.323 | 1.000 | 0.505 | 0.377 | 0.426 | 0.061 | 0.487 | 0.317 | 0.118

Average1 &3 | 0.235 | 0.198 | 0.152 | 0.351 | 0.570 | 0.585 | 0.284 | 0.227 | 0.057 | 0.284 | 0.321 | 0.101

Average2 &4 | 0.189 | 0.321 | 0.000 | 0.321 | 1.000 | 0.510 | 0.374 | 0.349 | 0.060 | 0.409 | 0.315 | 0.118

1 0.255 | 0.200 | 0.142 | 0.342 | 0.586 | 0.597 | 0.290 | 0.256 | 0.058 | 0.314 | 0.324 | 0.100

2 0.210 | 0.276 | 0.050 | 0.326 | 0.846 | 0.536 | 0.323 | 0.207 | 0.064 | 0.271 | 0.320 | 0.101

3 0.277 | 0.193 | 0.127 | 0.321 | 0.603 | 0.598 | 0.297 | 0.255 | 0.056 | 0.312 | 0.316 | 0.103

SA-44 4 0.197 | 0.200 | 0.123 | 0.323 | 0.618 | 0.520 | 0.256 | 0.193 | 0.064 | 0.257 | 0.317 | 0.096
Average1 &3 | 0.266 | 0.197 | 0.134 | 0.331 | 0.595 | 0.598 | 0.293 | 0.256 | 0.057 | 0.313 | 0.320 | 0.102

Average2 &4 | 0.204 | 0.238 | 0.087 | 0.325 | 0.732 | 0.528 | 0.289 | 0.200 | 0.064 | 0.264 | 0.318 | 0.098

1 0.256 | 0.194 | 0.127 | 0.321 | 0.605 | 0.576 | 0.284 | 0.193 | 0.055 | 0.248 | 0.248 | 0.099

2 0.234 | 0.284 | 0.053 | 0.336 | 0.844 | 0.571 | 0.306 | 0.191 | 0.067 | 0.189 | 0.330 | 0.116

SAE 3 0.222 | 0.213 | 0.125 | 0.339 | 0.630 | 0.560 | 0.281 | 0.171 | 0.063 | 0.234 | 0.234 | 0.111
4 0.205 | 0.284 | 0.075 | 0.359 | 0.792 | 0.564 | 0.349 | 0.302 | 0.061 | 0.363 | 0.317 | 0.133
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average1&3 | 0.239 | 0.204 | 0.126 | 0.330 | 0.618 | 0.568 | 0.283 | 0.182 | 0.059 | 0.241 | 0.241 | 0.105

Average2& 4 | 0.220 | 0.284 | 0.064 | 0.347 | 0.818 | 0.567 | 0.328 | 0.247 | 0.064 | 0.276 | 0.323 | 0.124

1 0.261 | 0.200 | 0.135 | 0.334 | 0.597 | 0.596 | 0.290 | 0.230 | 0.058 | 0.288 | 0.319 | 0.101

2 0.202 | 0.221 | 0.102 | 0.323 | 0.684 | 0.525 | 0.267 | 0.186 | 0.064 | 0.250 | 0.317 | 0.098

3 0.265 | 0.185 | 0.141 | 0.326 | 0.568 | 0.591 | 0.282 | 0.241 | 0.059 | 0.300 | 0.321 | 0.098

SA-46 4 0.251 | 0.177 | 0.150 | 0.327 | 0.542 | 0.578 | 0.238 | 0.166 | 0.064 | 0.230 | 0.321 | 0.095
Average1 &3 | 0.263 | 0.192 | 0.138 | 0.330 | 0.582 | 0.593 | 0.286 | 0.236 | 0.058 | 0.294 | 0.320 | 0.099

Average2 &4 | 0.226 | 0.199 | 0.126 | 0.325 | 0.613 | 0.552 | 0.253 | 0.176 | 0.064 | 0.240 | 0.319 | 0.096

1 0.278 | 0.143 | 0.180 | 0.324 | 0.443 | 0.601 | 0.251 | 0.213 | 0.052 | 0.265 | 0.320 | 0.092

2 0.362 | 0.085 | 0.246 | 0.331 | 0.255 | 0.693 | 0.222 | 0.187 | 0.067 | 0.254 | 0.324 | 0.091

3 0.242 | 0.196 | 0.129 | 0.324 | 0.604 | 0.567 | 0.286 | 0.237 | 0.054 | 0.291 | 0.320 | 0.099

SAAT 4 0.211 | 0.256 | 0.081 | 0.337 | 0.759 | 0.548 | 0.296 | 0.176 | 0.068 | 0.244 | 0.330 | 0.105
Average1 &3 | 0.260 | 0.170 | 0.154 | 0.324 | 0.523 | 0.584 | 0.269 | 0.225 | 0.053 | 0.278 | 0.320 | 0.095

Average2 &4 | 0.287 | 0.170 | 0.164 | 0.334 | 0.507 | 0.620 | 0.259 | 0.181 | 0.068 | 0.249 | 0.327 | 0.098
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
1 0.245 | 0.231 | 0.115 | 0.346 | 0.667 | 0.591 | 0.304 | 0.229 | 0.063 | 0.291 | 0.320 | 0.095
2 0.278 | 0.153 | 0.181 | 0.334 | 0.459 | 0.612 | 0.253 | 0.229 | 0.058 | 0.287 | 0.315 | 0.093
3 0.271 | 0.210 | 0.111 | 0.320 | 0.655 | 0.591 | 0.280 | 0.178 | 0.065 | 0.244 | 0.313 | 0.102
SA-48 4 0.250 | 0.218 | 0.113 | 0.331 | 0.658 | 0.581 | 0.294 | 0.209 | 0.061 | 0.270 | 0.325 | 0.108
Average1 &3 | 0.258 | 0.220 | 0.113 | 0.333 | 0.661 | 0.591 | 0.292 | 0.203 | 0.064 | 0.267 | 0.317 | 0.098
Average2 &4 | 0.264 | 0.185 | 0.147 | 0.332 | 0.559 | 0.597 | 0.273 | 0.219 | 0.059 | 0.278 | 0.320 | 0.101
1&3 0.253 | 0.199 | 0.136 | 0.335 | 0.595 | 0.588 | 0.286 | 0.224 | 0.058 | 0.282 | 0.310 | 0.100
Average 2&4 0.226 | 0.249 | 0.086 | 0.335 | 0.745 | 0.560 | 0.307 | 0.216 | 0.064 | 0.276 | 0.322 | 0.106
All 0.239 | 0.224 | 0.111 | 0.335 | 0.670 | 0.574 | 0.296 | 0.220 | 0.061 | 0.279 | 0.316 | 0.103
1&3 0.016 | 0.019 | 0.023 | 0.016 | 0.059 | 0.015 | 0.012 | 0.025 | 0.004 | 0.024 | 0.027 | 0.004
Standard Deviation 2&4 0.049 | 0.071 | 0.072 | 0.014 | 0.215 | 0.053 | 0.050 | 0.070 | 0.004 | 0.071 | 0.007 | 0.011
All 0.038 | 0.057 | 0.058 | 0.015 | 0.173 | 0.041 | 0.037 | 0.052 | 0.005 | 0.052 | 0.021 | 0.009
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Table D.5 Weld Dimensions of SA-60 Series

Specimen Weld Location | d; (in) | d; (in) | ds (in) | da (in) | do/ds | ds (in) | T (in) | hy (in) | h, (in) | h(in) | t, (in) | Ay (in?)
1 0.227 | 0.261 | 0.091 | 0.353 | 0.741 | 0.579 | 0.320 | 0.185 | 0.065 | 0.250 | 0.326 | 0.100

2 0.256 | 0.229 | 0.098 | 0.328 | 0.700 | 0.584 | 0.310 | 0.199 | 0.068 | 0.267 | 0.320 | 0.110

3 0.253 | 0.241 | 0.096 | 0.337 | 0.716 | 0.590 | 0.313 | 0.232 | 0.061 | 0.293 | 0.322 | 0.107

SA-61 4 0.226 | 0.240 | 0.095 | 0.336 | 0.716 | 0.561 | 0.310 | 0.223 | 0.069 | 0.292 | 0.318 | 0.108
Average 1 & 3 | 0.240 | 0.251 | 0.093 | 0.345 | 0.728 | 0.584 | 0.316 | 0.209 | 0.063 | 0.272 | 0.324 | 0.104
Average 2 & 4 | 0.241 | 0.235 | 0.097 | 0.332 | 0.708 | 0.572 | 0.310 | 0.211 | 0.069 | 0.280 | 0.319 | 0.109

1 0.235 | 0.236 | 0.083 | 0.319 | 0.740 | 0.554 | 0.314 | 0.226 | 0.056 | 0.282 | 0.314 | 0.113

2 0.185 | 0.253 | 0.069 | 0.321 | 0.786 | 0.506 | 0.319 | 0.220 | 0.067 | 0.287 | 0.314 | 0.101

3 0222 | 0222 | 0.114 | 0.337 | 0.660 | 0.559 | 0.302 | 0.220 | 0.059 | 0.279 | 0.318 | 0.105

SA62 4 0.256 | 0.225 | 0.106 | 0.331 | 0.680 | 0.587 | 0.307 | 0.211 | 0.069 | 0.280 | 0.323 | 0.111
Average 1 & 3 | 0.229 | 0.229 | 0.099 | 0.328 | 0.700 | 0.557 | 0.308 | 0.223 | 0.057 | 0.281 | 0.316 | 0.109
Average 2 & 4 | 0.221 | 0.239 | 0.087 | 0.326 | 0.733 | 0.547 | 0.313 | 0.216 | 0.068 | 0.283 | 0.319 | 0.106

SA-63 1 0.241 | 0.229 | 0.135 | 0.363 | 0.630 | 0.604 | 0.321 | 0.240 | 0.066 | 0.306 | 0.319 | 0.109
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

2 0.245 | 0.260 | 0.077 | 0.337 | 0.771 | 0.582 | 0.320 | 0.206 | 0.059 | 0.265 | 0.265 | 0.116

3 0.220 | 0.242 | 0.107 | 0.349 | 0.694 | 0.569 | 0.305 | 0.199 | 0.077 | 0.275 | 0.332 | 0.108

4 0.219 | 0.249 | 0.081 | 0.329 | 0.755 | 0.549 | 0.315 | 0.193 | 0.058 | 0.252 | 0.324 | 0.110

Average1 &3 | 0.231 | 0.235 | 0.121 | 0.356 | 0.662 | 0.586 | 0.313 | 0.219 | 0.071 | 0.291 | 0.325 | 0.108

Average2 &4 | 0.232 | 0.254 | 0.079 | 0.333 | 0.763 | 0.565 | 0.318 | 0.200 | 0.059 | 0.258 | 0.295 | 0.113

1 0.229 | 0.224 | 0.102 | 0.326 | 0.686 | 0.554 | 0.302 | 0.254 | 0.057 | 0.312 | 0.321 | 0.100

2 0.247 | 0.227 | 0.094 | 0.321 | 0.708 | 0.568 | 0.284 | 0.157 | 0.067 | 0.223 | 0.314 | 0.110

3 0.223 | 0.238 | 0.084 | 0.321 | 0.740 | 0.545 | 0.315 | 0.230 | 0.057 | 0.286 | 0.316 | 0.101

SA64 4 0.171 | 0.257 | 0.059 | 0.315 | 0.814 | 0.486 | 0.311 | 0.172 | 0.064 | 0.237 | 0.308 | 0.102
Average1 &3 | 0.226 | 0.231 | 0.093 | 0.324 | 0.713 | 0.549 | 0.308 | 0.242 | 0.057 | 0.299 | 0.319 | 0.100

Average2 &4 | 0.209 | 0.242 | 0.076 | 0.318 | 0.761 | 0.527 | 0.297 | 0.164 | 0.066 | 0.230 | 0.311 | 0.106

1 0.279 | 0.202 | 0.123 | 0.325 | 0.621 | 0.605 | 0.280 | 0.219 | 0.064 | 0.284 | 0.319 | 0.102

2 0.416 | 0.021 | 0.297 | 0.318 | 0.065 | 0.734 | 0.185 | 0.430 | 0.051 | 0.480 | 0.314 | o0.087

SAS 3 0.236 | 0.224 | 0.102 | 0.326 | 0.687 | 0.562 | 0.306 | 0.219 | 0.066 | 0.285 | 0.319 | 0.104
4 0.222 | 0.205 | 0.121 | 0.326 | 0.628 | 0.548 | 0.274 | 0.184 | 0.056 | 0.240 | 0.321 | 0.082
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average1 &3 | 0.258 | 0.213 | 0.113 | 0.326 | 0.654 | 0.583 | 0.293 | 0.219 | 0.065 | 0.284 | 0.319 | 0.103

Average2 &4 | 0.319 | 0.113 | 0.209 | 0.322 | 0.347 | 0.641 | 0.230 | 0.307 | 0.054 | 0.360 | 0.317 | 0.085

1 0.243 | 0.230 | 0.093 | 0.323 | 0.713 | 0.566 | 0.303 | 0.205 | 0.056 | 0.262 | 0.318 | 0.104

2 0.236 | 0.249 | 0.070 | 0.319 | 0.780 | 0.555 | 0.309 | 0.246 | 0.066 | 0.312 | 0.312 | 0.121

3 0.231 | 0.241 | 0.088 | 0.329 | 0.733 | 0.560 | 0.316 | 0.246 | 0.057 | 0.303 | 0.324 | 0.111

SA-66 4 0.235 | 0.223 | 0.098 | 0.321 | 0.696 | 0.556 | 0.297 | 0.202 | 0.066 | 0.268 | 0.314 | 0.109
Average1 &3 | 0.237 | 0.235 | 0.090 | 0.326 | 0.723 | 0.563 | 0.309 | 0.226 | 0.057 | 0.282 | 0.321 | 0.108

Average2 &4 | 0.236 | 0.236 | 0.084 | 0.320 | 0.738 | 0.556 | 0.303 | 0.224 | 0.066 | 0.290 | 0.313 | 0.115

1 0.231 | 0.228 | 0.092 | 0.320 | 0.712 | 0.552 | 0.301 | 0.230 | 0.055 | 0.285 | 0.316 | 0.100

2 0.251 | 0.232 | 0.090 | 0.322 | 0.721 | 0.572 | 0.314 | 0.228 | 0.065 | 0.293 | 0.315 | 0.110

3 0.206 | 0.217 | 0.105 | 0.321 | 0.674 | 0.527 | 0.296 | 0.216 | 0.055 | 0.270 | 0.317 | 0.098

SAT 4 0.268 | 0.214 | 0.105 | 0.319 | 0.671 | 0.587 | 0.307 | 0.221 | 0.062 | 0.283 | 0.313 | 0.108
Average1 &3 | 0.219 | 0.222 | 0.099 | 0.321 | 0.693 | 0.540 | 0.298 | 0.223 | 0.055 | 0.278 | 0.316 | 0.099

Average2 &4 | 0.259 | 0.223 | 0.097 | 0.320 | 0.696 | 0.580 | 0.310 | 0.225 | 0.064 | 0.288 | 0.314 | 0.109
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
1 0.219 | 0.250 | 0.167 | 0.417 | 0.600 | 0.636 | 0.324 | 0.227 | 0.056 | 0.283 | 0.328 | 0.091
2 0.297 | 0.175 | 0.152 | 0.327 | 0.535 | 0.624 | 0.250 | 0.256 | 0.067 | 0.325 | 0.320 | 0.100
3 0.196 | 0.233 | 0.103 | 0.335 | 0.694 | 0.532 | 0.296 | 0.209 | 0.059 | 0.268 | 0.330 | 0.094
SA68 4 0.214 | 0.226 | 0.143 | 0.369 | 0.613 | 0.583 | 0.287 | 0.251 | 0.066 | 0.317 | 0.314 | 0.104
Average1 &3 | 0.208 | 0.241 | 0.135 | 0.376 | 0.647 | 0.584 | 0.310 | 0.218 | 0.057 | 0.275 | 0.329 | 0.093
Average2 &4 | 0.256 | 0.201 | 0.147 | 0.348 | 0.574 | 0.603 | 0.268 | 0.253 | 0.067 | 0.321 | 0.317 | 0.102
1&3 0.231 | 0.232 | 0.105 | 0.338 | 0.690 | 0.568 | 0.307 | 0.222 | 0.060 | 0.283 | 0.321 | 0.103
Average 2&4 0.246 | 0.218 | 0.110 | 0.327 | 0.665 | 0.574 | 0.294 | 0.225 | 0.064 | 0.289 | 0.313 | 0.106
All 0.239 | 0.225 | 0.107 | 0.332 | 0.677 | 0.571 | 0.300 | 0.224 | 0.062 | 0.286 | 0.317 | 0.104
1&3 0.019 | 0.014 | 0.022 | 0.025 | 0.044 | 0.028 | 0.012 | 0.018 | 0.006 | 0.016 | 0.005 | 0.006
Standard Deviation 2&4 0.054 | 0.057 | 0.056 | 0.013 | 0.175 | 0.054 | 0.035 | 0.061 | 0.005 | 0.059 | 0.014 | 0.010
All 0.041 | 0.041 | 0.042 | 0.020 | 0.126 | 0.042 | 0.026 | 0.044 | 0.006 | 0.042 | 0.011 | 0.008
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Table D.6 Weld Dimensions of SA-80 Series

Specimen Weld Location | d; (in) | d; (in) | ds (in) | da (in) | do/ds | ds (in) | T (in) | hy (in) | h, (in) | h(in) | t, (in) | Ay (in?)
1 0.374 | 0.167 | 0.153 | 0.320 | 0.521 | 0.693 | 0.263 | 0.193 | 0.059 | 0.252 | 0.315 | 0.100

2 0.083 | 0.139 | 0.166 | 0.305 | 0.456 | 0.387 | 0.154 | 0.066 | 0.000 | 0.066 | 0.304 | 0.022

3 0.436 | 0.205 | 0.111 | 0.315 | 0.650 | 0.752 | 0.275 | 0.166 | 0.064 | 0.231 | 0.309 | 0.133

SA8l 4 0.348 | 0.159 | 0.102 | 0.261 | 0.609 | 0.609 | 0.278 | 0.235 | 0.003 | 0.238 | 0.312 | 0.171
Average1&3 | 0.405 | 0.186 | 0.132 | 0.318 | 0.585 | 0.723 | 0.269 | 0.180 | 0.062 | 0.241 | 0.312 | 0.116
Average 2 & 4 | 0.215 | 0.149 | 0.134 | 0.283 | 0.532 | 0.498 | 0.216 | 0.151 | 0.001 | 0.152 | 0.308 | 0.096

1 0.359 | 0.201 | 0.135 | 0.336 | 0.598 | 0.694 | 0.296 | 0.195 | 0.064 | 0.260 | 0.329 | 0.160

2 0.290 | 0.216 | 0.112 | 0.329 | 0.658 | 0.619 | 0.277 | 0.167 | 0.058 | 0.226 | 0.323 | 0.157

3 0.351 | 0.119 | 0.206 | 0.325 | 0.365 | 0.676 | 0.207 | 0.132 | 0.060 | 0.192 | 0.319 | 0.151

SA83 4 0.299 | 0.219 | 0.097 | 0.316 | 0.692 | 0.615 | 0.282 | 0.181 | 0.062 | 0.242 | 0.310 | 0.112
Average 1 & 3 | 0.355 | 0.160 | 0.171 | 0.330 | 0.530 | 0.685 | 0.251 | 0.164 | 0.062 | 0.226 | 0.324 | 0.155
Average 2 & 4 | 0.295 | 0.218 | 0.105 | 0.322 | 0.675 | 0.617 | 0.280 | 0.174 | 0.060 | 0.234 | 0.317 | 0.134

SA-84 1 0.245 | 0.266 | 0.074 | 0.340 | 0.784 | 0.585 | 0.305 | 0.142 | 0.063 | 0.206 | 0.334 | 0.150
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

2 0.312 | 0.216 | 0.106 | 0.321 | 0.672 | 0.633 | 0.295 | 0.198 | 0.058 | 0.256 | 0.316 | 0.133

3 0.265 | 0.258 | 0.091 | 0.349 | 0.739 | 0.614 | 0.313 | 0.183 | 0.066 | 0.249 | 0.343 | 0.153

4 0.337 | 0.254 | 0.068 | 0.323 | 0.788 | 0.660 | 0.328 | 0.200 | 0.061 | 0.261 | 0.317 | 0.186

Average1 &3 | 0.255 | 0.262 | 0.082 | 0.345 | 0.762 | 0.599 | 0.309 | 0.163 | 0.065 | 0.227 | 0.338 | 0.152

Average2 &4 | 0.324 | 0.235 | 0.087 | 0.322 | 0.730 | 0.646 | 0.311 | 0.199 | 0.059 | 0.258 | 0.317 | 0.160

1 0.289 | 0.263 | 0.056 | 0.319 | 0.823 | 0.608 | 0.325 | 0.187 | 0.059 | 0.246 | 0.313 | 0.151

2 0.312 | 0.283 | 0.064 | 0.347 | 0.815 | 0.659 | 0.339 | 0.184 | 0.068 | 0.252 | 0.340 | 0.197

3 0.322 | 0.213 | 0.113 | 0.326 | 0.653 | 0.648 | 0.279 | 0.164 | 0.058 | 0.222 | 0.320 | 0.111

SAES 4 0.321 | 0.212 | 0.119 | 0.331 | 0.641 | 0.657 | 0.284 | 0.178 | 0.065 | 0.243 | 0.324 | 0.148
Average1 &3 | 0.306 | 0.238 | 0.085 | 0.322 | 0.738 | 0.628 | 0.302 | 0.175 | 0.059 | 0.234 | 0.317 | 0.131

Average2 &4 | 0.317 | 0.247 | 0.091 | 0.339 | 0.728 | 0.658 | 0.311 | 0.181 | 0.066 | 0.247 | 0.332 | 0.173

1 0.319 | 0.234 | 0.109 | 0.343 | 0.683 | 0.662 | 0.303 | 0.176 | 0.069 | 0.245 | 0.336 | 0.151

2 0.297 | 0.220 | 0.110 | 0.330 | 0.668 | 0.627 | 0.306 | 0.198 | 0.059 | 0.257 | 0.324 | 0.153

SA 3 0.389 | 0.208 | 0.114 | 0.322 | 0.646 | 0.711 | 0.307 | 0.211 | 0.061 | 0.273 | 0.316 | 0.162
4 0.253 | 0.226 | 0.106 | 0.332 | 0.679 | 0.585 | 0.289 | 0.170 | 0.061 | 0.231 | 0.326 | 0.150
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average1&3 | 0.354 | 0.221 | 0.111 | 0.332 | 0.665 | 0.686 | 0.305 | 0.194 | 0.065 | 0.259 | 0.326 | 0.157

Average2& 4 | 0.275 | 0.223 | 0.108 | 0.331 | 0.674 | 0.606 | 0.298 | 0.184 | 0.060 | 0.244 | 0.325 | 0.152

1 0.313 | 0.263 | 0.075 | 0.338 | 0.777 | 0.651 | 0.326 | 0.186 | 0.068 | 0.254 | 0.332 | 0.147

2 0.322 | 0.238 | 0.088 | 0.325 | 0.730 | 0.648 | 0.313 | 0.192 | 0.055 | 0.247 | 0.321 | 0.172

3 0.375 | 0.193 | 0.139 | 0.331 | 0.582 | 0.706 | 0.292 | 0.177 | 0.063 | 0.239 | 0.325 | 0.145

SA8T 4 0.275 | 0.252 | 0.078 | 0.331 | 0.762 | 0.607 | 0.310 | 0.171 | 0.061 | 0.232 | 0.326 | 0.150
Average1&3 | 0.344 | 0.228 | 0.107 | 0.335 | 0.679 | 0.679 | 0.309 | 0.181 | 0.065 | 0.246 | 0.328 | 0.146

Average2 &4 | 0.299 | 0.245 | 0.083 | 0.328 | 0.746 | 0.627 | 0.311 | 0.182 | 0.058 | 0.240 | 0.323 | 0.161

1 0.324 | 0.195 | 0.139 | 0.334 | 0.584 | 0.658 | 0.290 | 0.205 | 0.059 | 0.264 | 0.329 | 0.150

2 0.348 | 0.203 | 0.134 | 0.337 | 0.601 | 0.685 | 0.289 | 0.196 | 0.066 | 0.262 | 0.330 | 0.150

3 0.276 | 0.183 | 0.159 | 0.342 | 0.535| 0.618 | 0.263 | 0.163 | 0.062 | 0.225 | 0.336 | 0.098

SA88 4 0.331 | 0.236 | 0.096 | 0.332 | 0.710 | 0.663 | 0.293 | 0.161 | 0.067 | 0.228 | 0.325 | 0.150
Average1 &3 | 0.300 | 0.189 | 0.149 | 0.338 | 0.560 | 0.638 | 0.277 | 0.184 | 0.061 | 0.245 | 0.333 | 0.124

Average2 &4 | 0.340 | 0.219 | 0.115 | 0.335 | 0.656 | 0.674 | 0.291 | 0.179 | 0.067 | 0.245 | 0.328 | 0.150
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

1 0.311 | 0.209 | 0.122 | 0.331 | 0.633 | 0.641 | 0.282 | 0.117 | 0.067 | 0.184 | 0.324 | 0.130

2 0.377 | 0.202 | 0.136 | 0.339 | 0.596 | 0.716 | 0.282 | 0.202 | 0.071 | 0.273 | 0.331 | 0.130

3 0.166 | 0.139 | 0.179 | 0.319 | 0.435 | 0.485 | 0.151 | 0.032 | 0.056 | 0.088 | 0.314 | 0.105

SA89 4 0.405 | 0.064 | 0.260 | 0.323 | 0.198 | 0.728 | 0.219 | 0.214 | 0.066 | 0.280 | 0.316 | 0.076
Average1 &3 | 0.238 | 0.174 | 0.150 | 0.325 | 0.534 | 0.563 | 0.217 | 0.074 | 0.062 | 0.136 | 0.319 | 0.117

Average2 &4 | 0.391 | 0.133 | 0.198 | 0.331 | 0.397 | 0.722 | 0.250 | 0.208 | 0.069 | 0.277 | 0.324 | 0.103

1 0.330 | 0.168 | 0.169 | 0.337 | 0.499 | 0.667 | 0.253 | 0.162 | 0.065 | 0.226 | 0.331 | 0.152

2 0.366 | 0.217 | 0.111 | 0.328 | 0.661 | 0.695 | 0.306 | 0.226 | 0.068 | 0.294 | 0.321 | 0.146

3 0.344 | 0.176 | 0.151 | 0.327 | 0.539 | 0.670 | 0.265 | 0.151 | 0.062 | 0.212 | 0.321 | 0.162

SA-810 4 0.350 | 0.162 | 0.171 | 0.333 | 0.487 | 0.683 | 0.259 | 0.177 | 0.069 | 0.247 | 0.325 | 0.113
Average1 &3 | 0.337 | 0.172 | 0.160 | 0.332 | 0.519 | 0.669 | 0.259 | 0.156 | 0.063 | 0.219 | 0.326 | 0.157

Average2 &4 | 0.358 | 0.189 | 0.141 | 0.330 | 0.574 | 0.689 | 0.282 | 0.202 | 0.069 | 0.271 | 0.323 | 0.130

1 0.315 | 0.220 | 0.113 | 0.333 | 0.660 | 0.648 | 0.291 | 0.178 | 0.061 | 0.240 | 0.327 | 0.163

SA-811 2 0.375 | 0.209 | 0.123 | 0.332 | 0.629 | 0.704 | 0.305 | 0.224 | 0.069 | 0.293 | 0.325 | 0.160
3 0.349 | 0.180 | 0.148 | 0.327 | 0.549 | 0.676 | 0.259 | 0.168 | 0.060 | 0.228 | 0.322 | 0.156
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

4 0.313 | 0.215 | 0.121 | 0.336 | 0.640 | 0.649 | 0.296 | 0.190 | 0.070 | 0.259 | 0.329 | 0.136

Average 1 &3 | 0.332 | 0.200 | 0.130 | 0.330 | 0.604 | 0.662 | 0.275 | 0.173 | 0.061 | 0.234 | 0.325 | 0.160

Average2 &4 | 0.344 | 0.212 | 0.122 | 0.334 | 0.634 | 0.677 | 0.301 | 0.207 | 0.070 | 0.276 | 0.327 | 0.148

1 0.280 | 0.266 | 0.064 | 0.330 | 0.807 | 0.610 | 0.333 | 0.195 | 0.061 | 0.256 | 0.324 | 0.156

2 0.354 | 0.220 | 0.117 | 0.337 | 0.652 | 0.691 | 0.315 | 0.226 | 0.069 | 0.295 | 0.330 | 0.138

3 0.302 | 0.218 | 0.115 | 0.333 | 0.655 | 0.635 | 0.291 | 0.182 | 0.061 | 0.243 | 0.327 | 0.158

SA812 4 0.304 | 0.216 | 0.116 | 0.332 | 0.652 | 0.636 | 0.302 | 0.202 | 0.069 | 0.271 | 0.325 | 0.146
Average1&3 | 0.291 | 0.242 | 0.089 | 0.331 | 0.731 | 0.622 | 0.312 | 0.189 | 0.061 | 0.249 | 0.326 | 0.157

Average2 &4 | 0.329 | 0.218 | 0.117 | 0.335 | 0.652 | 0.663 | 0.308 | 0.214 | 0.069 | 0.283 | 0.327 | 0.142

1 0.305 | 0.250 | 0.082 | 0.332 | 0.752 | 0.637 | 0.338 | 0.226 | 0.069 | 0.295 | 0.325 | 0.147

2 0.270 | 0.265 | 0.062 | 0.327 | 0.810 | 0.596 | 0.333 | 0.196 | 0.060 | 0.255 | 0.321 | 0.160

SA-813 3 0.364 | 0.235 | 0.099 | 0.334 | 0.703 | 0.698 | 0.321 | 0.215 | 0.067 | 0.282 | 0.327 | 0.161
4 0.283 | 0.277 | 0.056 | 0.333 | 0.832 | 0.616 | 0.338 | 0.191 | 0.060 | 0.250 | 0.327 | 0.161

Average1&3 | 0.335 | 0.242 | 0.091 | 0.333 | 0.727 | 0.668 | 0.330 | 0.221 | 0.068 | 0.289 | 0.326 | 0.154
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average2 &4 | 0.276 | 0.271 | 0.059 | 0.330 | 0.821 | 0.606 | 0.335 | 0.193 | 0.060 | 0.253 | 0.324 | 0.160

1 0.306 | 0.223 | 0.107 | 0.330 | 0.676 | 0.636 | 0.299 | 0.189 | 0.061 | 0.250 | 0.324 | 0.152

2 0.349 | 0.217 | 0.112 | 0.329 | 0.659 | 0.678 | 0.300 | 0.191 | 0.065 | 0.256 | 0.323 | 0.162

3 0.265 | 0.252 | 0.081 | 0.334 | 0.756 | 0.599 | 0.326 | 0.197 | 0.061 | 0.259 | 0.328 | 0.146

SA8L4 4 0.354 | 0.202 | 0.133 | 0.335 | 0.603 | 0.690 | 0.302 | 0.228 | 0.066 | 0.294 | 0.329 | 0.154
Average1&3 | 0.286 | 0.238 | 0.094 | 0.332 | 0.716 | 0.618 | 0.313 | 0.193 | 0.061 | 0.254 | 0.326 | 0.149

Average2 &4 | 0.352 | 0.209 | 0.123 | 0.332 | 0.631 | 0.684 | 0.301 | 0.209 | 0.066 | 0.275 | 0.326 | 0.158

1 0.354 | 0.209 | 0.119 | 0.329 | 0.636 | 0.684 | 0.295 | 0.195 | 0.065 | 0.260 | 0.323 | 0.159

2 0.315 | 0.246 | 0.085 | 0.331 | 0.742 | 0.647 | 0.338 | 0.221 | 0.062 | 0.283 | 0.326 | 0.176

3 0.367 | 0.237 | 0.098 | 0.336 | 0.706 | 0.702 | 0.323 | 0.243 | 0.067 | 0.309 | 0.329 | 0.181

SA8LS 4 0.311 | 0.235 | 0.104 | 0.339 | 0.693 | 0.650 | 0.317 | 0.199 | 0.061 | 0.260 | 0.333 | 0.149
Average1 &3 | 0.361 | 0.223 | 0.108 | 0.333 | 0.671 | 0.693 | 0.309 | 0.219 | 0.066 | 0.284 | 0.326 | 0.170

Average2 &4 | 0.313 | 0.240 | 0.095 | 0.335 | 0.718 | 0.648 | 0.327 | 0.210 | 0.061 | 0.271 | 0.329 | 0.162

SA-816 1 0.282 | 0.274 | 0.061 | 0.336 | 0.817 | 0.617 | 0.342 | 0.222 | 0.060 | 0.282 | 0.330 | 0.163
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
2 0.325 | 0.232 | 0.093 | 0.325 | 0.714 | 0.650 | 0.313 | 0.198 | 0.063 | 0.260 | 0.319 | 0.156
3 0.334 | 0.225 | 0.110 | 0.335 | 0.671 | 0.669 | 0.309 | 0.197 | 0.061 | 0.258 | 0.329 | 0.166
4 0.343 | 0.237 | 0.097 | 0.334 | 0.709 | 0.677 | 0.318 | 0.209 | 0.064 | 0.274 | 0.328 | 0.157
Average1& 3 | 0.308 | 0.249 | 0.086 | 0.335 | 0.744 | 0.643 | 0.326 | 0.209 | 0.060 | 0.270 | 0.330 | 0.164
Average2 &4 | 0.334 | 0.235 | 0.095 | 0.330 | 0.712 | 0.664 | 0.315 | 0.204 | 0.064 | 0.267 | 0.323 | 0.156
1&3 0.320 | 0.215 | 0.116 | 0.331 | 0.651 | 0.652 | 0.291 | 0.178 | 0.063 | 0.241 | 0.325 | 0.147
Average 2&4 0.317 | 0.216 | 0.111 | 0.328 | 0.659 | 0.645 | 0.296 | 0.193 | 0.060 | 0.253 | 0.324 | 0.146
All 0.319 | 0.216 | 0.114 | 0.330 | 0.655 | 0.648 | 0.293 | 0.186 | 0.061 | 0.247 | 0.324 | 0.146
1&3 0.043 | 0.032 | 0.030 | 0.006 | 0.087 | 0.041 | 0.032 | 0.035 | 0.003 | 0.036 | 0.006 | 0.017
Standard Deviation 2&4 0.042 | 0.036 | 0.032 | 0.013 | 0.101 | 0.052 | 0.030 | 0.018 | 0.017 | 0.032 | 0.006 | 0.022
All 0.042 | 0.034 | 0.031 | 0.010 | 0.093 | 0.046 | 0.031 | 0.028 | 0.012 | 0.034 | 0.006 | 0.019
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Table D.7 Weld Dimensions of OB Series

Specimen Weld Location | d; (in) | d; (in) | ds (in) | da (in) | do/ds | ds (in) | T (in) | hy (in) | h, (in) | h(in) | t, (in) | Ay (in?)
1 0.448 | 0.094 | 0.234 | 0.328 | 0.288 | 0.776 | 0.262 | 0.254 | 0.074 | 0.328 | 0.319 | 0.114

2 0213 | 0.241 | 0.088 | 0.329 | 0.732 | 0.542 | 0.342 | 0.255 | 0.085 | 0.341 | 0.317 | 0.102

3 0.364 | 0.204 | 0.127 | 0.331 | 0.616 | 0.695 | 0.314 | 0.265 | 0.075 | 0.341 | 0.322 | 0.123

OoB-1 4 0.238 | 0.215 | 0.126 | 0.341 | 0.630 | 0.579 | 0.312 | 0.200 | 0.090 | 0.290 | 0.329 | 0.112
Average 1 & 3 | 0.406 | 0.149 | 0.180 | 0.330 | 0.452 | 0.736 | 0.288 | 0.259 | 0.075 | 0.334 | 0.321 | 0.119
Average 2 & 4 | 0.225 | 0.228 | 0.107 | 0.335 | 0.681 | 0.560 | 0.327 | 0.227 | 0.088 | 0.315 | 0.323 | 0.107

1 0.361 | 0.220 | 0.117 | 0.337 | 0.652 | 0.697 | 0.329 | 0.246 | 0.076 | 0.321 | 0.328 | 0.130

2 0.264 | 0.240 | 0.088 | 0.329 | 0.731 | 0.593 | 0.337 | 0.224 | 0.087 | 0.311 | 0.317 | 0.128

3 0.345 | 0.199 | 0.130 | 0.329 | 0.604 | 0.067 | 0.325 | 0.277 | 0.074 | 0.351 | 0.321 | 0.129

OB-2 4 0.267 | 0.200 | 0.129 | 0.329 | 0.609 | 0.596 | 0.320 | 0.225 | 0.086 | 0.311 | 0.318 | 0.115
Average 1 & 3 | 0.353 | 0.209 | 0.124 | 0.333 | 0.651 | 0.382 | 0.327 | 0.261 | 0.075 | 0.336 | 0.325 | 0.129
Average 2 & 4 | 0.266 | 0.220 | 0.108 | 0.329 | 0.670 | 0.594 | 0.329 | 0.225 | 0.086 | 0.311 | 0.317 | 0.121

0B-3 1 0.356 | 0.228 | 0.120 | 0.348 | 0.656 | 0.704 | 0.322 | 0.195 | 0.074 | 0.269 | 0.340 | 0.150
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

2 0.285 | 0.242 | 0.071 | 0.313 | 0.774 | 0.598 | 0.348 | 0.241 | 0.061 | 0.302 | 0.307 | 0.127

3 0.332 | 0.224 | 0.103 | 0.327 | 0.684 | 0.661 | 0.319 | 0.212 | 0.069 | 0.281 | 0.322 | 0.136

4 0.310 | 0.199 | 0.108 | 0.307 | 0.647 | 0.617 | 0.314 | 0.227 | 0.061 | 0.287 | 0.301 | 0.116

Average1 &3 | 0.344 | 0.226 | 0.111 | 0.337 | 0.670 | 0.682 | 0.320 | 0.203 | 0.072 | 0.275 | 0.331 | 0.143

Average2 &4 | 0.298 | 0.220 | 0.090 | 0.310 | 0.711 | 0.608 | 0.331 | 0.234 | 0.061 | 0.295 | 0.304 | 0.122

1 0.306 | 0.304 | 0.015 | 0.319 | 0.954 | 0.625 | 0.356 | 0.192 | 0.062 | 0.254 | 0.313 | 0.129

2 0.307 | 0.226 | 0.100 | 0.327 | 0.691 | 0.634 | 0.324 | 0.238 | 0.082 | 0.320 | 0.316 | 0.129

3 0.349 | 0.209 | 0.109 | 0.318 | 0.657 | 0.668 | 0.328 | 0.255 | 0.061 | 0.316 | 0.313 | 0.129

oB-4 4 0.253 | 0.240 | 0.114 | 0.354 | 0.677 | 0.636 | 0.326 | 0.235 | 0.095 | 0.330 | 0.340 | 0.129
Average1 &3 | 0.328 | 0.257 | 0.062 | 0.318 | 0.806 | 0.646 | 0.342 | 0.223 | 0.061 | 0.285 | 0.313 | 0.129

Average2 &4 | 0.280 | 0.233 | 0.107 | 0.341 | 0.684 | 0.635 | 0.325 | 0.236 | 0.088 | 0.325 | 0.328 | 0.129

1 0.296 | 0.222 | 0.116 | 0.337 | 0.659 | 0.633 | 0.320 | 0.224 | 0.092 | 0.316 | 0.325 | 0.105

2 0.338 | 0.220 | 0.121 | 0.341 | 0.646 | 0.679 | 0.323 | 0.241 | 0.078 | 0.319 | 0.332 | 0.110

o8 3 0.290 | 0.222 | 0.109 | 0.332 | 0.670 | 0.622 | 0.324 | 0.214 | 0.089 | 0.303 | 0.319 | 0.130
4 0.332 | 0.204 | 0.131 | 0.335 | 0.610 | 0.667 | 0.313 | 0.250 | 0.079 | 0.329 | 0.326 | 0.144
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average1 &3 | 0.293 | 0.222 | 0.113 | 0.334 | 0.665 | 0.628 | 0.322 | 0.219 | 0.090 | 0.309 | 0.322 | 0.118

Average2 &4 | 0.335 | 0.212 | 0.126 | 0.338 | 0.628 | 0.673 | 0.318 | 0.245 | 0.078 | 0.324 | 0.329 | 0.127

1 0.305 | 0.221 | 0.108 | 0.330 | 0.672 | 0.634 | 0.305 | 0.210 | 0.089 | 0.299 | 0.317 | 0.120

2 0.326 | 0.203 | 0.133 | 0.336 | 0.605 | 0.662 | 0.307 | 0.230 | 0.076 | 0.306 | 0.328 | 0.133

3 0.288 | 0.228 | 0.120 | 0.348 | 0.655 | 0.636 | 0.327 | 0.225 | 0.095 | 0.320 | 0.335 | 0.130

OB-6 4 0.351 | 0.185 | 0.161 | 0.345 | 0.535 | 0.696 | 0.306 | 0.249 | 0.077 | 0.327 | 0.336 | 0.129
Average1&3 | 0.296 | 0.225 | 0.114 | 0.339 | 0.663 | 0.635 | 0.316 | 0.218 | 0.092 | 0.310 | 0.326 | 0.125

Average2 &4 | 0.338 | 0.194 | 0.147 | 0.341 | 0.570 | 0.679 | 0.306 | 0.240 | 0.077 | 0.316 | 0.332 | 0.131

1 0.339 | 0.202 | 0.142 | 0.344 | 0.587 | 0.683 | 0.307 | 0.226 | 0.077 | 0.303 | 0.335 | 0.125

2 0.293 | 0.225 | 0.103 | 0.328 | 0.685 | 0.621 | 0.310 | 0.194 | 0.087 | 0.281 | 0.317 | 0.138

3 0.328 | 0.243 | 0.088 | 0.331 | 0.733 | 0.659 | 0.341 | 0.236 | 0.072 | 0.308 | 0.323 | 0.142

OB-7 4 0.310 | 0.271 | 0.074 | 0.345 | 0.785 | 0.655 | 0.338 | 0.195 | 0.090 | 0.285 | 0.333 | 0.145
Average1 &3 | 0.333 | 0.222 | 0.115 | 0.338 | 0.660 | 0.671 | 0.324 | 0.231 | 0.075 | 0.305 | 0.329 | 0.133

Average2& 4 | 0.301 | 0.248 | 0.089 | 0.337 | 0.735| 0.638 | 0.324 | 0.195 | 0.089 | 0.283 | 0.325 | 0.142
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

1 0.332 | 0.235 | 0.097 | 0.332 | 0.708 | 0.664 | 0.333 | 0.229 | 0.074 | 0.303 | 0.324 | 0.139

2 0.313 | 0.207 | 0.125 | 0.332 | 0.624 | 0.645 | 0.299 | 0.190 | 0.086 | 0.276 | 0.321 | 0.110

3 0.366 | 0.230 | 0.101 | 0.332 | 0.694 | 0.698 | 0.329 | 0.261 | 0.073 | 0.333 | 0.324 | 0.126

©oB-8 4 0.340 | 0.204 | 0.126 | 0.330 | 0.618 | 0.671 | 0.307 | 0.232 | 0.086 | 0.318 | 0.319 | 0.128
Average1&3 | 0.349 | 0.233 | 0.099 | 0.332 | 0.701 | 0.681 | 0.331 | 0.245 | 0.074 | 0.318 | 0.324 | 0.133

Average2 &4 | 0.327 | 0.206 | 0.125 | 0.331 | 0.621 | 0.658 | 0.303 | 0.211 | 0.086 | 0.297 | 0.320 | 0.119

1 0.338 | 0.252 | 0.066 | 0.319 | 0.792 | 0.656 | 0.328 | 0.202 | 0.062 | 0.264 | 0.313 | 0.120

2 0.311 | 0.205 | 0.127 | 0.332 | 0.618 | 0.644 | 0.345 | 0.228 | 0.062 | 0.320 | 0.327 | 0.130

3 0.371 | 0.233 | 0.085 | 0.318 | 0.733 | 0.689 | 0.329 | 0.238 | 0.059 | 0.297 | 0.313 | 0.110

OB-9 4 0.327 | 0.174 | 0.146 | 0.320 | 0.545 | 0.647 | 0.282 | 0.244 | 0.063 | 0.307 | 0.314 | 0.114
Average1 &3 | 0.354 | 0.243 | 0.076 | 0.318 | 0.763 | 0.673 | 0.329 | 0.220 | 0.061 | 0.281 | 0.313 | 0.115

Average2 &4 | 0.319 | 0.190 | 0.136 | 0.326 | 0.581 | 0.645 | 0.313 | 0.236 | 0.062 | 0.313 | 0.320 | 0.122

1 0.339 | 0.176 | 0.166 | 0.341 | 0.515| 0.680 | 0.278 | 0.220 | 0.083 | 0.303 | 0.331 | 0.108

OB-10 2 0.309 | 0.242 | 0.072 | 0.314 | 0.772 | 0.622 | 0.346 | 0.246 | 0.072 | 0.317 | 0.305 | 0.130
3 0.329 | 0.178 | 0.151 | 0.329 | 0.541 | 0.657 | 0.293 | 0.218 | 0.084 | 0.302 | 0.318 | 0.101
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

4 0.308 | 0.241 | 0.096 | 0.337 | 0.715 | 0.645 | 0.340 | 0.238 | 0.079 | 0.317 | 0.327 | 0.140

Average1&3 | 0.334 | 0.177 | 0.158 | 0.335 | 0.528 | 0.668 | 0.286 | 0.219 | 0.083 | 0.302 | 0.325 | 0.105

Average2 &4 | 0.309 | 0.241 | 0.084 | 0.325 | 0.743 | 0.634 | 0.343 | 0.242 | 0.075 | 0.317 | 0.316 | 0.135

1 0.350 | 0.149 | 0.193 | 0.342 | 0.436 | 0.692 | 0.279 | 0.228 | 0.083 | 0.310 | 0.331 | 0.108

2 0.290 | 0.176 | 0.147 | 0.323 | 0.546 | 0.613 | 0.295 | 0.221 | 0.077 | 0.298 | 0.314 | 0.119

3 0.345 | 0.215 | 0.116 | 0.331 | 0.649 | 0.675 | 0.313 | 0.235 | 0.083 | 0.318 | 0.320 | 0.140

OB-11 4 0.299 | 0.220 | 0.112 | 0.332 | 0.664 | 0.630 | 0.326 | 0.236 | 0.079 | 0.314 | 0.322 | 0.135
Average1& 3 | 0.347 | 0.182 | 0.154 | 0.336 | 0.542 | 0.683 | 0.296 | 0.231 | 0.083 | 0.314 | 0.326 | 0.124

Average2 &4 | 0.294 | 0.198 | 0.129 | 0.327 | 0.605 | 0.622 | 0.310 | 0.228 | 0.078 | 0.306 | 0.318 | 0.127

1 0.341 | 0.233 | 0.121 | 0.355 | 0.658 | 0.696 | 0.321 | 0.198 | 0.089 | 0.286 | 0.343 | 0.119

2 0.339 | 0.200 | 0.131 | 0.331 | 0.604 | 0.671 | 0.309 | 0.233 | 0.078 | 0.311 | 0.322 | 0.121

OB-12 3 0.354 | 0.219 | 0.114 | 0.333 | 0.659 | 0.686 | 0.319 | 0.214 | 0.084 | 0.298 | 0.322 | 0.121
4 0.323 | 0.231 | 0.098 | 0.329 | 0.701 | 0.652 | 0.325 | 0.225 | 0.077 | 0.302 | 0.320 | 0.135

Average 1 &3 | 0.347 | 0.226 | 0.117 | 0.344 | 0.658 | 0.691 | 0.320 | 0.206 | 0.086 | 0.292 | 0.333 | 0.120
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average2 &4 | 0.331 | 0.215 | 0.115 | 0.330 | 0.652 | 0.661 | 0.317 | 0.229 | 0.078 | 0.307 | 0.321 | 0.128

1 0.345 | 0.242 | 0.095 | 0.336 | 0.719 | 0.681 | 0.323 | 0.211 | 0.090 | 0.301 | 0.324 | 0.134

2 0.327 | 0.202 | 0.127 | 0.329 | 0.614 | 0.656 | 0.301 | 0.217 | 0.076 | 0.292 | 0.320 | 0.122

3 0.331 | 0.211 | 0.121 | 0.332 | 0.635 | 0.663 | 0.310 | 0.218 | 0.088 | 0.306 | 0.320 | 0.135

OB-13 4 0.346 | 0.141 | 0.200 | 0.342 | 0.413 | 0.688 | 0.279 | 0.216 | 0.082 | 0.298 | 0.332 | 0.119
Average1&3 | 0.338 | 0.226 | 0.108 | 0.334 | 0.677 | 0.672 | 0.316 | 0.214 | 0.089 | 0.303 | 0.322 | 0.134

Average2 &4 | 0.337 | 0.172 | 0.164 | 0.335 | 0.514 | 0.672 | 0.290 | 0.217 | 0.079 | 0.295 | 0.326 | 0.121

1 0.339 | 0.167 | 0.166 | 0.333 | 0.501 | 0.672 | 0.300 | 0.228 | 0.077 | 0.305 | 0.324 | 0.117

2 0.339 | 0.188 | 0.143 | 0.331 | 0.568 | 0.670 | 0.299 | 0.204 | 0.087 | 0.290 | 0.319 | 0.125

3 0.290 | 0.216 | 0.121 | 0.337 | 0.641 | 0.626 | 0.332 | 0.229 | 0.079 | 0.307 | 0.327 | 0.125

OB-14 4 0.335 | 0.201 | 0.137 | 0.338 | 0.595 | 0.673 | 0.308 | 0.228 | 0.087 | 0.314 | 0.327 | 0.122
Average1 &3 | 0.314 | 0.191 | 0.144 | 0.335 | 0.571 | 0.649 | 0.316 | 0.228 | 0.078 | 0.306 | 0.326 | 0.121

Average2 &4 | 0.337 | 0.194 | 0.140 | 0.334 | 0.582 | 0.672 | 0.303 | 0.216 | 0.087 | 0.302 | 0.323 | 0.123

0OB-15 1 0.257 | 0.213 | 0.129 | 0.342 | 0.624 | 0.599 | 0.315 | 0.242 | 0.075 | 0.317 | 0.334 | 0.110
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
2 0.325 | 0.192 | 0.134 | 0.327 | 0.588 | 0.651 | 0.297 | 0.223 | 0.085 | 0.308 | 0.315 | 0.124
3 0.253 | 0.223 | 0.109 | 0.332 | 0.672 | 0.585 | 0.307 | 0.307 | 0.078 | 0.385 | 0.323 | 0.110
4 0.318 | 0.222 | 0.108 | 0.330 | 0.674 | 0.648 | 0.315 | 0.230 | 0.087 | 0.317 | 0.318 | 0.126
Average1 &3 | 0.255 | 0.218 | 0.119 | 0.337 | 0.648 | 0.592 | 0.311 | 0.274 | 0.077 | 0.351 | 0.328 | 0.110
Average2 &4 | 0.321 | 0.207 | 0.121 | 0.328 | 0.631 | 0.650 | 0.306 | 0.227 | 0.086 | 0.313 | 0.317 | 0.125
1 0.376 | 0.172 | 0.160 | 0.332 | 0.517 | 0.708 | 0.291 | 0.220 | 0.082 | 0.302 | 0.321 | 0.110
2 0.213 | 0.216 | 0.109 | 0.326 | 0.665 | 0.539 | 0.353 | 0.279 | 0.073 | 0.351 | 0.317 | 0.117
3 0.391 | 0.171 | 0.160 | 0.331 | 0.516 | 0.722 | 0.336 | 0.295 | 0.084 | 0.379 | 0.320 | 0.127
OB-16 4 0.248 | 0.212 | 0.118 | 0.329 | 0.643 | 0.577 | 0.319 | 0.220 | 0.075 | 0.295 | 0.321 | 0.102
Average1 &3 | 0.383 | 0.171 | 0.160 | 0.332 | 0.516 | 0.715 | 0.313 | 0.257 | 0.083 | 0.341 | 0.321 | 0.119
Average2 &4 | 0.231 | 0.214 | 0.113 | 0.327 | 0.654 | 0.558 | 0.336 | 0.249 | 0.074 | 0.323 | 0.319 | 0.110
1&3 0.336 | 0.211 | 0.122 | 0.333 | 0.636 | 0.650 | 0.316 | 0.232 | 0.078 | 0.310 | 0.324 | 0.124
Average 2&4 0.303 | 0.212 | 0.119 | 0.331 | 0.641 | 0.635 | 0.318 | 0.229 | 0.079 | 0.309 | 0.321 | 0.124
All 0.319 | 0.212 | 0.120 | 0.332 | 0.639 | 0.643 | 0.317 | 0.230 | 0.079 | 0.309 | 0.322 | 0.124
Standard Deviation 1&3 0.035 | 0.029 | 0.031 | 0.007 | 0.092 | 0.079 | 0.015 | 0.021 | 0.009 | 0.022 | 0.006 | 0.010
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
2&4 0.036 | 0.020 | 0.022 | 0.008 | 0.063 | 0.038 | 0.014 | 0.014 | 0.009 | 0.012 | 0.006 | 0.009
All 0.039 | 0.024 | 0.027 | 0.007 | 0.078 | 0.062 | 0.014 | 0.018 | 0.009 | 0.017 | 0.006 | 0.009
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Table D.8 Weld Dimensions of UB Series

Specimen Weld Location | d; (in) | d; (in) | ds (in) | da (in) | do/ds | ds (in) | T (in) | hy (in) | h, (in) | h(in) | t, (in) | Ay (in?)
1 0251 | 0223 | 0.113 | 0.335 | 0.664 | 0.587 | 0.332 | 0.235 | 0.087 | 0.322 | 0.324 | 0.112

2 0.345 | 0.166 | 0.166 | 0.333 | 0.500 | 0.678 | 0.280 | 0.218 | 0.083 | 0.301 | 0.322 | 0.116

3 0262 | 0.211 | 0.120 | 0.331 | 0.637 | 0.593 | 0.318 | 0.230 | 0.082 | 0.312 | 0.321 | 0.110

uB-1 4 0.347 | 0.203 | 0.129 | 0.332 | 0.612 | 0.679 | 0.303 | 0.218 | 0.079 | 0.294 | 0.322 | 0.114
Average 1 & 3 | 0.257 | 0.217 | 0.116 | 0.333 | 0.651 | 0.590 | 0.325 | 0.232 | 0.085 | 0.317 | 0.322 | 0.111
Average 2 & 4 | 0.346 | 0.185 | 0.148 | 0.332 | 0.556 | 0.678 | 0.291 | 0.218 | 0.081 | 0.297 | 0.322 | 0.115

1 0.322 | 0.183 | 0.151 | 0.334 | 0.549 | 0.656 | 0.293 | 0.267 | 0.078 | 0.345 | 0.325 | 0.110

2 0.261 | 0.224 | 0.110 | 0.334 | 0.669 | 0.595 | 0.327 | 0.282 | 0.083 | 0.371 | 0.324 | 0.122

3 0.311 | 0.241 | 0.094 | 0.334 | 0.720 | 0.645 | 0.321 | 0.215 | 0.083 | 0.298 | 0.324 | 0.115

uB-2 4 0.270 | 0.250 | 0.086 | 0.336 | 0.744 | 0.606 | 0.336 | 0.223 | 0.080 | 0.302 | 0.326 | 0.112
Average 1 &3 | 0.317 | 0.212 | 0.122 | 0.334 | 0.688 | 0.651 | 0.307 | 0.241 | 0.080 | 0.321 | 0.325 | 0.112
Average 2 & 4 | 0.266 | 0.237 | 0.098 | 0.335 | 0.707 | 0.600 | 0.332 | 0.252 | 0.081 | 0.336 | 0.325 | 0.117

UB-3 1 0.281 | 0.226 | 0.080 | 0.306 | 0.740 | 0.587 | 0.344 | 0.263 | 0.063 | 0.326 | 0.299 | 0.109
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

2 0.367 | 0.177 | 0.157 | 0.334 | 0.529 | 0.701 | 0.286 | 0.216 | 0.081 | 0.296 | 0.324 | 0.126

3 0.280 | 0.172 | 0.134 | 0.306 | 0.563 | 0.586 | 0.307 | 0.248 | 0.063 | 0.311 | 0.300 | 0.105

4 0.337 | 0.148 | 0.183 | 0.332 | 0.447 | 0.669 | 0.275 | 0.240 | 0.078 | 0.318 | 0.323 | 0.113

Average1&3 | 0.281 | 0.199 | 0.107 | 0.306 | 0.651 | 0.587 | 0.325 | 0.256 | 0.063 | 0.318 | 0.300 | 0.107

Average2& 4 | 0.352 | 0.163 | 0.170 | 0.333 | 0.488 | 0.685 | 0.280 | 0.228 | 0.079 | 0.307 | 0.323 | 0.119

1 0.254 | 0.214 | 0.117 | 0.331 | 0.647 | 0.585 | 0.323 | 0.231 | 0.082 | 0.313 | 0.321 | 0.106

2 0.344 | 0.144 | 0.169 | 0.312 | 0.459 | 0.656 | 0.276 | 0.234 | 0.077 | 0.311 | 0.303 | 0.116

3 0.206 | 0.189 | 0.144 | 0.333 | 0.567 | 0.539 | 0.363 | 0.286 | 0.081 | 0.366 | 0.323 | 0.111

UB-4 4 0.370 | 0.156 | 0.176 | 0.332 | 0.469 | 0.702 | 0.285 | 0.232 | 0.083 | 0.315 | 0.321 | O0.111
Average1 &3 | 0.230 | 0.201 | 0.130 | 0.332 | 0.607 | 0.562 | 0.343 | 0.258 | 0.081 | 0.340 | 0.322 | 0.108

Average2 &4 | 0.357 | 0.150 | 0.173 | 0.322 | 0.464 | 0.679 | 0.281 | 0.233 | 0.080 | 0.313 | 0.312 | 0.113

1 0.279 | 0.240 | 0.103 | 0.343 | 0.699 | 0.622 | 0.337 | 0.230 | 0.085 | 0.315 | 0.332 | 0.117

2 0.333 | 0.137 | 0.192 | 0.329 | 0.417 | 0.662 | 0.264 | 0.207 | 0.083 | 0.290 | 0.318 | 0.106

e 3 0.258 | 0.204 | 0.129 | 0.333 | 0.613 | 0.591 | 0.328 | 0.229 | 0.084 | 0.313 | 0.322 | 0.110
4 0.329 | 0.202 | 0.129 | 0.331 | 0.609 | 0.660 | 0.297 | 0.220 | 0.080 | 0.300 | 0.322 | 0.114
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average1&3 | 0.269 | 0.222 | 0.116 | 0.338 | 0.656 | 0.607 | 0.332 | 0.229 | 0.085 | 0.314 | 0.327 | 0.113

Average2 &4 | 0.331 | 0.170 | 0.161 | 0.330 | 0.513 | 0.661 | 0.281 | 0.213 | 0.081 | 0.295 | 0.320 | 0.110

1 0.262 | 0.251 | 0.089 | 0.342 | 0.732 | 0.604 | 0.346 | 0.304 | 0.088 | 0.392 | 0.331 | 0.123

2 0.356 | 0.175 | 0.154 | 0.330 | 0.532 | 0.686 | 0.283 | 0.214 | 0.082 | 0.296 | 0.319 | 0.118

3 0.287 | 0.201 | 0.138 | 0.340 | 0.593 | 0.626 | 0.309 | 0.209 | 0.083 | 0.293 | 0.329 | 0.110

UB-6 4 0.337 | 0.193 | 0.140 | 0.333 | 0.580 | 0.670 | 0.298 | 0.222 | 0.081 | 0.303 | 0.323 | 0.108
Average1 &3 | 0.274 | 0.226 | 0.114 | 0.341 | 0.662 | 0.615 | 0.327 | 0.257 | 0.085 | 0.342 | 0.330 | 0.117

Average2 &4 | 0.346 | 0.184 | 0.147 | 0.331 | 0.556 | 0.678 | 0.290 | 0.218 | 0.081 | 0.299 | 0.321 | 0.113

1 0.265 | 0.241 | 0.094 | 0.335 | 0.719 | 0.600 | 0.337 | 0.315 | 0.085 | 0.400 | 0.324 | 0.120

2 0.327 | 0.191 | 0.142 | 0.333 | 0.573 | 0.660 | 0.287 | 0.205 | 0.086 | 0.291 | 0.322 | 0.120

3 0.245 | 0.247 | 0.087 | 0.334 | 0.739 | 0.580 | 0.349 | 0.329 | 0.085 | 0.414 | 0.323 | 0.122

UB-7 4 0.321 | 0.179 | 0.152 | 0.331 | 0.541 | 0.653 | 0.287 | 0.225 | 0.080 | 0.304 | 0.322 | 0.109
Average1& 3 | 0.255 | 0.244 | 0.091 | 0.335 | 0.729 | 0.590 | 0.343 | 0.322 | 0.085 | 0.407 | 0.324 | 0.121

Average2 &4 | 0.324 | 0.185 | 0.147 | 0.332 | 0.557 | 0.657 | 0.287 | 0.215 | 0.083 | 0.297 | 0.322 | 0.115
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

1 0.247 | 0.224 | 0.115 | 0.338 | 0.661 | 0.585 | 0.342 | 0.277 | 0.082 | 0.359 | 0.328 | 0.105

2 0.326 | 0.191 | 0.140 | 0.331 | 0.577 | 0.657 | 0.286 | 0.258 | 0.083 | 0.343 | 0.320 | 0.123

3 0.248 | 0.254 | 0.083 | 0.338 | 0.753 | 0.586 | 0.345 | 0.321 | 0.084 | 0.404 | 0.327 | 0.129

uB-8 4 0.305 | 0.200 | 0.135 | 0.335 | 0.597 | 0.640 | 0.295 | 0.279 | 0.085 | 0.365 | 0.324 | 0.121
Average1 &3 | 0.248 | 0.239 | 0.099 | 0.338 | 0.707 | 0.586 | 0.344 | 0.299 | 0.083 | 0.382 | 0.328 | 0.117

Average2 &4 | 0.316 | 0.195 | 0.138 | 0.333 | 0.587 | 0.648 | 0.291 | 0.269 | 0.084 | 0.354 | 0.322 | 0.122

1 0.280 | 0.249 | 0.084 | 0.333 | 0.747 | 0.613 | 0.341 | 0.316 | 0.079 | 0.394 | 0.324 | 0.128

2 0.281 | 0.205 | 0.119 | 0.324 | 0.633 | 0.603 | 0.314 | 0.288 | 0.084 | 0.372 | 0.313 | 0.120

3 0.251 | 0.259 | 0.072 | 0.331 | 0.782 | 0.058 | 0.366 | 0.303 | 0.080 | 0.383 | 0.322 | 0.137

UB-9 4 0.305 | 0.198 | 0.137 | 0.335 | 0.590 | 0.640 | 0.296 | 0.219 | 0.083 | 0.302 | 0.325 | 0.117
Average1 &3 | 0.266 | 0.254 | 0.078 | 0.332 | 0.764 | 0.336 | 0.353 | 0.309 | 0.079 | 0.388 | 0.323 | 0.132

Average2 &4 | 0.293 | 0.202 | 0.128 | 0.330 | 0.611 | 0.622 | 0.305 | 0.254 | 0.084 | 0.337 | 0.319 | 0.119

1 0.273 | 0.244 | 0.088 | 0.332 | 0.734 | 0.605 | 0.332 | 0.285 | 0.084 | 0.370 | 0.321 | 0.118

UB-10 2 0.274 | 0.227 | 0.103 | 0.329 | 0.688 | 0.604 | 0.322 | 0.231 | 0.078 | 0.309 | 0.320 | 0.116
3 0.262 | 0.221 | 0.113 | 0.334 | 0.662 | 0.595 | 0.317 | 0.228 | 0.086 | 0.315 | 0.322 | 0.123
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)

4 0.308 | 0.225 | 0.108 | 0.333 | 0.677 | 0.641 | 0.349 | 0.280 | 0.074 | 0.354 | 0.324 | 0.128

Average 1 &3 | 0.267 | 0.232 | 0.100 | 0.333 | 0.698 | 0.600 | 0.325 | 0.257 | 0.085 | 0.342 | 0.322 | 0.121

Average2& 4 | 0.291 | 0.226 | 0.105 | 0.331 | 0.682 | 0.622 | 0.335 | 0.256 | 0.076 | 0.332 | 0.322 | 0.122

1 0.298 | 0.187 | 0.141 | 0.328 | 0.571 | 0.626 | 0.298 | 0.243 | 0.072 | 0.315 | 0.320 | 0.100

2 0.276 | 0.211 | 0.126 | 0.337 | 0.626 | 0.613 | 0.311 | 0.225 | 0.087 | 0.312 | 0.325 | 0.114

3 0.348 | 0.175 | 0.161 | 0.336 | 0.521 | 0.684 | 0.327 | 0.231 | 0.077 | 0.307 | 0.327 | 0.121

UB-11 4 0.270 | 0.203 | 0.128 | 0.331 | 0.614 | 0.602 | 0.311 | 0.239 | 0.083 | 0.322 | 0.321 | 0.115
Average1 &3 | 0.323 | 0.181 | 0.151 | 0.332 | 0.546 | 0.655 | 0.312 | 0.237 | 0.075 | 0.311 | 0.323 | 0.111

Average2 &4 | 0.273 | 0.207 | 0.127 | 0.334 | 0.620 | 0.607 | 0.311 | 0.232 | 0.085 | 0.317 | 0.323 | 0.115

1 0.340 | 0.176 | 0.160 | 0.336 | 0.523 | 0.676 | 0.302 | 0.271 | 0.074 | 0.345 | 0.328 | 0.123

2 0.295 | 0.193 | 0.140 | 0.333 | 0.581 | 0.628 | 0.292 | 0.205 | 0.085 | 0.290 | 0.322 | 0.119

UB-12 3 0.291 | 0.192 | 0.154 | 0.346 | 0.556 | 0.637 | 0.297 | 0.206 | 0.081 | 0.286 | 0.336 | 0.104
4 0.263 | 0.157 | 0.169 | 0.326 | 0.482 | 0.589 | 0.283 | 0.225 | 0.082 | 0.307 | 0.315 | 0.096

Average1&3 | 0.316 | 0.184 | 0.157 | 0.341 | 0.540 | 0.657 | 0.300 | 0.238 | 0.077 | 0.316 | 0.332 | 0.113
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Specimen Weld Location | d; (in) | d, (in) | ds (in) | d4 (in) | do/d, | ds (in) | T (in) | hy (in) | hy (in) | h (in) | t, (in) | A, (in%)

Average2 &4 | 0.279 | 0.175 | 0.154 | 0.329 | 0.531 | 0.608 | 0.288 | 0.215 | 0.083 | 0.298 | 0.318 | 0.107

1 0.343 | 0.148 | 0.186 | 0.334 | 0.444 | 0.677 | 0.270 | 0.212 | 0.070 | 0.282 | 0.326 | 0.117

2 0.300 | 0.228 | 0.107 | 0.335 | 0.679 | 0.635 | 0.326 | 0.234 | 0.085 | 0.319 | 0.324 | 0.126

3 0.361 | 0.157 | 0.181 | 0.338 | 0.465 | 0.699 | 0.264 | 0.237 | 0.073 | 0.310 | 0.330 | 0.126

UB-13 4 0.311 | 0.205 | 0.126 | 0.331 | 0.620 | 0.642 | 0.300 | 0.214 | 0.083 | 0.296 | 0.321 | 0.116
Average1&3 | 0.352 | 0.153 | 0.183 | 0.336 | 0.454 | 0.688 | 0.267 | 0.224 | 0.072 | 0.296 | 0.328 | 0.122

Average2 &4 | 0.305 | 0.216 | 0.117 | 0.333 | 0.650 | 0.638 | 0.313 | 0.224 | 0.084 | 0.308 | 0.322 | 0.121

1 0.307 | 0.218 | 0.120 | 0.338 | 0.644 | 0.645 | 0.306 | 0.222 | 0.094 | 0.315 | 0.325 | 0.117

2 0.342 | 0.215 | 0.122 | 0.336 | 0.638 | 0.678 | 0.304 | 0.207 | 0.078 | 0.285 | 0.326 | 0.113

3 0.282 | 0.216 | 0.120 | 0.336 | 0.643 | 0.618 | 0.315 | 0.233 | 0.086 | 0.319 | 0.325 | 0.113

uB-14 4 0.342 | 0.187 | 0.143 | 0.330 | 0.567 | 0.672 | 0.292 | 0.225 | 0.077 | 0.302 | 0.320 | 0.116
Average1 &3 | 0.295 | 0.217 | 0.120 | 0.337 | 0.644 | 0.632 | 0.310 | 0.227 | 0.090 | 0.317 | 0.325 | 0.115

Average2 &4 | 0.342 | 0.201 | 0.132 | 0.333 | 0.603 | 0.675 | 0.298 | 0.216 | 0.078 | 0.294 | 0.323 | 0.114

UB-15 1 0.318 | 0.243 | 0.089 | 0.333 | 0.731 | 0.650 | 0.339 | 0.267 | 0.076 | 0.343 | 0.324 | 0.119
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
2 0.275 | 0.198 | 0.146 | 0.344 | 0.577 | 0.619 | 0.316 | 0.227 | 0.087 | 0.314 | 0.333 | 0.118
3 0.343 | 0.187 | 0.143 | 0.330 | 0.567 | 0.673 | 0.290 | 0.213 | 0.077 | 0.290 | 0.321 | 0.119
4 0.295 | 0.204 | 0.132 | 0.336 | 0.607 | 0.631 | 0.310 | 0.243 | 0.081 | 0.324 | 0.326 | 0.120
Average1 &3 | 0.330 | 0.215 | 0.116 | 0.331 | 0.649 | 0.662 | 0.314 | 0.240 | 0.077 | 0.317 | 0.322 | 0.119
Average2& 4 | 0.285 | 0.201 | 0.139 | 0.340 | 0.592 | 0.625 | 0.313 | 0.235 | 0.084 | 0.319 | 0.330 | 0.119
1 0.268 | 0.188 | 0.148 | 0.336 | 0.559 | 0.604 | 0.315 | 0.252 | 0.083 | 0.335 | 0.326 | 0.112
2 0.311 | 0.165 | 0.176 | 0.341 | 0.485 | 0.652 | 0.299 | 0.220 | 0.080 | 0.300 | 0.331 | 0.110
3 0.254 | 0.199 | 0.139 | 0.339 | 0.588 | 0.593 | 0.298 | 0.310 | 0.083 | 0.393 | 0.328 | 0.097
UB-16 4 0.420 | 0.168 | 0.176 | 0.344 | 0.489 | 0.764 | 0.316 | 0.295 | 0.082 | 0.377 | 0.334 | 0.115
Average1 &3 | 0.261 | 0.194 | 0.144 | 0.337 | 0.574 | 0.599 | 0.306 | 0.281 | 0.083 | 0.364 | 0.327 | 0.105
Average2 &4 | 0.365 | 0.167 | 0.176 | 0.342 | 0.487 | 0.708 | 0.307 | 0.257 | 0.081 | 0.339 | 0.333 | 0.112
1&3 0.284 | 0.212 | 0.122 | 0.334 | 0.639 | 0.601 | 0.321 | 0.257 | 0.080 | 0.337 | 0.324 | 0.115
Average 2&4 0.317 | 0.191 | 0.141 | 0.333 | 0.575| 0.649 | 0.300 | 0.233 | 0.082 | 0.315 | 0.322 | 0.116
All 0.300 | 0.202 | 0.131 | 0.333 | 0.607 | 0.625 | 0.311 | 0.245 | 0.081 | 0.326 | 0.323 | 0.116
Standard Deviation 1&3 0.034 | 0.026 | 0.027 | 0.008 | 0.079 | 0.079 | 0.021 | 0.030 | 0.007 | 0.032 | 0.007 | 0.007
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Specimen Weld Location | dy (in) | d, (in) | ds (in) | ds (in) | do/ds | ds (in) | T (in) | hy (in) | ho (in) | h (in) | t (in) | A, (in%)
2&4 0.033 | 0.024 | 0.023 | 0.004 | 0.070 | 0.033 | 0.017 | 0.018 | 0.003 | 0.019 | 0.005 | 0.004
All 0.037 | 0.027 | 0.026 | 0.006 | 0.080 | 0.064 | 0.022 | 0.027 | 0.005 | 0.028 | 0.006 | 0.006
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Appendix E  Effective Length (L) Measurements

Table E.1 L, Values

Specimen L. (in) Specimen L. (in) Specimen L. (in)
GM-81 5-1/8” FIL-1 4-7/8” SA-41 5”
GM-82 5-3/16” FIL-2 4-34 SA-42 5”
GM-83 5-1/4” FIL-3 4- SA-43 5-1/16”
GM-84 5-1/16” FIL-4 4-15/16” SA-44 4-7/8”
GM-85 5-1/47 FIL-5 4-7/8” SA-45 4-15/16”
GM-86 5” FIL-6 4-34 SA-46 5-1/8”
GM-87 5-5/16” FIL-7 4-15/16” SA-47 5”
GM-88 5-3/16” FIL-8 4-7/8” SA-48 4-15/16”
GM-89 5-1/16” SA-21 4-34 SA-61 4-15/16”

GM-810 5”7 SA-22 5-3/16” SA-62 5-3/16”
GM-811 5-1/8” SA-23 4-15/16” SA-63 5-3/16”
GM-812 5” SA-24 5-1/8” SA-64 5”
GM-813 5-7/16” SA-25 5-1/16” SA-65 5”
GM-814 5-1/8” SA-26 5-1/8” SA-66 4-15/16”
GM-815 5-1/16” SA-27 5-1/16” SA-67 4-15/16”
GM-816 5-1/8” SA-28 5-1/8” SA-68 5”
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Table E.1 L. Values (Continued)

Specimen L. (in) Specimen L. (in) Specimen L. (in)
SA-81 4-7/8” OB-1 4-13/32” UB-1 4-5/8”
SA-83 4-3 OB-2 4-19/32” UB-2 4-5/8”
SA-84 5” OB-3 4-15/32” UB-3 4-5/8”
SA-85 4-7/8” OB-4 4-5/8” uB-4 4-9/16”
SA-86 4-%4 OB-5 4-11/16” UB-5 4-11/16”
SA-87 4-11/16” OB-6 4-% UB-6 4-9/16”
SA-88 4-25/32” OB-7 4-19/32” UB-7 4-5/8”
SA-89 4-27/32” OB-8 4-3 UB-8 4-3

SA-810 4-5/8” OB-9 4-5/8” UB-9 4-11/16”
SA-811 4-7/8” OB-10 4-9/16” UB-10 N/A
SA-812 4-31/32” OB-11 4-5” UB-11 4-7/8”
SA-813 4-11/16” OB-12 4-5/8” UB-12 4-11/16”
SA-814 4-7/8” OB-13 4-9/16” UB-13 4-7/16”
SA-815 4-11/16” OB-14 4-5/8” UB-14 4-19/32”
SA-816 4-27/32” OB-15 4-17/32” UB-15 4-5/8”

OB-16 4-17/32” UB-16 4-”
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Appendix F  Locations of Tack Welds and Crack Initiation Points

Table F.1 Location of Tack Welds and Crack Initiation Points

# of tack # of tack # of tack # of crack # of carcks . # .Of cracks . # .Of cracks
. s Lo initiated off the initiated off the
Specimen | weldsonthe | welds atthe | welds off initiation initiated at Note
. center from tack center w/o tack
crack surface center the center locations center
welds welds
GM-81 0 0 0 1 1 0 0
GM-82 0 0 0 1 1 0 0
GM-83 0 0 0 1 1 0 0
GM-84 WR
GM-85 0 0 0 1 1 0 0
GM-86 1 0 1 1 1 0 0 N
GM-87 0 0 0 1 1 0 0
GM-88 0 0 0 1 0 1 0
GM-810 1 0 1 1 1 0 0 N
GM-814 0 0 0 1 1 0 0
GM-816 0 0 0 1 1 0 0
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# of tack # of tack # of tack # of crack # of carcks . # .Of cracks . # .Of cracks
. s Lo initiated off the initiated off the
Specimen | weldsonthe | welds atthe | welds off initiation initiated at Note
. center from tack center w/o tack
crack surface center the center locations center
welds welds

SA-61 1 0 1 1 0 1 0 CTC

SA-62 1 0 1 1 1 0 0 N

SA-63 1 0 1 2 1 1 0 Y

SA-64 1 0 1 1 1 0 0 N

SA-65 1 0 1 2 1 1 0 Y

SA-66 1 1 0 1 1 0 0 TBD

SA-67 1 0 1 1 0 1 0 Y

SA-68 1 0 1 1 0 1 0 Y

SA-41 1 0 1 1 0 1 0 CTC

SA-42 1 1 0 1 1 0 0 TBD

SA-43 1 1 0 1 1 0 0 TBD

SA-44 1 0 1 2 1 1 0 Y

SA-45 1 1 0 1 1 0 0 TBD

SA-46 1 0 1 1 1 0 0 N
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# of cracks

# of cracks

# of tack # of tack # of tack # of crack # of carcks o o
Specimen | weldsonthe | welds atthe | welds off initia_tion initiated at (:I:r:?earti(rjocr):ftt;ci ::rf]elrtlltif’e\(/jv /%f:;gi Note
crack surface center the center locations center welds welds

SA-47 1 0 1 1 0 1 0 Y
SA-48 1 0 1 2 0 1 1 Y
SA-21 1 0 1 1 0 1 0 CTC
SA-22 1 0 1 2 1 1 0 Y
SA-23 1 1 0 1 1 0 0 TBD
SA-24 1 0 1 1 0 1 0 Y
SA-25 1 0 1 1 1 0 0 N
SA-26 1 0 1 1 0 1 0 Y
SA-27 0 0 0 1 0 0 1
SA-28 2 0 2 2 0 1 1 Y
FIL-1 2 0 2 2 1 1 0 Y
FIL-2 2 0 2 1 1 0 0 N
FIL-3 1 0 1 1 1 0 0 N

237




# of tack # of tack # of tack # of crack # of carcks . # .Of cracks . # .Of cracks
. s Lo initiated off the initiated off the
Specimen | weldsonthe | welds atthe | welds off initiation initiated at Note
. center from tack center w/o tack
crack surface center the center locations center
welds welds
FIL-4 1 1 0 1 1 0 0 TBD
FIL-5 1 0 1 1 1 0 0 N
FIL-6 1 0 1 1 1 0 0 N
FIL-7 1 0 1 1 1 0 0 N
FIL-8 2 0 2 1 1 0 0 N
Notes:

Y -- crack initiated from tack weld

N -- crack did not initiate from tack weld

CTC -- close to center; crack initiated from tack weld but they are both very close to center (in the middle ¥4)

TBD -- to be decided; both crack and tack weld are at the center
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Appendix G Model Fitting Report — All Possible Factors

Response Lg(Cycles to Failure)
Whole Model
Actual by Predicted Plot

7.5

7 4
6.5

6 ... "3 _;.';': ................

Lg(Cycles to
Failure) Actual
,

55 Ak

5

T T T T T T 1
5 5.5 6 6.5 7 7.5
Lg(Cycles to Failure) Predicted
P<.0001 RSq=0.65 RMSE=0.2697

Summary of Fit

RSquare 0.648499

RSquare Adj 0.565248

Root Mean Square Error 0.269732

Mean of Response 5.984361

Observations (or Sum Wgts) 95

Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares

Model 18 10.201398 0.566744 7.7897
Error 76 5.529395 0.072755 Prob > F

C. Total 94 15.730794 <.0001*

Parameter Estimates

Term Estimate  Std Error  tRatio
Intercept 8.7116189 1.208894 7.21
Specimen Series[FIL] -0.048266 0.118976 -0.41
Specimen Series[GM-80] 0.1778059 0.121217 1.47
Specimen Series[OB] -0.090343 0.146611 -0.62
Specimen Series[SA-20] 0.0305201 0.1246 0.24
Specimen Series[SA-40] -0.074673 0.107542 -0.69
Specimen Series[SA-60] -0.034251 0.102134 -0.34
Specimen Series[SA-80] 0.0640179 0.198066 0.32
Failure Mode[RUNOUT] 0.626088 0.131448 4.76
Failure Mode[WR] -0.588611 0.119812 -4.91

Prob>|t|
<.0001*
0.6861
0.1465
0.5396
0.8072
0.4896
0.7383
0.7474
<.0001*
<.0001*
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Term

Failure Mode[WT @ DECK]
Root Gap[Close]

R-Ratio[0]

Weld Toe Size (d1)

Weld Penetration

Weld Throat (t)

Weld Height (h)

Weld Area (Aw)
Lg(SHS-0515 Extrapolation)

Effect Tests
Source
Specimen Series
Failure Mode
Root Gap
R-Ratio
Weld Toe Size (d1)
Weld Penetration
Weld Throat (t)
Weld Height (h)
Weld Area (Aw)
Lg(SHS-0515 Extrapolation)

Residual by Predicted Plot

Estimate
-0.033687
-0.043123

-0.20666
2.0929949
-0.227691
3.3445716
-1.030001
0.1775615
-2.541618

7 7

RPRRPRPRPRRPRRPRPFP®
RPRRPRRPRPRRPRRERRE®

1.0

0.5 1

Lg(Cycles to
Failure) Residual

-0.5 4

00 -y T S

T T T T T T T T

5 5.5 6 6.5 7
Lg(Cycles to

Failure) Predicted

Std Error

0.081587
0.073289
0.036598

1.29385
0.691863
2.471598

1.18336
3.757943
0.628414

Nparm DF  Sum of Squares

0.2872910
2.5228381
0.0251885
2.3198942
0.1903850
0.0078798
0.1332261
0.0551195
0.0001624
1.1901269

t Ratio
-0.41
-0.59
-5.65

1.62
-0.33
1.35
-0.87
0.05
-4.04

Prob>[t]
0.6808
0.5580

<.0001*
0.1099
0.7430
0.1800
0.3868
0.9624

0.0001*

F Ratio Prob>F

0.5641
11.5586
0.3462
31.8863
2.6168
0.1083
1.8312
0.7576
0.0022
16.3580

0.7827
<.0001*
0.5580
<.0001*
0.1099
0.7430
0.1800
0.3868
0.9624
0.0001*

240



Specimen Series
Leverage Plot

7.5

o N
o o

o
o

Leverage Residuals
I
[6)]

Lg(Cycles to Failure)

5.0

T T T T T T
5.855.90 5.95 6.00 6.05 6.10 6.156.20
Specimen Series
Leverage, P=0.7827

Least Squares Means Table
Level Least Sq Mean

FIL
GM-80
OB
SA-20
SA-40
SA-60
SA-80
uB

5.9520332
6.1781048
5.9099557
6.0308190
5.9256259
5.9660481
6.0643168
5.9754876

LS Means Plot

N
)

Std Error
0.15345434
0.13017238
0.12826725
0.15713228
0.14956588
0.13830853
0.21483135
0.09463522

Mean
5.78706
6.24877
5.99771
5.70039
5.70246
5.73829
6.16669
6.04030

o
o~
[

Lg(Cycles to
Failure) LS Means
o
|

o
o o
L

1t

FIL

LSMeans Differences Tukey HSD

a=0.050 Q=3.11696

LSMean[i] By LSMean[j]

"GM-8 ' OB 'SA-20 'SA-40 'SA-60 'SA-80 " UB

Specimen Series
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Mean[i]-Mean[j] FIL| GM-80 OB| SA-20| SA-40| SA-60| SA-80 UB
Std Err Dif
Lower CL Dif
Upper CL Dif
FIL 0| -0.2261|0.04208| -0.0788|0.02641| -0.014| -0.1123]| -0.0235
0]0.17923/0.20411|0.18221|0.16346/0.17039| 0.25385| 0.1484
0| -0.7847| -0.5941| -0.6467| -0.4831| -0.5451| -0.9035| -0.486
0/0.33258|0.67827|0.48916| 0.5359|0.51707|0.67896|0.43909
GM-80 0.22607 0] 0.26815|0.14729|0.25248| 0.21206|0.11379|0.20262
0.17923 0]0.21036|0.15124|0.17205|0.15096| 0.27859|0.15573
-0.3326 0| -0.3875| -0.3241| -0.2838| -0.2585| -0.7546| -0.2828
0.78472 0]0.92384| 0.6187|0.78875|0.68259|0.98213|0.68803
OB -0.0421| -0.2681 0] -0.1209| -0.0157| -0.0561| -0.1544| -0.0655
0.20411|0.21036 0]0.23021|0.21247]0.20918| 0.2516(0.12962
-0.6783| -0.9238 0| -0.8384| -0.6779| -0.7081| -0.9386| -0.4695
0.59412|0.38755 0]0.59668|0.64659| 0.59592| 0.62988| 0.33848
SA-20 0.07879| -0.1473|0.12086 0/0.10519|0.06477| -0.0335|0.05533
0.18221|0.15124|0.23021 0] 0.15119/0.14389|0.27331|0.18117
-0.4892| -0.6187| -0.5967 0| -0.3661| -0.3837| -0.8854| -0.5094
0.64674|0.32413|0.83841 0]0.57644|0.51329|0.81839|0.62004
SA-40 -0.0264| -0.2525|0.01567| -0.1052 0| -0.0404| -0.1387| -0.0499
0.16346|0.17205|0.21247|0.15119 0| 0.1417| 0.2381]0.16548
-0.5359| -0.7887| -0.6466| -0.5764 0| -0.4821| -0.8808| -0.5657
0.48309| 0.28379|0.67793| 0.36605 0] 0.40125|0.60347|0.46593
SA-60 0.01401| -0.2121|0.05609| -0.0648|0.04042 0| -0.0983| -0.0094
0.17039|0.15096|0.20918|0.14389| 0.1417 0] 0.23723/0.16361
-0.5171| -0.6826| -0.5959| -0.5133| -0.4013 0| -0.8377| -0.5194
0.5451(0.25848| 0.7081|0.38374| 0.4821 0] 0.64116|0.50052
SA-80 0.11228| -0.1138|0.15436| 0.0335/0.13869|0.09827 0/0.08883
0.25385|0.27859| 0.2516{0.27331| 0.2381(0.23723 0(0.23827
-0.679| -0.9821| -0.6299| -0.8184| -0.6035| -0.6412 0| -0.6538
0.90353|0.75456| 0.9386|0.88539|0.88085| 0.8377 0/0.83151
uB 0.02345| -0.2026| 0.06553| -0.0553|0.04986| 0.00944| -0.0888 0
0.1484(0.15573|0.12962|0.18117{0.16548| 0.16361| 0.23827 0
-0.4391| -0.688| -0.3385| -0.62| -0.4659| -0.5005| -0.8315 0
0.486| 0.2828|0.46955|0.50938|0.56566| 0.5194|0.65385 0
Level Least Sq Mean
GM-80 A 6.1781048
SA-80 A 6.0643168
SA-20 A 6.0308190
uB A 5.9754876
SA-60 A 5.9660481
FIL A 5.9520332
SA-40 A 5.9256259
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Level Least Sq Mean
OB A 5.9099557

Levels not connected by same letter are significantly different.
Power Details

Test
Specimen Series

Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.269732 0.054992 95 0.2285 0.0500 0.0500 0.9937
Least Significant Number
a c 6  Number(LSN)
0.0500 0.269732 0.054992 343.1941

Failure Mode
Leverage Plot

7.5
) i
ERE 7.0
® B
Z § 6.5
a0
g> 86.0 -
o ¢
o © 55 4
5.0 T T T T T T
54 56 58 6.0 62 64 6.6 6.8
Failure Mode
Leverage, P<.0001

Least Squares Means Table

Level Least Sg Mean Std Error Mean
RUNOUT 6.6263869 0.16999077 6.99388
WR 5.4116878 0.14829728 6.04715
WT @ DECK 5.9666122 0.06499348 5.87738
WT @ RIB 5.9965086 0.12026369 6.11973
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LS Means Plot

Lg(Cycles to
Failure) LS Means
[6)] [} ~
oo o N »
P I I P

RUNOUT
WR

WT @ DECK
WT @ RIB

Failure Mode

LSMeans Differences Tukey HSD
a=0.050 Q=2.6268
LSMean[i] By LSMean[j]

Mean[i]-Mean[j] RUNOUT WR WT @| WT @ RIB
Std Err Dif DECK

Lower CL Dif

Upper CL Dif

RUNOUT 1.2147 0.65977 0.62988

0

0 0.20884 0.17917 0.20452
0 0.66612 0.18913 0.09264
0 1.76328 1.13042 1.16712

WR -1.2147 0 -0.5549 -0.5848
0.20884 0 0.17033 0.18228
-1.7633 0 -1.0023 -1.0636
-0.6661 0 -0.1075 -0.106

WT @ DECK -0.6598 0.55492 0 -0.0299
0.17917 0.17033 0 0.11808
-1.1304 0.1075 0 -0.3401
-0.1891 1.00235 0 0.28028

WT @ RIB -0.6299 0.58482 0.0299 0
0.20452 0.18228 0.11808 0
-1.1671 0.10601 -0.2803 0
-0.0926 1.06363 0.34007 0

Level Least Sq Mean

RUNOUT A 6.6263869

WT @ RIB B 5.9965086

WT @ DECK B 5.9666122

WR C 5.4116878

Levels not connected by same letter are significantly different.
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Power Details
Test
Failure Mode

Power

o c 6 Number Power AdjPower LowerCL UpperCL

0.0500 0.269732 0.162961 95 0.9993 0.9979 0.6959

Least Significant Number
o c 6  Number(LSN)

0.0500 0.269732 0.162961 29.73076

Root Gap
Leverage Plot

7.5

o N
3 =)
1 1

Leverage Residuals
o
o
|

Lg(Cycles to Failure)

o
(3]
1

5.0

T T T T T T T T T T T
593 595 5.97 599 6.01 6.03 6.05
Root Gap Leverage, P=0.5580

Least Squares Means Table
Level Least Sq Mean Std Error Mean
Close 5.9571758 0.07953469 5.96860
Open 6.0434219 0.12243048 6.03100

LS Means Plot

N
)

I
o o~
[ |

1

Lg(Cycles to
Failure) LS Means

o
o »
Ll

Close Open

Root Gap

LSMeans Differences Student's t
0=0.050 t=1.99167
LSMean[i] By LSMean[j]

1.0000
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Mean[i]-Mean[j] Close Open
Std Err Dif
Lower CL Dif
Upper CL Dif
Close 0| -0.0862
0| 0.14658
0| -0.3782
0| 0.20569
Open 0.08625 0
0.14658 0
-0.2057 0
0.37818 0
Level Least Sq Mean
Open A 6.0434219
Close A 5.9571758

Levels not connected by same letter are significantly different.

Power Details
Test
Root Gap

Power
a c

6 Number
95 0.0895

0.0500 0.269732 0.016283

Least Significant Number

o

0.0500 0.269732

()

0

0.016283

Least Significant Value

o

()

0.0500 0.269732

Number
95

Number(LSN)
1056.562

LSV
0.145968

Power AdjPower LowerCL UpperCL
0.7215
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R-Ratio
Leverage Plot

7.5

Leverage Residuals
o o N
o a o
| | |

o
[
1

Lg(Cycles to Failure)

5.0

T T T T T T T
55 56 57 58 59 6.0 6.1 6.2 6.3
R-Ratio Leverage, P<.0001

Least Squares Means Table

Level Least Sq Mean Std Error Mean
0 5.7936390 0.09316294 5.73669
-1 6.2069587 0.06761521 6.08786

LS Means Plot
7.5 7

0 ' -1
R-Ratio

Lg(Cycles to
Failure) LS Means

LSMeans Differences Student's t
0=0.050 t=1.99167
LSMean[i] By LSMean[j]

Mean[i]-Mean[j] 0 -1
Std Err Dif

Lower CL Dif
Upper CL Dif

0 0| -0.4133

0| 0.0732

0| -0.5591

0| -0.2675

-1 0.41332 0

0.0732 0

0.26754 0

0.5591 0
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Level Least Sq Mean
-1 A 6.2069587
0 B 5.7936390

Levels not connected by same letter are significantly different.

Power Details

Test
R-Ratio
Power
o c 6 Number
0.0500 0.269732 0.156269 95 0.9998
Least Significant Number
o c 6  Number(LSN)
0.0500 0.269732 0.156269 22.99376
Least Significant Value
o c Number LSV
0.0500 0.269732 95 0.072891

Weld Toe Size (d1)
Leverage Plot

7.5
0 © i
5’0 .
‘® O -
"-'o: é 6.5 -
23]
%> 260 1
S ¢
= © 55 +
50 +—1——7—7T T T
0.15 0.20 0.25 0.30 0.35 0.40
Weld Toe Size (d1)
Leverage, P=0.1099
Power Details
Test

Weld Toe Size (d1)

Power

a c 6 Number

0.0500 0.269732 0.044767

95 0.3586

0.9997

0.2330

0.9504

0.0500

Power AdjPower LowerCL UpperCL

1.0000

Power AdjPower LowerCL UpperCL

0.9456
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Least Significant Number

0.6298

o c 6  Number(LSN)
0.0500 0.269732 0.044767 142.2346
Least Significant Value
o c Number LSV
0.0500 0.269732 95 2.576925
Weld Penetration
Leverage Plot
7.5
2 270
& % 6.5 ’
e
8 560
= 855 4
50 —F——7——T 71—
05 06 07 08 09 1.0
Weld Penetration
Leverage, P=0.7430
Power Details
Test
Weld Penetration
Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.269732 0.009107 95 0.0622 0.0500 0.0500
Least Significant Number
o c 6  Number(LSN)
0.0500 0.269732 0.009107 3371.972
Least Significant Value
o c Number LSV
0.0500 0.269732 95 1.377966
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Weld Throat (t)
Leverage Plot

7.5

N
o
1

o
(3]
1

o
o

Lg(Cycles to Failure)
Leverage Residuals
[$)]
3)

— 1 T T 1

0.20 0.25 0.30 0.35 0.40
Weld Throat (t)

Leverage, P=0.1800

Power Details

0.9103

Test
Weld Throat (t)
Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.269732 0.037448 95 0.2669 0.1410 0.0500
Least Significant Number
a c 6  Number(LSN)
0.0500 0.269732 0.037448 201.9434
Least Significant Value
o c Number LSV
0.0500 0.269732 95 4922615

Weld Height (h)
Leverage Plot

7.5

N
o
1

o
(3]
1

o
o
I

Lg(Cycles to Failure)
Leverage Residuals

ol
[
1

o
o

T T T T T T T T T T T
0.15 0.20 0.25 0.30 0.35 0.40
Weld Height (h)
Leverage, P=0.3868

250



Power Details
Test
Weld Height (h)

Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.269732 0.024087 95 0.1380 0.0500 0.0500 0.8067
Least Significant Number
o c 6  Number(LSN)
0.0500 0.269732 0.024087 484.2184
Least Significant Value
o c Number LSV
0.0500 0.269732 95 2.356866
Weld Area (Aw)
Leverage Plot
7.5
2 270
e
8 360
= ©55
5.0 T T T T T T T T
0.08 0.10 0.12 0.14 0.16
Weld Area (Aw)
Leverage, P=0.9624
Power Details
Test
Weld Area (Aw)
Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.269732 0.001308 95 0.0502 0.0500 0.0500 0.5212
Least Significant Number
a c 6  Number(LSN)
0.0500 0.269732 0.001308 163466.5
Least Significant Value
o c Number LSV
0.0500 0.269732 95 7.484591
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Lg(SHS-0515 Extrapolation)
Leverage Plot

7.5

o N
o o
1 1

Lg(Cycles to Failure)
Leverage Residuals
(o]
o
|

o
[
1

— T T T T "

1.2 1.3 1.4 1.5 1.6 1.7

Lg(SHS-0515 Extrapolation)
Leverage, P=0.0001

Power Details
Test
Lg(SHS-0515 Extrapolation)

1.0000

Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.269732 0.111927 95 0.9790 0.9682 0.5267
Least Significant Number
a c 6  Number(LSN)
0.0500 0.269732 0.111927 28.90652
Least Significant Value
o c Number LSV
0.0500 0.269732 95 1.251595
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Appendix H Simple Linear Regression Report — R=-1 under
36.67 ksi

Bivariate Fit of Cycles to Failure by Weld Toe Size (d,)

2000000

1500000 —

1000000 —

Cycles to Failure

500000 —

T T T T T
0.2 0.25 0.3 0.35
Weld Toe Size (d1)

Linear Fit
Cycles to Failure =-819188.7 + 6862063.7*Weld Toe Size (d;)

Summary of Fit

RSquare 0.451067

RSquare Adj 0.426116

Root Mean Square Error 286194.3

Mean of Response 825433.5

Observations (or Sum Wgts) 24
Analysis of Variance

Source DF Sum of Mean Square F Ratio

Squares

Model 1 1.4807e+12 1.481e+12 18.0778

Error 22 1.802e+12 8.191e+10 Prob > F

C. Total 23 3.2827e+12 0.0003*
Parameter Estimates

Term Estimate  Std Error tRatio  Prob>[t|

Intercept -819188.7 391193.2 -2.09  0.0480*

Weld Toe Size (dy) 6862063.7 1613922 4.25  0.0003*
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Bivariate Fit of Cycles to Failure by Penetration

2000000
1500000 —

1000000 —

Cycles to Failure

500000 —

T T T T T T T
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
Penetration

Linear Fit
Cycles to Failure = 69284.905 + 1112966.7*Penetration

Summary of Fit

RSquare 0.063423
RSquare Adj 0.020851
Root Mean Square Error 373829.1
Mean of Response 825433.5
Observations (or Sum Wgts) 24
Analysis of Variance
Source DF Sum of Mean Square
Squares
Model 1 2.082e+11 2.082e+11
Error 22 3.0745e+12 1.397e+11
C. Total 23 3.2827e+12
Parameter Estimates
Term Estimate  Std Error  tRatio
Intercept 69284.905 624186.6 0.11
Penetration 1112966.7 911842 1.22

F Ratio

1.4898
Prob > F
0.2352

Prob>[t]
0.9126
0.2352
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Bivariate Fit of Cycles to Failure by Weld Throat (t)

2000000

© 1500000 -

2

‘©

L

ie]

E 1000000

[§]

>

(&)

500000
T T T T T T T T
0.260.27 0.28 0.29 0.3 0.31 0.32 0.330.340.35
Weld Throat (t)

Linear Fit

Cycles to Failure =-1191561 + 6492515.5*Weld Throat (t)

Summary of Fit

RSquare 0.147265
RSquare Adj 0.108504
Root Mean Square Error 356704.3
Mean of Response 825433.5
Observations (or Sum Wgts) 24
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 4.8342e+11 4.834e+11 3.7993
Error 22 2.7992e+12 1.272e+11 Prob > F
C. Total 23 3.2827e+12 0.0641
Parameter Estimates
Term Estimate Std Error tRatio Prob>[t|
Intercept -1191561 1037345 -1.15 0.2630
Weld Throat (t) 6492515.5 3330879 1.95 0.0641
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Bivariate Fit of Cycles to Failure by Weld Height (h)

2000000
© 1500000 |
2
T
L
Q
£ 1000000
[ ‘/--/'
> 0
(&) b : H .

500000 - )
T T T T T T T
0.25 0.3 0.35 0.4
Weld Height (h)

Linear Fit

Cycles to Failure =527034.46 + 977616.4*Weld Height (h)

Summary of Fit

RSquare 0.013335
RSquare Adj -0.03151
Root Mean Square Error 383695.1
Mean of Response 825433.5
Observations (or Sum Wgts) 24
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 4.3773e+10 4.377e+10 0.2973
Error 22 3.2389%e+12 1.472e+11 Prob > F
C. Total 23 3.2827e+12 0.5910
Parameter Estimates
Term Estimate  Std Error tRatio  Prob>|t|
Intercept 527034.46 552820 0.95 0.3508
Weld Height (h) 977616.4 1792882 0.55 0.5910
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Bivariate Fit of Cycles to Failure by Weld Area (Aw)

2000000
© 1500000 -
=
T
L
e
@ 1000000
[§]
>
[6)

500000 -
T T T T T T
0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Weld Area (Aw)
[ —Lincar Fit]

Linear Fit

Cycles to Failure = -1436370 + 20975808*Weld Area (Aw)

Summary of Fit

RSquare 0.858473
RSquare Adj 0.85204
Root Mean Square Error 145318.4
Mean of Response 825433.5
Observations (or Sum Wgts) 24
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 2.8181e+12 2.818e+12 133.4476
Error 22 4.6458e+11 2.112e+10 Prob > F
C. Total 23 3.2827e+12 <.0001*
Parameter Estimates
Term Estimate Std Error tRatio Prob>[t|
Intercept -1436370 198028.3 -7.25  <.0001*
Weld Area (Ay) 20975808 1815781 11.55 <.0001*
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Appendix I Simple Linear Regression Report — R=-1 under

33.33 ksi

Bivariate Fit of Cycles to Failure by Weld Toe Size (d,)

3500000

3000000 —

lure

2500000

2000000

Cycles to Fa

1500000 —

1000000 —

T T T T T T T
0.15 0.2 0.25 0.3
Weld Toe Size (d1)

T T
0.35

Linear Fit

Cycles to Failure = -39743.38 + 8066060.4*Weld Toe Size (d;)

Summary of Fit

RSquare 0.630527
RSquare Adj 0.577745
Root Mean Square Error 492736.4
Mean of Response 1793627
Observations (or Sum Wqts) 9
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 1 2.9003e+12 2.9e+12 11.9459
Error 7 1.6995e+12 2.428e+11 Prob>F
C. Total 8 4,5999¢e+12 0.0106*

Parameter Estimates

Term Estimate
Intercept -39743.38
Weld Toe Size (d,) 8066060.4

Std Error t Ratio Prob>|t|
555291.5 -0.07 0.9449
2333736 3.46 0.0106*
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Bivariate Fit of Cycles to Failure by Weld Penetration

3500000

3000000 —

lure

2500000

2000000

Cycles to Fa

1500000

1000000 —

T T T T T
0.6 065 0.7 0.75 0.8 085 O
Weld Penetration

T T
9 095 1

Linear Fit

Cycles to Failure = 3623743.5 - 2386017.2*Weld Penetration

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)

Analysis of VVariance

Source DF Sum of Squares
Model 1 6.2207e+11
Error 7 3.9778e+12
C. Total 8 4.5999%e+12

Parameter Estimates

Term Estimate
Intercept 3623743.5
Weld Penetration -2386017

0.135236
0.011698
753828.2
1793627
9
Mean Square F Ratio
6.221e+11 1.0947
5.683e+11 Prob > F
0.3302
Std Error t Ratio Prob>|t|
1767130 2.05 0.0795
2280489 -1.05 0.3302
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Bivariate Fit of Cycles to Failure by Weld Throat (t)

3500000

3000000 —

lure

2500000 -

2000000

Cycles to Fa

1500000 —

1000000 —

T T T
03 032 034 036 0.38

Weld Throat (t)

T
0.4 0.42

Linear Fit

Cycles to Failure = 6661117.1 - 14023531*Weld Throat (t)

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)

Analysis of VVariance

Source DF Sum of Squares
Model 1 2.2344e+12
Error 7 2.3654e+12
C. Total 8 4.5999%e+12

Parameter Estimates

Term Estimate
Intercept 6661117.1
Weld Throat (t) -14023531

0.485763
0.412301
581306.2
1793627
9

Mean Square
2.234e+12
3.379%e+11

Std Error t Ratio
1902781 3.50
5453527 -2.57

F Ratio
6.6124
Prob>F
0.0369*

Prob>|t|
0.0100*
0.0369*
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Bivariate Fit of Cycles to Failure by Weld Height (h)

3500000

3000000 —

lure

2500000

2000000

Cycles to Fa

1500000 —

1000000 —

—
0.25 0.3 0.35 0.4
Weld Height (h)

Linear Fit
Cycles to Failure = 4851938.6 - 9299861.9*Weld Height (h)

Summary of Fit

RSquare 0.566106

RSquare Adj 0.504121

Root Mean Square Error 533968.2

Mean of Response 1793627
Observations (or Sum Wqts) 9

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 2.604e+12 2.604e+12
Error 7 1.9959e+12 2.851e+11
C. Total 8 4.5999e+12

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept 4851938.6 1027522 472
Weld Height (h) -9299862 3077306 -3.02

F Ratio
9.1330
Prob>F
0.0193*

Prob>|t|
0.0022*
0.0193*
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Bivariate Fit of Cycles to Failure by Weld Area (Av)

3500000

3000000 —

lure

2500000

2000000

Cycles to Fa

1500000 —

1000000 —

T T T T T T
0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Weld Area (Aw)
Linear Fit

Cycles to Failure = -1089134 + 24807434*Weld Area (A,)

Summary of Fit

RSquare 0.442688
RSquare Adj 0.363072
Root Mean Square Error 605163.3
Mean of Response 1793627
Observations (or Sum Wqts) 9

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 2.0363e+12 2.036e+12
Error 7 2.5636e+12 3.662e+11

C. Total 8 4.5999¢e+12

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept -1089134 1239061 -0.88
Weld Area (Ay) 24807434 10520416 2.36

F Ratio
5.5603
Prob>F
0.0505

Prob>|t|
0.4086
0.0505
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AppendixJ  Simple Linear Regression Report — R=0 under

33.33 ksi

Bivariate Fit of Cycles to Failure by Weld Toe Size (d,)

1600000

1400000
© 1200000
2
& 1000000 -
°
$ 800000
[§] .
3 600000 .

400000 - .

. -y
200000 .
0.15 0.2 0.25 0.3 0.35
Weld Toe Size (d1)

Linear Fit

Cycles to Failure = -749653 + 4800849.3*Weld Toe Size (d;)

Summary of Fit

RSquare 0.523656
RSquare Adj 0.502004
Root Mean Square Error 226231.1
Mean of Response 505018.9
Observations (or Sum Wgts) 24
Analysis of VVariance
Source DF Sum of Squares Mean Square F Ratio
Model 1 1.2378e+12 1.238e+12 24,1851
Error 22 1.126e+12 5.118e+10 Prob > F
C. Total 23 2.3638e+12 <.0001*

Parameter Estimates

Term Estimate
Intercept -749653
Weld Toe Size (d,) 4800849.3

Std Error t Ratio Prob>|t|
259272.6 -2.89 0.0085*
976212.1 4.92 <.0001*
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Bivariate Fit of Cycles to Failure by Weld Penetration

1600000

1400000 —
1200000 —

1000000 —

800000 —

Cycles to Failure

400000 —

600000 ~  ’

200000 ——
0.5 0.55 0.6 0.65 0.7 0.75 0

Weld Penetration

T T
.8 0.85 0.9

Linear Fit

Cycles to Failure = 231335.3 + 411643.15*Weld Penetration

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)

Analysis of VVariance

Source DF Sum of Squares
Model 1 1.643e+10
Error 22 2.3473e+12
C. Total 23 2.3638e+12
Parameter Estimates
Term Estimate
Intercept 231335.3
Weld Penetration 411643.15

0.006951
-0.03819
326645.9
505018.9

24

Mean Square F Ratio
1.643e+10 0.1540
1.067e+11 Prob > F

0.6985
Std Error t Ratio Prob>|t|
700624.4 0.33 0.7444
1049015 0.39 0.6985
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Bivariate Fit of Cycles to Failure by Weld Throat (t)

1600000

1400000 —
1200000 —

1000000 — Lo

800000 —

Cycles to Failure

PR

600000  ,
400000 - . . .

200000 ,

Weld Throat (t)

T T T T T T T T
0.26  0.280.29 0.3 0.310.320.330.340.35

Linear Fit

Cycles to Failure = 13178.909 + 1568627.9*Weld Throat (t)

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)

Analysis of Variance

Source DF Sum of Squares
Model 1 2.0402e+10
Error 22 2.3434e+12
C. Total 23 2.3638e+12

Parameter Estimates

Term Estimate
Intercept 13178.909
Weld Throat (t) 1568627.9

0.008631
-0.03643
326369.5
505018.9

24

Mean Square
2.04e+10
1.065e+11

Std Error t Ratio
1125804 0.01
3584241 0.44

F Ratio
0.1915
Prob>F
0.6659

Prob>|t|
0.9908
0.6659
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Bivariate Fit of Cycles to Failure by Weld Height (h)

1600000

1400000 -
1200000 —

1000000 —

800000 —

Cycles to Failure

600000 —

400000 —

200000 , . , , ,
0.25 0.275 0.3 0325 035 0375 0.4

Weld Height (h)

Linear Fit
Cycles to Failure = 1301339.5 - 2604713.6*Weld Height (h)

Summary of Fit

RSquare 0.087336

RSquare Adj 0.045851

Root Mean Square Error 313146.4

Mean of Response 505018.9
Observations (or Sum Wqts) 24

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 2.0644e+11 2.064e+11
Error 22 2.1573e+12 9.806e+10
C. Total 23 2.3638e+12

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept 1301339.5 552537.8 2.36
Weld Height (h) -2604714 1795181 -1.45

F Ratio
2.1052
Prob>F
0.1609

Prob>|t|
0.0278*
0.1609
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Bivariate Fit of Cycles to Failure by Weld Area (Ay)

1600000

1400000 —
1200000 —

1000000 —

800000 —

Cycles to Failure

600000 —
400000 —

200000
0.08

m T T T T T T T
0.1 0.110.120.130.140.150.160.17
Weld Area (Aw)

Linear Fit

Cycles to Failure = -924106.1 + 12361559*Weld Area (Ay)

Summary of Fit

RSquare 0.657158

RSquare Adj 0.641574

Root Mean Square Error 191928.3

Mean of Response 505018.9
Observations (or Sum Wqts) 24

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 1.5534e+12 1.553e+12
Error 22 8.104e+11 3.684e+10
C. Total 23 2.3638e+12

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept -924106.1 223535.1 -4.13
Weld Area (Ay) 12361559 1903593 6.49

F Ratio
42.1695
Prob>F
<.0001*

Prob>|t|
0.0004*
<.0001*
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Appendix K Simple Linear Regression Report — R=0 under

24.93 ksi, Specimens Failed at Weld Roots

Bivariate Fit of Cycles to Failure by Weld Toe Size (d,)

2500000

2000000 —

1500000 -

1000000 —

Cycles to Failure

500000

T T T T T T T T T
0.31 0.330.340.350.360.370.380.39 0.40.41
Weld Toe Size (d1)

Linear Fit
Cycles to Failure = 2743559.2 - 4032959.3*Weld Toe Size (d;)

Summary of Fit

RSquare 0.02864
RSquare Adj -0.07929
Root Mean Square Error 625991
Mean of Response 1361904
Observations (or Sum Wqts) 11

Analysis of Variance

Source DF Sum of Squares Mean Square F Ratio
Model 1 1.0399%+11 1.04e+11 0.2654
Error 9 3.5268e+12 3.919e+11 Prob > F
C. Total 10 3.6308e+12 0.6189

Parameter Estimates

Term Estimate Std Error t Ratio Prob>|t|
Intercept 2743559.2 2688775 1.02 0.3342
Weld Toe Size (d;) -4032959 7828993 -0.52 0.6189
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Bivariate Fit of Cycles to Failure by Weld Penetration

2500000

2000000

1500000 —

Cycles to Failure

1000000

500000 —
0.45 0.5 0.55 0.6 0.65 0.7 O.

Weld Penetration

T T
75 0.8 0.85

Linear Fit

Cycles to Failure = -205884.4 + 2519846.2*Weld Penetration

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)

Analysis of VVariance

Source DF Sum of Squares
Model 1 7.557e+11
Error 9 2.8751e+12
C. Total 10 3.6308e+12
Parameter Estimates
Term Estimate
Intercept -205884.4
Weld Penetration 2519846.2

0.208138
0.120153
565200.9
1361904
11

Mean Square F Ratio
7.557e+11 2.3656
3.195e+11 Prob > F

0.1584
Std Error t Ratio Prob>|t|
1033479 -0.20 0.8465
1638333 1.54 0.1584
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Bivariate Fit of Cycles to Failure by Weld Throat (t)

2500000

2000000

1500000 —

Cycles to Failure

1000000 —

500000

Weld Throat (t)

T T T T T T
0.29 0.3 0.31 0.32 0.33 0.34 0.35

Linear Fit

Cycles to Failure = -3721984 + 16319952*Weld Throat (t)

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)

Analysis of VVariance

0.236645
0.151828
554933.8
1361904
11

Source DF Sum of Squares Mean Square
Model 1 8.592e+11 8.592e+11
Error 9 2.7716e+12 3.08e+11

C. Total 10 3.6308e+12

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept -3721984 3048206 -1.22
Weld Throat (t) 16319952 9770393 1.67

F Ratio
2.7901
Prob>F
0.1292

Prob>|t|
0.2531
0.1292
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Bivariate Fit of Cycles to Failure by Weld Height (h)

2500000

2000000

1500000 —

Cycles to Failure

1000000 —

500000

T T T T T T
027 028 029 0.3 0.31 032 0.33 0.34
Weld Height (h)

Linear Fit
Cycles to Failure = 8316577.1 - 22722289*Weld Height (h)

Summary of Fit

RSquare 0.627773

RSquare Adj 0.586414

Root Mean Square Error 387509.1

Mean of Response 1361904
Observations (or Sum Wqts) 11

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 2.2793e+12 2.279%e+12
Error 9 1.3515e+12 1.502e+11
C. Total 10 3.6308e+12

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept 8316577.1 1788901 4.65
Weld Height (h) -22722289 5832214 -3.90

F Ratio
15.1788
Prob>F
0.0036*

Prob>|t|
0.0012*
0.0036*
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Bivariate Fit of Cycles to Failure by Weld Area (Ay)

2500000

2000000

1500000 —

Cycles to Failure

-
o
o
o
o
o
o
|

500000

T T T T T
0.1 0.105 0.1150.12 0.13 0.14
Weld Area (Aw)

Linear Fit
Cycles to Failure = -818002.2 + 18161758*Weld Area (Aw)

Summary of Fit

RSquare 0.106694
RSquare Adj 0.007438
Root Mean Square Error 600313.5
Mean of Response 1361904
Observations (or Sum Wqts) 11

Analysis of VVariance
Source DF Sum of Squares Mean Square
Model 1 3.8738e+11 3.874e+11
Error 9 3.2434e+12 3.604e+11
C. Total 10 3.6308e+12

Parameter Estimates
Term Estimate Std Error t Ratio
Intercept -818002.2 2110329 -0.39
Weld Area (Aw) 18161758 17517294 1.04

F Ratio
1.0749
Prob>F
0.3269

Prob>|t|
0.7073
0.3269
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Appendix L Correlation between Factors — R=-1, Failed at
WT@DECK

Bivariate Fit of Weld Toe Size (d,) by Weld Penetration

0.35
0.3
O ~
o = ]
T
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o N
= ®w 1
0.2
0.15 -
T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1
Weld Penetration
Linear Fit

Weld Toe Size (d1) = 0.4240169 - 0.2678957*Weld Penetration

Summary of Fit

RSquare 0.309965
RSquare Adj 0.29025
Root Mean Square Error 0.040783
Mean of Response 0.235334
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.02615012 0.026150 15.7221
Error 35 0.05821468 0.001663 Prob > F
C. Total 36 0.08436480 0.0003*
Parameter Estimates
Term Estimate  Std Error tRatio  Prob>[t|
Intercept 0.4240169 0.048056 8.82  <.0001*
Weld Penetration -0.267896 0.067563 -3.97  0.0003*
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Bivariate Fit of Weld Toe Size (d1) by Weld Throat (t)

0.35

0.3

d1)

2 0.25 -

Weld Toe
Size

0.2

0.15 -

T T T T T
0.25 0.3 0.35 0.4

Weld Throat (t)

Linear Fit
Weld Toe Size (d1) = 0.457307 - 0.6915607*Weld Throat (t)

Summary of Fit

RSquare 0.215565
RSquare Adj 0.193152
Root Mean Square Error 0.043484
Mean of Response 0.235334
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.01818606 0.018186 9.6181
Error 35 0.06617874 0.001891 Prob > F
C. Total 36 0.08436480 0.0038*
Parameter Estimates
Term Estimate Std Error tRatio Prob>[t|
Intercept 0.457307 0.07193 6.36  <.0001*
Weld Throat (t) -0.691561 0.22299 -3.10  0.0038*
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Bivariate Fit of Weld Penetration by Weld Throat (t)

1
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©
1
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0.6
0.5 4
0.4 T T T T T T
0.25 0.3 0.35 0.4
Weld Throat (t)
Linear Fit

Weld Penetration = -0.101674 + 2.5110728*Weld Throat (t)

Summary of Fit

RSquare 0.658043
RSquare Adj 0.648273
Root Mean Square Error 0.059665
Mean of Response 0.704316
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.23977097 0.239771 67.3521
Error 35 0.12459865 0.003560 Prob > F
C. Total 36 0.36436961 <.0001*
Parameter Estimates
Term Estimate Std Error tRatio Prob>[t|
Intercept -0.101674 0.098698 -1.03 0.3100
Weld Throat (t) 2.5110728 0.305973 8.21  <.0001*
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Bivariate Fit of Weld Toe Size (d,) by Weld Height (h)

0.35

03 °

=025 —\' 

0.2

d1)

Weld Toe
Size

0.15 -

—
0.25 0.3 0.35 0.4
Weld Height (h)

Linear Fit
Weld Toe Size (dy) = 0.2867172 - 0.1649254*Weld Height (h)

Summary of Fit

RSquare 0.027815
RSquare Adj 0.000038
Root Mean Square Error 0.048408
Mean of Response 0.235334
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.00234659 0.002347 1.0014
Error 35 0.08201821 0.002343 Prob > F
C. Total 36 0.08436480 0.3238
Parameter Estimates
Term Estimate  Std Error tRatio  Prob>|t|
Intercept 0.2867172 0.051961 552  <.0001*
Weld Height (h) -0.164925 0.164813 -1.00 0.3238
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Bivariate Fit of Weld Penetration by Weld Height (h)
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0.4 T T T T T T T
0.25 0.3 0.35 04
Weld Height (h)
Linear Fit

Weld Penetration = 0.5453818 + 0.5101303*Weld Height (h)

Summary of Fit

RSquare 0.061614
RSquare Adj 0.034803
Root Mean Square Error 0.098839
Mean of Response 0.704316
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.02245038 0.022450 2.2981
Error 35 0.34191923 0.009769 Prob > F
C. Total 36 0.36436961 0.1385
Parameter Estimates
Term Estimate  Std Error tRatio  Prob>|t|
Intercept 0.5453818 0.106093 514  <.0001*
Weld Height (h) 0.5101303 0.336509 1.52 0.1385
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Bivariate Fit of Weld Throat (t) by Weld Height (h)

0.4 4
3 0.35 4
e
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0.25 0.3 0.35 04
Weld Height (h)
Linear Fit

Weld Throat (t) = 0.2100055 + 0.3561769*Weld Height (h)

Summary of Fit

RSquare 0.287816
RSquare Adj 0.267468
Root Mean Square Error 0.027816
Mean of Response 0.320974
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.01094443 0.010944 14.1446
Error 35 0.02708134 0.000774 Prob > F
C. Total 36 0.03802577 0.0006*

Parameter Estimates

Term Estimate  Std Error tRatio  Prob>|t|
Intercept 0.2100055 0.029858 7.03  <.0001*
Weld Height (h) 0.3561769 0.094704 3.76  0.0006*
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Bivariate Fit of Weld Toe Size (d,) by Weld Area (A,)

0.35

0.3 -
QO —~
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0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Weld Area (Aw)

Linear Fit

Weld Toe Size (d;) = 0.0210381 + 1.9597471*Weld Area (Ay)

Summary of Fit

RSquare 0.48748
RSquare Adj 0.472837
Root Mean Square Error 0.035148
Mean of Response 0.235334
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.04112617 0.041126 33.2900
Error 35 0.04323863 0.001235 Prob > F
C. Total 36 0.08436480 <.0001*
Parameter Estimates
Term Estimate Std Error tRatio Prob>[t|
Intercept 0.0210381 0.037588 0.56 0.5792
Weld Area (Aw) 1.9597471 0.339659 5.77  <.0001*
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Bivariate Fit of Weld Penetration by Weld Area (A,)

1

o
©
1

o
o
1

o
o
1

Weld Penetration
o
~

o
)
1

0.4
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0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Weld Area (Aw)

Linear Fit
Weld Penetration = 0.6509173 + 0.4883309*Weld Area (Aw)

Summary of Fit

RSquare 0.007008
RSquare Adj -0.02136
Root Mean Square Error 0.101674
Mean of Response 0.704316
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.00255356 0.002554 0.2470
Error 35 0.36181605 0.010338 Prob > F
C. Total 36 0.36436961 0.6223
Parameter Estimates
Term Estimate Std Error tRatio Prob>[t|
Intercept 0.6509173 0.108732 599  <.0001*
Weld Area (Aw) 0.4883309 0.982541 0.50 0.6223
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Bivariate Fit of Weld Throat (t) by Weld Area (Ay)

0.4

0.35

Weld Throat (t)

0.25

T T T T T T
0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Weld Area (Aw)

Linear Fit
Weld Throat (t) = 0.3003584 + 0.1885341*Weld Area (Ay)

Summary of Fit

RSquare 0.01001
RSquare Adj -0.01828
Root Mean Square Error 0.032796
Mean of Response 0.320974
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.00038063 0.000381 0.3539
Error 35 0.03764514 0.001076 Prob > F
C. Total 36 0.03802577 0.5558

Parameter Estimates

Term Estimate StdError tRatio Prob>[t|
Intercept 0.3003584 0.035073 8.56  <.0001*
Weld Area (Aw) 0.1885341 0.316929 0.59 0.5558
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Bivariate Fit of Weld Height (h) By Weld Area (Ay)

0.4 -
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0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Weld Area (Aw)
Linear Fit

Weld Height (h) = 0.3010419 + 0.096147*Weld Area (Au)

Summary of Fit

RSquare 0.001147
RSquare Adj -0.02739
Root Mean Square Error 0.049619
Mean of Response 0.311555
Observations (or Sum Wgts) 37
Analysis of Variance
Source DF Sum of Mean Square F Ratio
Squares
Model 1 0.00009899 0.000099 0.0402
Error 35 0.08617136 0.002462 Prob > F
C. Total 36 0.08627035 0.8422

Parameter Estimates

Term Estimate Std Error tRatio Prob>[t|
Intercept 0.3010419 0.053063 567 <.0001*
Weld Area (Aw) 0.096147 0.4795 0.20 0.8422
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Appendix M Correlation between Factors — R=0, Failed at

WT@DECK

Bivariate Fit of Weld Toe Size (d,) by Weld Penetration
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0.450.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Weld Penetration

Linear Fit

Weld Toe Size (d;) = 0.4871367 - 0.3406662*Weld Penetration

Summary of Fit

RSquare 0.285675
RSquare Adj 0.257102
Root Mean Square Error 0.044417
Mean of Response 0.260281
Observations (or Sum Wqts) 27
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 1 0.01972531 0.019725 9.9981
Error 25 0.04932266 0.001973 Prob > F
C. Total 26 0.06904797 0.0041*
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.4871367 0.072252 6.74 <.0001*
Weld Penetration -0.340666 0.107738 -3.16 0.0041*
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Bivariate Fit of Weld Toe Size (d,) by Weld Throat (t)

0.35

0.3

Weld Toe
Size (d1)

0.25

0.2

0.15 T T T T T T T
0.26  0.280.29 0.3 0.310.320.330

Weld Throat (t)

T T
.340.35

Linear Fit

Weld Toe Size (d;) = 0.5187096 - 0.8237288*Weld Throat (t)

Summary of Fit

RSquare

RSquare Adj

Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)

Analysis of VVariance

Source DF Sum of Squares
Model 1 0.00805153
Error 25 0.06099643
C. Total 26 0.06904797
Parameter Estimates
Term Estimate
Intercept 0.5187096
Weld Throat (t) -0.823729

0.116608
0.081272
0.049395
0.260281

27

Mean Square
0.008052
0.002440

Std Error t Ratio
0.142577 3.64
0.453448 -1.82

F Ratio
3.3000
Prob>F
0.0813

Prob>|t|
0.0012*
0.0813
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Bivariate Fit of Weld Penetration by Weld Throat (t)
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Weld Throat (t)
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0.26  0.280.29 0.3 0.310.320.330.340.35

Linear Fit

Weld Penetration = -0.296432 + 3.0674458*Weld Throat (t)

Summary of Fit

RSquare 0.656898
RSquare Adj 0.643174
Root Mean Square Error 0.048297
Mean of Response 0.665916
Observations (or Sum Wqts) 27

Analysis of Variance
Source DF Sum of Squares Mean Square
Model 1 0.11165132 0.111651
Error 25 0.05831607 0.002333
C. Total 26 0.16996739

Parameter Estimates
Term Estimate Std Error t Ratio
Intercept -0.296432 0.139409 -2.13
Weld Throat (t) 3.0674458 0.443373 6.92

F Ratio
47.8647
Prob>F
<.0001*

Prob>|t|
0.0435*
<.0001*
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Bivariate Fit of Weld Toe Size (d,) by Weld Height (h)
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Weld Height (h)

Linear Fit

Weld Toe Size (d;) = 0.248529 + 0.0385998*Weld Height (h)

Summary of Fit

RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wqts)
Analysis of VVariance
Source DF Sum of Squares
Model 1 0.00004585
Error 25 0.06900212
C. Total 26 0.06904797
Parameter Estimates
Term Estimate
Intercept 0.248529
Weld Height (h) 0.0385998

0.000664
-0.03931
0.052537
0.260281

27

Mean Square
0.000046
0.002760

Std Error
0.091743
0.299484

t Ratio
2.71
0.13

F Ratio
0.0166
Prob>F
0.8985

Prob>|t|
0.0120*
0.8985
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Bivariate Fit of Weld Penetration by Weld Height (h)
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0.8
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Weld Height (h)

Linear Fit
Weld Penetration = 0.8082784 - 0.4675728*Weld Height (h)

Summary of Fit

RSquare 0.039583

RSquare Adj 0.001166

Root Mean Square Error 0.080806

Mean of Response 0.665916
Observations (or Sum Wqts) 27

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 0.00672781 0.006728
Error 25 0.16323957 0.006530
C. Total 26 0.16996739

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept 0.8082784 0.141109 5.73
Weld Height (h) -0.467573 0.460633 -1.02

F Ratio
1.0304
Prob>F
0.3198

Prob>|t|
<.0001*
0.3198
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Bivariate Fit of Weld Throat (t) by Weld Height (h)
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Weld Height (h)

Linear Fit
Weld Throat (t) = 0.2758924 + 0.1242723*Weld Height (h)

Summary of Fit

RSquare 0.040051

RSquare Adj 0.001653

Root Mean Square Error 0.021346

Mean of Response 0.31373
Observations (or Sum Wqts) 27

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 0.00047525 0.000475
Error 25 0.01139090 0.000456
C. Total 26 0.01186616

Parameter Estimates

Term Estimate Std Error t Ratio

Intercept 0.2758924 0.037275
Weld Height (h) 0.1242723 0.121681

F Ratio
1.0431
Prob>F
0.3169

Prob>|t|
<.0001*
0.3169
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Bivariate Fit of Weld Toe Size (d,) by Weld Area (A,)
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Weld Area (Aw)
Linear Fit

Weld Toe Size (d;) = 0.0475974 + 1.8608132*Weld Area (A,)

Summary of Fit

RSquare 0.556369

RSquare Adj 0.538623

Root Mean Square Error 0.035004

Mean of Response 0.260281
Observations (or Sum Wqts) 27

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 0.03841612 0.038416
Error 25 0.03063185 0.001225
C. Total 26 0.06904797

Parameter Estimates

Term
Intercept
Weld Area (Ay)

Estimate Std Error t Ratio

0.0475974 0.038576
1.8608132 0.332325

1.23
5.60

F Ratio
31.3531
Prob>F
<.0001*

Prob>|t|
0.2287
<.0001*
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Bivariate Fit of Weld Penetration by Weld Area (A,)
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Linear Fit

Weld Penetration = 0.6610442 + 0.0426275*Weld Area (Ay,)

Summary of Fit

RSquare 0.000119
RSquare Adj -0.03988
Root Mean Square Error 0.082449
Mean of Response 0.665916
Observations (or Sum Wqts) 27

Analysis of VVariance
Source DF Sum of Squares Mean Square
Model 1 0.00002016 0.000020
Error 25 0.16994723 0.006798
C. Total 26 0.16996739

Parameter Estimates
Term Estimate Std Error t Ratio
Intercept 0.6610442 0.090864 7.28
Weld Area (Ay) 0.0426275 0.782768 0.05

F Ratio
0.0030
Prob>F
0.9570

Prob>|t|
<.0001*
0.9570
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Bivariate Fit of Weld Throat (t) by Weld Area (Ay)
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Weld Area (Aw)

Linear Fit
Weld Throat (t) = 0.302183 + 0.1010239*Weld Area (A,)

Summary of Fit

RSquare 0.009542
RSquare Adj -0.03008
Root Mean Square Error 0.021682
Mean of Response 0.31373
Observations (or Sum Wqts) 27

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 0.00011323 0.000113
Error 25 0.01175293 0.000470
C. Total 26 0.01186616

Parameter Estimates

Term Estimate Std Error t Ratio
Intercept 0.302183 0.023895 12.65
Weld Area (Ay) 0.1010239 0.205849

F Ratio
0.2409
Prob>F
0.6279

Prob>|t|
<.0001*
0.6279
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Bivariate Fit of Weld Height (h) by Weld Area (Ay)
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Weld Area (Aw)

Linear Fit

Weld Height (h) = 0.3152192 - 0.0940432*Weld Area (Ay)

Summary of Fit

RSquare 0.003189

RSquare Adj -0.03668

Root Mean Square Error 0.035029

Mean of Response 0.30447
Observations (or Sum Wqts) 27

Analysis of VVariance

Source DF Sum of Squares Mean Square
Model 1 0.00009812 0.000098
Error 25 0.03067529 0.001227
C. Total 26 0.03077341

Parameter Estimates

Term
Intercept
Weld Area (Ay)

Estimate Std Error
0.3152192 0.038604
-0.094043 0.33256

t Ratio
8.17
-0.28

F Ratio
0.0800
Prob>F
0.7797

Prob>|t|
<.0001*
0.7797

292



Appendix N Model Fitting Report — Weld Dimensions for
R=-1, WT@DECK

Model 1 — Response: Lg(Cycles to Failure)

Factors: d;, Weld Penetration, Lg(Stress Range)

Whole Model
Actual by Predicted Plot
6.5 - .
2 §637 "
82617
> S SRR R
-4 % .. Yt
5.7 4
5.5 T I' T T T T T T T T
5.55.65.75.85.9 6 6.16.26.36.46.56.6
Lg(Cycles to Failure) Predicted
P<.0001 RSq=0.50 RMSE=0.1804
Summary of Fit
RSquare 0.498672
RSquare Adj 0.453097
Root Mean Square Error 0.180399
Mean of Response 6.016217

Observations (or Sum Wqts)

Analysis of Variance

Source DF Sum of Squares
Model 3 1.0682591
Error 33 1.0739478
C. Total 36 2.1422069

Parameter Estimates
Term
Intercept
Weld Toe Size (d,)

Weld Penetration
Lg(SHS-0515 Extrapolation)
Effect Tests
Source Nparm
Weld Toe Size (d,) 1

37

Mean Square F Ratio
0.356086 10.9417
0.032544 Prob > F

<.0001*

Estimate Std Error t Ratio
9.3558018 1.724952 5.42
2.6877228 0.774157 3.47
1.0325622 0.387775 2.66
-3.002061 0.979353 -3.07

DF Sum of Squares F Ratio

1 0.39226513 12.0534

Prob>]t|
<.0001*
0.0015*
0.0119*
0.0043*

Prob>F
0.0015*
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Source Nparm DF
Weld Penetration 1 1
Lg(SHS-0515 Extrapolation) 1 1

Residual by Predicted Plot

Lg(Cycles to
Failure) Residual

0.7
0.6
0.5
0.4 4
0.3 -
0.2 - "

0.1 o
00 4-------- : '."'-"-;""', """""""""
_0-1 . " =" - "
-0.2

T T T T T T T T T T
5.55.65.75.85.9 6 6.16.26.36.46.56.6
Lg(Cycles to
Failure) Predicted

Weld Toe Size (d1)

Leverage Plot

Lg(Cycles to Failure)

6.6

ge Residuals
o o o
o N N
| | |

a
o
©
1

Lever

a o
N o
1

T T T T T T T T
0.15 020 0.25 0.30 0.35
Weld Toe Size (d1)
Leverage, P=0.0015

Test

Power Details

Weld Toe Size (d,)

Sum of Squares
0.23075056
0.30579450

Power AdjPower

Power
o c 6 Number
0.0500 0.180399  0.102965 37 0.9206
Least Significant Number
a c 0 Number(LSN)
0.0500 0.180399 0.102965 14.90287
Least Significant Value
o c Number LSV

0.8766

F Ratio
7.0904
9.3964

LowerCL
0.2866

Prob>F
0.0119*
0.0043*

UpperCL
0.9996
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c Number

a
0.0500 0.180399 37

Weld Penetration
Leverage Plot

6.8
» 6.6 -

S
264 -

ge.z-

$6.0

©

© 5.8 ]

o

=564 .-
5.4 |

Lg(Cycles to Failure)

T T T T

06 07 08 09 1.0
Weld Penetration
Leverage, P=0.0119

T
04 0.5

Power Details
Test
Weld Penetration

Power
o c 6 Number
0.0500 0.180399 0.078972

Least Significant Number

a c 0
0.0500 0.180399 0.078972
Least Significant Value
o c Number
0.0500 0.180399 37

LSV
1.575035

Power
0.7339

AdjPower

0.6367 0.0936

Number(LSN)
22.87974

LSV
0.788934

LowerCL UpperCL

0.9953
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Lg(SHS-0515 Extrapolation)
Leverage Plot

6.8

e
Tm R
-

Lg(Cycles to Failure)

T T T T T T T
1.45 1.50 1.55 1.60
Lg(SHS-0515 Extrapolation)
Leverage, P=0.0043

Power Details
Test
Lg(SHS-0515 Extrapolation)

Power
o
0.0500

0.180399 0.09091

Least Significant Number

a c o
0.0500 0.180399 0.09091
Least Significant Value
a c Number
0.0500 0.180399 37

c 6 Number

Power
0.8450

AdjPower

0.7750 0.1703

Number(LSN)
18.0917

LSV
1.992509

LowerCL UpperCL

0.9986
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Model 2 — Response Lg(Cycles to Failure)
Factors: A, Lg(Stress Range)
Whole Model
Actual by Predicted Plot

6.5 -
2 §637 "
é ﬁ 6.1 i
> o [ s A e
S 559 S
-4 % | =
5.7 4 -
5.5 T T T T T T T T T T
5.55.65.75.85.9 6 6.16.26.36.46.56.6
Lg(Cycles to Failure) Predicted
P<.0001 RSq=0.46 RMSE=0.1843
Summary of Fit
RSquare 0.460659
RSquare Adj 0.428933
Root Mean Square Error 0.184341
Mean of Response 6.016217
Observations (or Sum Wqts) 37
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 2 0.9868275 0.493414 14.5200
Error 34 1.1553794 0.033982 Prob > F
C. Total 36 2.1422069 <.0001*
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 10.404606 1.587992 6.55 <.0001*
Weld Area (Ay) 5.7886954 1.861287 3.11 0.0038*
Lg(SHS-0515 Extrapolation) -3.20778 0.968921 -3.31 0.0022*
Effect Tests
Source Nparm DF Sum of Squares F Ratio Prob > F
Weld Area (Ay) 1 1 0.32868535  9.6724 0.0038*
Lg(SHS-0515 Extrapolation) 1 1 0.37245867 10.9606 0.0022*
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Residual by Predicted Plot
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Failure) Residual
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5.55.65.75.85.9 6 6.16.26.36.46.56.6
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Weld Area (Ay)
Leverage Plot
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S
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7]
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&
55.8—
O
—1 56 4

Lg(Cycles to Failure)

5.4 T T T T T T T T T
0.08 0.10 0.12 0.14 0.16

Weld Area (Aw)
Leverage, P=0.0038

Power Details
Test
Weld Area (Av)

Power
o G 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.184341  0.094252 37 0.8557 0.7897 0.1821 0.9988
Least Significant Number
a c ) Number(LSN)
0.0500 0.184341 0.094252 17.48648

Least Significant Value
o c Number LSV
0.0500 0.184341 37 3.782591
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Lg(SHS-0515 Extrapolation)
Leverage Plot

o o o
- W u

o
©

Lg(Cycles to Failure)
Leverage Residuals
[6)]
~

o
o

T T T T T T T
1.45 1.50 1.55 1.60
Lg(SHS-0515 Extrapolation)
Leverage, P=0.0022

Power Details
Test
Lg(SHS-0515 Extrapolation)

Power
o G 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.184341  0.100332 37 0.8954 0.8425 0.2372 0.9994
Least Significant Number
a c ) Number(LSN)
0.0500 0.184341 0.100332 15.8043

Least Significant Value
a c Number LSV
0.0500 0.184341 37 1.969085
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Appendix O Model Fitting Report — Weld Dimensions for
R=0, WT@DECK

Model 1 — Response: Lg(Cycles to Failure)
Factors: d;, Weld Penetration, h, Lg(Stress Range)

Whole Model
Actual by Predicted Plot
7.5
e 8 :
8 Z65
S8 6. Y
2 ;f 1ot ....'.:.".‘.‘ ...................
55 4
S ':l" 1 - 1 - 1
5 5.5 6 6.5 7 7.5
Lg(Cycles to Failure) Predicted
P<.0001 RSq=0.93 RMSE=0.1159
Summary of Fit
RSquare 0.927798
RSquare Adj 0.91467
Root Mean Square Error 0.115948
Mean of Response 5.678756
Observations (or Sum Wqts) 27
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 4 3.8005784 0.950145 70.6751
Error 22 0.2957645 0.013444 Prob > F
C. Total 26 4.0963429 <.0001*
Parameter Estimates
Term Estimate Std Error t Ratio
Intercept 15.283477 0.939295 16.27
Weld Toe Size (d,) 2.3348004 0.541206 4.31
Weld Penetration 0.8611178 0.355939 2.42
Weld Height (h) -2.489394 0.686998 -3.62
Lg(SHS-0515 Extrapolation) -6.560151 0.461478 -14.22
Effect Tests
Source Nparm DF  Sum of Squares F Ratio

Prob>]t|
<.0001*
0.0003*
0.0243*
0.0015*
<.0001*

Prob>F
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Source Nparm DF  Sum of Squares
Weld Toe Size (d,) 1 1 0.2502061
Weld Penetration 1 1 0.0786858
Weld Height (h) 1 1 0.1765226
Lg(SHS-0515 Extrapolation) 1 1 2.7167459
Residual by Predicted Plot
0.3
_ 02
2 ]
o » 0.1
Lo O
o X
s} 0 0.0 4
3 % -0.1
[T
0.2 -
5 55 6 65 7 75
Lg(Cycles to
Failure) Predicted
Weld Toe Size (d1)
Leverage Plot
7.5
2 270
L('-__“ % 6.5 -
e
8 560
@ § esnienasgp iR
335.5— —7
5.0 — 1 — T 1 — 1
015 020 025 030 035
Weld Toe Size (d1)
Leverage, P=0.0003
Power Details
Test
Weld Toe Size (d;)
Power
o c 6 Number Power AdjPower
0.0500 0.115948  0.096265 27  0.9846 0.9679
Least Significant Number
a c ) Number(LSN)

F Ratio
18.6112
5.8529
13.1304
202.0811

LowerCL
0.5722

Prob>F
0.0003*
0.0243*
0.0015*
<.0001*

UpperCL
1.0000
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o c b Number(LSN)
0.0500 0.115948 0.096265 9.81339
Least Significant Value
o c Number LSV
0.0500 0.115948 27 1.122392
Weld Penetration
Leverage Plot
7.5
2 270
g E 6.5 -
8 560
2 5.
5.0 T T T T T T T T
0.45 0.55 0.65 0.75 0.85
Weld Penetration
Leverage, P=0.0243
Power Details
Test
Weld Penetration
Power
o G 6 Number Power AdjPower
0.0500 0.115948 0.053984 27 0.6379 0.5111 0.0626
Least Significant Number
a c ) Number(LSN)
0.0500 0.115948 0.053984 20.7774
Least Significant Value
o c Number LSV
0.0500 0.115948 27 0.738173

LowerCL UpperCL

0.9901
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Weld Height (h)
Leverage Plot
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o N
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1 1

Lg(Cycles to Failure)
Leverage Residuals
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0.250 0.300 0.3250.350 0.375
Weld Height (h)
Leverage, P=0.0015

Power Details
Test
Weld Height (h)

Power

c 6 Number

a
0.0500 0.115948  0.080857

Least Significant Number
a c o
0.0500 0.115948 0.080857

Least Significant Value
a c Number
0.0500 0.115948 27

Lg(SHS-0515 Extrapolation)
Leverage Plot
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N
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o
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1

o
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1

Lg(Cycles to Failure)
Leverage Residuals
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1.301.35 1.40 1.45 1.50 1.55 1.601.65
Lg(SHS-0515 Extrapolation)

Leverage, P<.0001

Power AdjPower

0.9334

Number(LSN)
11.70519

LSV
1.424746

0.8849

LowerCL UpperCL

0.3167

0.9997
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Power Details
Test
Lg(SHS-0515 Extrapolation)

Power
o c 6 Number
0.0500 0.115948 0.317207 27
Least Significant Number
a c )
0.0500 0.115948 0.317207
Least Significant Value
o G Number
0.0500 0.115948 27

Power
1.0000

AdjPower

1.0000 1.0000

Number(LSN)
6.367677

LSV
0.957047

LowerCL UpperCL

1.0000
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Model 2 — Response Lg(Cycles to Failure)
Factors: h, A,, Lg(Stress Range)

Whole Model
Actual by Predicted Plot
7.5
e 5 :
8 865
9>: g 6 —- r
TF 4 ¥
55 7 T
S || 1 L
5 55 6 7 75
Lg(Cycles to Failure) Predicted
P<.0001 RSq=0.93 RMSE=0.1128
Summary of Fit
RSquare 0.928507
RSquare Adj 0.919181
Root Mean Square Error 0.112841
Mean of Response 5.678756
Observations (or Sum Wqts) 27

Analysis of Variance

Source DF Sum of Squares Mean Square F Ratio
Model 3 3.8034812 1.26783 99.5693
Error 23 0.2928617 0.01273 Prob > F
C. Total 26 4.0963429 <.0001*
Parameter Estimates
Term Estimate Std Error t Ratio
Intercept 16.22325 0.744378 21.79
Weld Height (h) -2.663443 0.64831 -4.11
Weld Area (Ay) 4.8491831 1.087528 4.46
Lg(SHS-0515 Extrapolation) -6.730165 0.433752 -15.52
Effect Tests
Source Nparm DF Sum of Squares F Ratio
Weld Height (h) 1 1 0.2149094 16.8780
Weld Area (Ay) 1 1 0.2531576 19.8818
Lg(SHS-0515 Extrapolation) 1 1 3.0655099  240.7509

Prob>]t|
<.0001*
0.0004*
0.0002*
<.0001*

Prob > F
0.0004*
0.0002*
<.0001*
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Residual by Predicted Plot
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T T T T T
0.250 0.300 0.3250.350 0.375
Weld Height (h)
Leverage, P=0.0004

Power Details
Test
Weld Height (h)

Power
o G 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.112841  0.089217 27  0.9757 0.9529 0.4977 1.0000
Least Significant Number
a c ) Number(LSN)
0.0500 0.112841 0.089217 9.767655

Least Significant Value
o c Number LSV
0.0500 0.112841 27 1.341132
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Weld Area (Ay)
Leverage Plot

7.5

o N
o o
1 1

Lg(Cycles to Failure)
Leverage Residuals
(o]
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T T T T T
0.10 0.12 0.14
Weld Area (Aw)
Leverage, P=0.0002

Power Details
Test
Weld Area (Av)

Power
[} c 6 Number
0.0500 0.112841  0.096831 27
Least Significant Number
a c o
0.0500 0.112841 0.096831
Least Significant Value
a c Number
0.0500 0.112841 27

Lg(SHS-0515 Extrapolation)
Leverage Plot

7.5

o o N
o «u o
1 1 1

Leverage Residuals
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|

Lg(Cycles to Failure)
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T T T T T T T
1.251.301.351.401.451.501.551.60
Lg(SHS-0515 Extrapolation)

Leverage, P<.0001

Power
0.9894

AdjPower

0.9774 0.6292

Number(LSN)
8.987361

LSV
2.249723

LowerCL UpperCL

1.0000
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Power Details
Test
Lg(SHS-0515 Extrapolation)

Power
o c 6 Number
0.0500 0.112841  0.336953 27
Least Significant Number
a c )
0.0500 0.112841 0.336953
Least Significant Value
o G Number
0.0500 0.112841 27

Power
1.0000

AdjPower

1.0000 1.0000

Number(LSN)
5.365975

LSV
0.897285

LowerCL UpperCL

1.0000
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Appendix P Model Fitting Report — Weld Dimensions for
R=-1, WT@RIB

Model Response: Lg(Cycles to Failure)

Factors: dq, h, A, Lg(Stress Range)

Whole Model
Actual by Predicted Plot
7
o 65
8< el
L >
5.5 .
T ,' T T T
55 6 6.5 7
Lg(Cycles to Failure) Predicted
P=0.0301 RSq=0.75 RMSE=0.2523
Summary of Fit
RSquare 0.74518
RSquare Adj 0.599568
Root Mean Square Error 0.252267
Mean of Response 6.158763
Observations (or Sum Wqts) 12
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 4 1.3027049 0.325676 5.1176
Error 7 0.4454709 0.063639 Prob > F
C. Total 11 1.7481758 0.0301*
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 30.735989 6.460282 4.76 0.0021*
Weld Toe Size (d,) -2.633567 1.664437 -1.58 0.1576
Weld Height (h) 2.9013626 1.411404 2.06 0.0789
Weld Area (Ay) 5.3334463 4.388831 1.22 0.2637
Lg(SHS-0515 Extrapolation) -16.10002 3.993553 -4.03 0.0050*
Effect Tests
Source Nparm DF Sum of Squares F Ratio Prob>F
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Source Nparm DF Sum of Squares F Ratio Prob>F

Weld Toe Size (d;) 1 1 0.1593220  2.5035 0.1576
Weld Height (h) 1 1 0.2689198  4.2257 0.0789
Weld Area (Ay) 1 1 0.0939809  1.4768 0.2637
Lg(SHS-0515 Extrapolation) 1 1 1.0343211 16.2530 0.0050*

Residual by Predicted Plot
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0.0 A omome e
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Weld Toe Size (d1)
Leverage, P=0.1576

Power Details
Test
Weld Toe Size (d;)

Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.252267  0.115225 12 0.2780 0.1205 0.0500 0.9204

Least Significant Number
a c ) Number(LSN)
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o c b Number(LSN)
0.0500 0.252267 0.115225 21.44484
Least Significant Value
i} c Number LSV
0.0500 0.252267 12 3.935767
Weld Height (h)
Leverage Plot
7.0
% ‘;3 6.5
w0
e
§ %6.0 -
o O
4 - 55
0.10'0.1|5 'o.éo '0.2|5 'O.éO 'O.LI%S
Weld Height (h)
Leverage, P=0.0789
Power Details
Test
Weld Height (h)
Power
o G 6 Number Power AdjPower
0.0500  0.252267 0.1497 12 0.4265 0.2338 0.0500
Least Significant Number
a c ) Number(LSN)
0.0500 0.252267 0.1497 14.36131
Least Significant Value
o c Number LSV
0.0500 0.252267 12 3.33744

LowerCL UpperCL

0.9642
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Weld Area (Ay)
Leverage Plot
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Weld Area (Aw)
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Power Details
Test
Weld Area (Av)

Power

c 6 Number

a
0.0500 0.252267  0.088497

Least Significant Number
a c o
0.0500 0.252267 0.088497

Least Significant Value
a c Number
0.0500 0.252267 12

Lg(SHS-0515 Extrapolation)
Leverage Plot
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154 1.55 156 1.57 1.58 1.59 1.60
Lg(SHS-0515 Extrapolation)
Leverage, P=0.0050

Power AdjPower

0.1839

Number(LSN)
33.98801

LSV
10.37794

0.0548

LowerCL UpperCL

0.0500

0.8647
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Power Details
Test
Lg(SHS-0515 Extrapolation)

Power
o c 6 Number
0.0500 0.252267  0.293587 12
Least Significant Number
a c )
0.0500 0.252267 0.293587
Least Significant Value
o G Number
0.0500 0.252267 12

Power
0.9304

AdjPower

0.7970 0.3027

Number(LSN)
7.870787

LSV
9.443252

LowerCL UpperCL

0.9997
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Appendix Q Model Fitting Report — Weld Dimensions for

R=-1, WR

Model Response: Lg(Cycles to Failure)
Factors: Weld Penetration, t, h, Lg(Stress Range)

Whole Model
Actual by Predicted Plot
6.4
6.3 -
o ©62 -
é Z61-
ST o
I 594
5.8
5.7 T T T T T T
57 58 59 6 6.1 6.2 63 64
Lg(Cycles to Failure) Predicted
P=0.0029 RSq=0.77 RMSE=0.1051
Summary of Fit
RSquare 0.773414
RSquare Adj 0.68278
Root Mean Square Error 0.10513
Mean of Response 6.047148
Observations (or Sum Wqts) 15
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 4 0.37724997 0.094312 8.5333
Error 10 0.11052240 0.011052 Prob > F
C. Total 14 0.48777237 0.0029*
Parameter Estimates
Term Estimate Std Error t Ratio Prob>|t|
Intercept 11.397681 2.109297 5.40 0.0003*
Weld Penetration -1.327296 0.651102 -2.04 0.0688
Weld Throat (t) 7.2048062 3.672674 1.96 0.0782
Weld Height (h) -8.131542 1.940014 -4.19 0.0019*
Lg(SHS-0515 Extrapolation) -3.028905 1.75513 -1.73 0.1151
Effect Tests
Source Nparm DF Sum of Squares F Ratio Prob>F

Weld Penetration

1 1

0.04592915  4.1556 0.0688
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Source Nparm DF Sum of Squares F Ratio Prob>F

Weld Throat (t) 1 1 0.04253340 3.8484  0.0782
Weld Height (h) 1 1 0.19417180 17.5685  0.0019*
Lg(SHS-0515 Extrapolation) 1 1 003291567 29782  0.1151

Residual by Predicted Plot
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Weld Penetration
Leverage Plot
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0.450.500.550.600.650.700.750.80
Weld Penetration
Leverage, P=0.0688

Power Details
Test
Weld Penetration

Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.10513  0.055335 15 0.4533 0.2814 0.0500 0.9693
Least Significant Number
a c o Number(LSN)
0.0500 0.10513 0.055335 17.10216
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Least Significant Value
a c Number LSV
0.0500 0.10513 15 1.450745

Weld Throat (t)
Leverage Plot

6.4
» 6.3

Lg(Cycles to Failure)
g
(o))
o
|

T T T T T T
0.29 0.30 0.31 0.32 0.33 0.340.35
Weld Throat (t)
Leverage, P=0.0782

Power Details
Test
Weld Throat (t)

Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.10513 0.05325 15 0.4261 0.2569 0.0500 0.9642
Least Significant Number
a c ) Number(LSN)
0.0500 0.10513 0.05325 18.14853
Least Significant Value
a c Number LSV
0.0500 0.10513 15 8.183228

316



Weld Height (h)
Leverage Plot

6.4
» 6.3 -

S
3624
§6.1-
26.0 -
[0

5.9 -
[0]
=58 4

5.7

Lg(Cycles to Failure)

T T T T T T T
0.270.280.290.300.310.320.330.34
Weld Height (h)
Leverage, P=0.0019

Power Details
Test
Weld Height (h)

Power
o
0.0500

0.10513  0.113775

Least Significant Number

a c o
0.0500 0.10513 0.113775
Least Significant Value
a c Number
0.0500 0.10513 15

Lg(SHS-0515 Extrapolation)
Leverage Plot

c 6 Number

6.4
w634

S
262

§6.1-

8, 6.0

g

059

(0]

-1 58 4
57

Lg(Cycles to Failure)

T T T T T T
1.371.38 1.39 1.40 1.41 1.42 1.431.44
Lg(SHS-0515 Extrapolation)

Leverage, P=0.1151

Power AdjPower
0.9643 0.9015 0.4267
Number(LSN)
8.162414
LSV
4.322622

LowerCL UpperCL

0.9999
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Power Details
Test
Lg(SHS-0515 Extrapolation)

Power
o c 6 Number
0.0500 0.10513  0.046844 15

Least Significant Number

a c 0
0.0500 0.10513 0.046844

Least Significant Value
o (9
0.0500

Number
0.10513 15

Power
0.3453

AdjPower

0.1868 0.0500

Number(LSN)
22.34943

LSV
3.910674

LowerCL UpperCL

0.9444
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Appendix R Model Fitting Report — All Significant Factors

Response: Lg(Cycles to Failure)

Whole Model
Actual by Predicted Plot
7.5
—_ 7 T
o © -
g S65- st
gi g 6 1. ,' TR
SE__{ A
55 4 .- Sl
S — T 1 T 1 T T T 1
5 55 6 6.5 7 7.5
Lg(Cycles to Failure) Predicted
P<.0001 RSq=0.63 RMSE=0.2601
Summary of Fit
RSquare 0.630118
RSquare Adj 0.595711
Root Mean Square Error 0.26011
Mean of Response 5.984361
Observations (or Sum Wqts) 95
Analysis of Variance
Source DF Sum of Squares Mean Square F Ratio
Model 8 9.912260 1.23903 18.3133
Error 86 5.818534 0.06766 Prob > F
C. Total 94 15.730794 <.0001*
Parameter Estimates
Term Estimate Std Error t Ratio
Intercept 8.5305546 1.078236 7.91
Failure Mode[RUNOUT] 0.6574197 0.119615 5.50
Failure Mode[WR] -0.615869 0.090226 -6.83
Failure Mode[WT @ DECK] -0.082254 0.068263 -1.20
R-Ratio[0] -0.200639 0.033224 -6.04
Weld Toe Size (d;) 1.9093636 0.636815 3.00
Weld Throat (t) 4.4303538 1.252693 3.54
Weld Height (h) -1.475829 0.713366 -2.07
Lg(SHS - 0515 Extrapolation) -2.599405 0.588326 -4.42

Prob>]t|
<.0001*
<.0001*
<.0001*

0.2315
<.0001*
0.0035*
0.0007*
0.0416*
<.0001*
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Effect Tests

Source Nparm DF
Failure Mode 3 3
R-Ratio 1 1
Weld Toe Size (d,) 1 1
Weld Throat (t) 1 1
Weld Height (h) 1 1
Lg(SHS - 0515 Extrapolation) 1 1
Residual by Predicted Plot
1.0 -
©
2 3
o o 0.5 -
3 S
>~ LR
% g 0.0 4---- ;.!.:f;:;;gf:':.:-'- """""""""
| L(E ,.'-_.-'.'._ : . »
-0.5
— 71 T T T T T T 1
5 5.5 6 6.5 7 7.5
Lg(Cycles to
Failure) Predicted
Failure Mode
Leverage Plot
. 7.5
g 2
o
38
238
5.0 T T T T T T
54 56 58 6.0 62 64 66 6.8
Failure Mode
Leverage, P<.0001
Least Squares Means Table
Level Least Sq Mean Std Error
RUNOUT 6.6779527 0.15451691
WR 5.4046639 0.11625964
WT @ DECK 5.9382787 0.03790074
WT @ RIB 6.0612366 0.08701830

Sum of
Squares
4.4471989

2.4674820
0.6082273
0.8462571
0.2895762
1.3207686

Mean
6.99388
6.04715
5.87738
6.11973

F Ratio

21.9104
36.4703
8.9898
12.5080
4.2800
19.5214

Prob>F

<.0001*
<.0001*
0.0035*
0.0007*
0.0416*
<.0001*
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LS Means Plot

w75
@ ]
e 8 74
556.5-
&) i
>J
&% 67
2 355
& i
5 T T T

RUNOUT
WR

WT @ DECK
WT @ RIB

Failure Mode

LSMeans Differences Tukey HSD
0=0.050 Q=2.61998
LSMean[i] By LSMean[j]

Mean[i]-Meanl[j] RUNOUT WR WT @| WT @ RIB
Std Err Dif DECK
Lower CL Dif
Upper CL Dif
RUNOUT 0 1.27329 0.73967 0.61672
0 0.17348 0.16175 0.18799
0 0.81876 0.31589 0.12419
0 1.72781 1.16346 1.10924
WR -1.2733 0 -0.5336 -0.6566
0.17348 0 0.13344 0.13795
-1.7278 0 -0.8832 -1.018
-0.8188 0 -0.184 -0.2952
WT @ DECK -0.7397 0.53361 0 -0.123
0.16175 0.13344 0 0.09507
-1.1635 0.18401 0 -0.372
-0.3159 0.88322 0 0.12612
WT @ RIB -0.6167 0.65657 0.12296 0
0.18799 0.13795 0.09507 0
-1.1092 0.29516 -0.1261 0
-0.1242 1.01799 0.37204 0
Level Least Sq Mean
RUNOUT A 6.6779527
WT @ RIB B 6.0612366
WT @ DECK B 5.9382787
WR C 5.4046639

Levels not connected by same letter are significantly different.
Power Details

Test
Failure Mode
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Power
o c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.26011  0.216362 95 1.0000 1.0000 0.9954 1.0000

Least Significant Number
o c b Number(LSN)
0.0500 0.26011 0.216362 17.3195

R-Ratio
Leverage Plot

7.5

o N
3 =)
1 1

Lg(Cycles to Failure)
Leverage Residuals
(o))
o
|

o
(3]
1

5.0

T T T T T T T
55 5.6 57 58 59 6.0 6.1 6.2 6.3
R-Ratio Leverage, P<.0001

Least Squares Means Table

Level Least Sq Mean Std Error Mean
0 5.8198938 0.07691318 5.73669
-1 6.2211721 0.04804312 6.08786

LS Means Plot
7.5

Lg(Cycles to
Failure) LS Means

R-Ratio

LSMeans Differences Student's t
0=0.050 t=1.98793
LSMean[i] By LSMean[j]

Mean[i]-Mean[j] 0 -1
Std Err Dif

Lower CL Dif

Upper CL Dif

0 0| -0.4013
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0| 0.06645

0| -0.5334

0| -0.2692

-1 0.40128 0

0.06645 0

0.26919 0

0.53337 0
Level Least Sq Mean
-1 A 6.2211721
0 B 5.8198938

Levels not connected by same letter are significantly different.

Power Details

Test
R-Ratio
Power
i} c 6 Number Power AdjPower LowerCL UpperCL
0.0500 0.26011  0.161163 95  1.0000 0.9999 0.9796 1.0000
Least Significant Number
o G b Number(LSN)
0.0500 0.26011 0.161163 15.27266
Least Significant Value
a c Number LSV
0.0500 0.26011 95 0.066046

Weld Toe Size (d;)
Leverage Plot

7.5
0 © i
570
‘® O
"-'é é 6.5
o o
§ 56.0 -
S ¢
= © 55 +
50 ———7———T 7T
0.15 0.20 0.25 0.30 0.35 0.40
Weld Toe Size (d1)
Leverage, P=0.0035
Power Details
Test
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Weld Toe Size (d,)

Power
o c 6 Number
0.0500 0.26011  0.080015 95
Least Significant Number
a c 0
0.0500 0.26011 0.080015
Least Significant Value
o c Number
0.0500 0.26011 95
Weld Throat (t)
Leverage Plot
7.5
2 270
s &°%°7
[ 3]
§> g6.0
% 855
5.0 T T T T T T T T
0.20 0.25 0.30 0.35 0.40
Weld Throat (t)
Leverage, P=0.0007
Power Details
Test
Weld Throat (t)
Power
o c 6 Number
0.0500 0.26011  0.094382 95
Least Significant Number
a c 0
0.0500 0.26011 0.094382
Least Significant Value
a c Number
0.0500 0.26011 95

Power AdjPower

0.8425

Number(LSN)
43.58826

LSV
1.265946

0.7876

Power AdjPower

0.9378

Number(LSN)
32.43522

LSV
2.490272

0.9117

LowerCL UpperCL

0.1699

0.9985

LowerCL UpperCL

0.3344

0.9998

324



Weld Height (h)
Leverage Plot

7.5
0 o 4
B 7.0
© O
E é 6.5 1
[ )
g> 36.0 -
S 2
2 455
50 —F——T 1T T 1
0.15 0.20 0.25 0.30 0.35 0.40
Weld Height (h)
Leverage, P=0.0416

Power Details
Test
Weld Height (h)

Power

o
0.0500 0.26011 0.05521
Least Significant Number
a c o
0.0500 0.26011 0.05521
Least Significant Value
a c Number
0.0500 0.26011 95

Lg(SHS - 0515 Extrapolation)
Leverage Plot

c 6 Number

7.5

i,
o
1

o
3]
1

o
o
I

Leverage Residuals
[$)]

3

|

Lg(Cycles to Failure)

— 1 T T T T

1.2 1.3 1.4 1.5 1.6 1.7

Lg(SHS - 0515 Extrapolation)
Leverage, P<.0001

Power AdjPower
0.5342 0.4222 0.0507
Number(LSN)
87.93386
LSV
1.418124

LowerCL UpperCL

0.9799
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Power Details
Test
Lg(SHS - 0515 Extrapolation)

Power
o c 6 Number
0.0500 0.26011 0.11791 95
Least Significant Number
a c )
0.0500 0.26011 0.11791
Least Significant Value
o G Number
0.0500 0.26011 95

Power
0.9920

AdjPower

0.9875 0.6712

Number(LSN)
22.53209

LSV
1.169554

LowerCL UpperCL

1.0000
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