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IMPROVING THE FATIGUE LIFE OF WELDMENTS WITH
LONGITUDINAL ATTACHMENTS

Starnati D. Dimitrakis, Ph.D.
Department of Civil Engineering
University of Illinois at Urbana-Champatgn, 1999
Dr. F. V. Lawrence, Advisor

The poor fatigue performance of fillet welded terminations was studied. A review
of the literature, an experimental study of mild-steel weldments with longitudinal
attachments, and a companion FEM analytical study all indicated that the poor fatigue
performance of weldments with longitudinal attachments is due to the combination of a
very high 3-D stress concentration, very high tensile residual stresses, and the existence
of serious weld-toe stress concentrators such as small weld toe radii or defects such as
undercut or cold lap. Cold-lap defects were found to occur at the weld toes when
gravitational and/or short circuit transfer gas-metal-arc-welding (GMAW) was used;
whereas, the higher heat-input, spray transfer GMAW was found to climinate these weld
toe defects.

A specially designed stress-concentration-reducing part termed “stress diffuser”
was developed which was incorporated in the wrap-around welds at the ends of the
longitudinal attachments. For longitudinal attachments with a fatigue life of 2E+(06
cycles, increases of 360% in fatigue life and 32% in fatigue strength were obtained with
the use of the stress diffuser. The stress diffuser increased the fatigue strength of
longitudinal attachments to equal that of transverse attachments. The use of a stress
diffuser in a beam-to-column connection was found to eliminate the high stress
concentration at the weld access hole and to reduce the maximum principal stresses in the
region of the intersection of the bottom beam flange and column flange by 31%.

Fatigue life predictions made using the FEM results of this study were in good
agreement with the experimental resuits. Cold-lap defects were predicted to eliminate the
fatigue crack initiation life but to affect the fatigue crack propagation life very little.
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CHAPTER 1
THE FATIGUE STRENGTH OF WELD TERMINATIONS
1.1 INTRODUCTION: THE FATIGUE OF WELDMENTS
A selecton of 53 details' typical of those contained in current design codes are

shown in Fig. Al.1 in Appendix 1. If these details are categorized by fatigue crack initiation
site, it is found that there are four usual sites (see Fig. 1.1):

Weld ripple

Weld toes

Weld terminations
Weld roots?

L]

These general categories lead to five common weldment fatigue crack initiation scenarios:

e Initiation at weld RIPPLE of longitudinally loaded groove or fillet welds

o Initation at the weld toes of transversely loaded GROOVE welds

+ Initation at the weld toes of transversely loaded NON-LOAD-CARRYING FILLET welds
¢ Initiation at the weld toes of transversely loaded LOAD-CARRYING FILLET welds

e Initiation at the weld toes of longitudinally loaded welds (IERMINATIONS})

Figure 1.2 shows that the S-N curves for ripple, groove, non-load-carrying fillet, and
load-carrying fillet scenarios are similar and that the S-N curves for fillet weld terminations
scenarios are lower than all others. Fillet weld terminations are frequently encountered in
welded construction?® and have the lowest fatigue strength at long lives. It is for these reasons
that terminations represent one of the most severe fatigue problems encountered in welded
construction. The improvement of the fatigne performance of such fillet welded terminations
is the subject of this study.

1 The weld details of the TTTUIC fatigne database are descrihed in SSC-318 [1]. The fatigne data was screened
and corrected for weldment size prior to re-evaluation. The details of the analysis can be found in Appendix 1.
2 Only failures at the welds exterior were considered in this study. Root failures were not considered.

3 The fatigue behavior of Details 15, 324, 17, 174, 18, 30, 30B, 31, and 33 in Fig. A1.1 must be considered to
be limited by filler weld terminadons.



1.2 NATURE OF THE L.ONGITUDINAL ATTACHMENT

Fillet weld terminations have frequently been investigated using weldments having
longitudinal non-load-carrying fillet welded attachments: see inset of Fig. 1.3. This
specimen is frequently used because it is symmetrical (bending effects associated with
welding distortions can thus be nearly eliminated) and because it is a simple way of creating
a severe notch of reproducible severity [2]. In this study, weldments having longitudinal
non-load-carrying fillet welded attachments will be referred to as longitudinal attachments.

1.2.]1 Experimental

Database Information: Experimental test results [3-17] for longitudinal attachments have
been collected. The majority of the longitudinal attachment test data comes from test
programs which investigate methods for improving the fatigue strength or studying the
fatigue behavior of high strength steel weldments. Therefore, much of the fatigue data for
the longitudinal attachment deals with improvement techniques or the effects of base metal
strength. Consequently, there is not much data for mild steel specimens tested in the as-
welded state.

The available data for mild steel longitudinal attachments tested in the as-welded
condition under pulsating tension are plotted in Fig. 1.3. Some of the scatter can be
attributed to the fact that these specimens have similar but not exactly the same dimensions.
In order to examine the effects of improvement methods, as-welded and treated specimens
with exactly the same dimensions were compared in Fig. 1.4. Small increases in fatigue
strength can be obtained through stress relief, but greater improvements occur when
favorable residual stresses are induced in the spectmens; however, these improvement
techniques are usually considered impractical [18] because they are expensive and sometimes
unreliable.

Residual Stresses: Gurney [2] reported that the residual stresses in the longitudinal
direction of a weld approach the yield strength of the base metal and that the residual stresses
in the transverse direction are considerably lower; therefore, the residual stresses in the
direction of applied loading in the longitudinal attachment are very high. Berge et al. [19]
measured the residual stresses of longitudinal attachments and found that the residual stresses
near the weld toe approach the yield strength of the base metal (S, = 300 MPa).




Maddox [12] investigated the residual stresses in longitudinal attachments fabricated
from many different strength steels. The specimens were spot-heated after welding to ensure
the presence of high tensile residual stresses. The specimens made of mild steels (S, approx.
350 MPa) were found to have residual stresses of approximately 400 MPa while the higher
strength steels (S, approx. 700 MPa) were found to have residual stresses of approximately
300 MPa. The mild steel specimens actually showed the highest residual stresses. The welds
were made using SMAW with AWS E6013 and E7016 electrodes. However, the residual
stresses were reported for locations 10 mm away from the weld toe. Maddox recognized that
the residual stresses at the weld toe could be higher than the residual stresses induced by the
heated spots 10 mm away from the weld toe. Maddox found these results to be inconsistent
with those of Satoh [20] who found the residual stresses of 400 to 500 MPa (60 to 70 percent
of yield) for specimens of high strength steel. Maddox found that residual stresses
introduced by spot heating on a wider specimen produced residual stresses of 400 to 500
MPa (8, = 824).

Bogren et al. [17] also measured the residual stresses in the longitudinal direction of
longitudinal attachments tested in the Nordic program. They measured the residual stresses
at approximately 2 mm from the weld toe and 0.1 to 0.2 mm below the surface to be in the
range of the base metal yield strength.

Initial Defects: Smith et al. [21] inspected longitudinal attachments fabricated using SMAW
to determine the initial defects that exist at the wrap-around welds. They found that weld toe
undercuts existed at every location inspected. Martinez et al. {22] inspected the longitudinal
attachments tested in the Nordic project fabricated with the GMAW process using short-
circuit transfer. They found that cold-lap defects commonly occur at the weld toe.
Inspection of the fracmre surfaces revealed the cold-lap defects to be the sites of fatigne
crack initiation. Thus, the ininal defects found in these two test programs which used two
different welding procedures were completely different.

1.2.2 Theoreti i

Smith and Gurney: Smith et al. [23] found that, unlike transverse attachments in which a 2-
D FEM analysis is sufficient, longitudinal attachments require a 3-D FEM analysis to
estimate the stress concentration factor (K). Smith and Gurney [24] characterized fatigue
crack growth in longitudinal attachments using lincar elastic fracture mechanics and
calculated the stress intensity factor for the weldment:



Kiae = Mg Y S+7 a, (1.1)
where:
K..s = Stressintensity factor for the weldment
M; = Weld geometry correction factor
Y = Geometry correction factor
S = Applied remote stress

a = Cracklength

The weld geometry correction factor, M, was determined by the superposition method of
Albrecht et al. [25] using the stress distribution of the uncracked plate from a 3-D FEM

analysis and the stress intensity factor solution for a plain platc. A review of the weld
geometry correction factor and the superposition method can be found in Appendix 2.

Despite the acknowledged inaccuracy in their predictions of fatigue life, Smith and
Gurney [24] were able to study the influence of joint geometry on the longitudinal
attachment by examining trends in the results. They suggested that fatigue life can be
increased by:

1. Decreasing the attachment length below 152.4 mm.
2. Decreasing the attachment height below 50.8 mm.

3. Decreasing the attachment thickness below 12.7 mm.,
4. Increasing the weld leg length.

5. Decreasing the main plate width below 127 mm.

6. Increasing the main plate thickness.

Suggestion 6 is confusing because it contradicts the finding that increases in main plate
thickness reduces the fatigue life of transverse non-load-carrying fillet welded attachments
[2] (transverse attachmenits).

Hobbacher: Hobbacher [26] also used the approximate superposition method of Albrecht et
al. [25] along with 3-D FEM analyses to determine the weld geometry correction factor (Mg).
Hobbacher evaluated the effects that variations in weldment geometry would have on M.




IIobbacher found that the plate thicknesses, attachment length, plate width, and weld angle
were the principal parameters which affect M. Hobbacher developed a parametric equation
for M,

K
M, =C (ﬁ) , My 21 (1.2)

where:

t L LY (B) ( 6 )
= 0. 0 - 02357 | =1+00249 | — |+ 000038 | = 0.0186 | = [-0.1414
C=0.9809-0 (T)+ (T)+ (T) * T a5

(3]

2
K =-0.02285 +0.0167 (%)- 0.3863 (ﬁ;)+ 0.1230 ( 6 )

Nordic Project: Dahle et al. [27] also used the superposition method of Albrecht et al. [25]
along with 3-D FEM analyses to determine the weld geometry correction factor (Mg).
Unlike previous swudies of the longitudinal attachment, Dahle et al. performed a limited
number of calculations of My with a finite weld toe radius. Dahle et al. also modeled the
cold-lap defects as a crack with 2-D FEM analyses to determine a weighted (mixed-mode)
stress intensity factor. They defined an “equivalent vertical crack™ to be an idealized straight
crack running perpendicular to the load (mode I) and emanating from the weld toe with a
stress intensity factor equal to that of the weighted stress intensity factor. The equivalent
verrcal crack depth was found to be the same order of size as a “lack of fusion™ defect
commorly found in SMAW joints; therefore, they used this equivalent vertical crack depth as
the initial crack depth in their fatigue life estimations.

1.3 SUMMARY

Weldments with fillet weld terminations exhibit the shortest fatigue lives of all
weldments, especially at long lives (high stresses). Fillet weld terminations have frequently
been investigated with weldments having longitudinal non-load-carrying fillet welded
attachments, termed herein “longitudinal attachments.” Fillet weld terminations are
frequently encountered in welded construction and have the lowest fatigne strength at long
lives. The improvement of the fargue performance of filletr welded ierminadons is the
subject of this study because terminations represent one of the most severe fatigue problems
encountered in welded construction.
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Fig. 1.3 The screened data for mild steel longitudinal attachments in the database.
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Fig. 1.4 The effect of improvement techniques on the fatigue strength of longitudinal

attachments.




CHAPTER 2
EXPERIMENTAL STUDY OF LONGITUDINAL ATTACHMENTS
2.1 INTRODUCTION

Experiments were performed to check the reported fatigue behavior of the
longitudinal attachment and to obtain a consistent set of data to permit comparisons with the
improvement techniques developed.

2.2 PROCEDURES

2.2.1 imen Fabrication

Specimens were fabricated from a SAE/ATSI 1020 mild steel to the dimensions
shown in Fig 2.1. Thc composition and mechanical propertics of the steel are listed in
Tables 2.1 and 2.2. The plates were saw cut keeping the loading direction parallel to the
rolling direction. Prior to welding, most mill scale was removed from the intended locations
of fillet weld terminations with a grinder. Small particles of mill scale remained that were
not completely removed.

All specimens were welded using the gas metal arc welding (GMAW) process. The
welding parameters used for the three different series of specimens fabricated are given in
Table 2.3. All welds were created in the horizontal position (2F) and laid down in a single
pass.

+ Series 1 employed both of gravitational and short circuiting transfer,
+ Series 2 used short circuiting transfer, and
« Series 3 used spray transfer.

- Series 1 was fabricated in Talbot Laboratory and Series 2 and 3 were fabricated at a
Iater date at Newmark Civil Engineering Laboratory by a different welder. Weld sequencing
was employed as shown in Fig. 2.2 to limit the weld distortions. All of the wrap-around
welds were executed first, and then the longitudinal fillet welds were made. Starts and stops
were not permitted at the end of the attachments to avoid introducing serious weld defects in
these locations.
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The first series of specimens made (Series 1) had large welding distortions, so
additdional precaudons were undertaken 1o limit these distortions in Series 2 and 3: the plates
were straightened prior to welding by straightening them in tension; the plate was restrained
with clamps at the ends and quarter points during the welding process; and the weld leg

lengths were reduced in length from 12.7 to0 9.52 mm to reduce the volume of weld metal
deposited [28].

2.2.2 Testing Procedure

To determine the magnitude of bending stresses induced during testing, four strain
gauges were mounted on each specimen as shown in Fig. 2.2. The strain gages were placed
at a distance of 2T from the weld toe so that the stress concentrating effects of the weld itself
would not be measured.

All of the specimens were tested in a 100 kip MTS testing frame. All of the
specimens were subjected to ¢yclic, constant-amplitude axial loads, R =0.1. All tests were
carried out in load control at a frequency which varied from 5 to 7.5 Hz. depending on the
load level employed. Failure was defined as the separation of the specimen.

2.3 EXAMINATION OF SPECIMENS

2.3.1 1d T m

The weld toe geometry of untested specimens from Series 1, 2, and 3 were examined
by sectioning the specimens through the wrap-around weld at the end of the attachment. All
sections of the specimens from Series 1 and 2 revealed the presence of cold-lap defects;
therefore, the weld toe radius and angle were not measured for these specimens!l. A typical
cold-lap defect observed for the longitudinal attachments of Series 1 and 2 can be seen in
Fig. 2.3. The measurements of the sections of specimens for Series 3 are listed in Table 2.4.
A typical weld toe of a Series 3 longitudinal attachment can be seen in Fig. 2.3 which shows
the weld toe radius and local weld toe angle. The average weld toe radius (r) was found to
be 0.08 mm. The mean was found to 0.10 mm with a standard deviarion of the log r of 0.522.

The average overall and local weld toe angles were found to be 36° and 40° with standard
deviations of 3.2° and 9.3°, respectively.

! With the presence of a cold-lap defect, the weld toe radius and angle do not affect the stresses at the root of
the cold-lap defect.

2 The distribution of weld toe radius was characterized by a log normal distribution.
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2.3.2 Residual Spesses

A Series 3 longitudinal attachment was sent to Lambda Research [29] for the
determination of residual stresses using the X-ray diffraction technique in accordance with
SAE J784a. The measurements were made adjacent to the weld toe at the surface and at 0.28
mm below the surface. The residual stress measurement at the surface and 0.28 mm below
the surface were found to be 595 and 421 MPa, respectively: see Table 2.5. The residual
stress measured at the surface exceeds the ultimate strength of the base metal (510 MPa).
The measured surface residual stress of 595 MPa is higher than the values reported

elsewhere. This higher value may be due to the high yield strength of the weld metal used in
the fabrication process.

2.4 THE FATIGUE S TRENGTH OF LONGITUDINAL ATTACHMENTS

The fatigue test results for Series 1, 2, and 3 are listed in Table 2.6 and plotted in Fig.
2.3. Large bending stresses were measured during testing and are listed in Table 2.6. No
difference can be seen between the fatigue test results of Series 1 and 2. A slight increase in
fatigue life can be seen for the fatigue results of Series 3 at long lives.

The fatigue test results of this study are plotted with data for longitudinal attachments

from the fatigue database in Fig. 2.4. As seen in Fig. 2.4, the fatigue test results of this study
are consistent with the results of past studies.

2.5 POST-TEST EXAMINATION OF SPECIMENS

25.1 1d-Lap Def

Inspection of Series 1 and 2 specimens reveals that fatigue cracks initiated from cold-
lap defects: see Fig. 2.6. The depth(s) of the cold-lap defect(s) at the failure location are
listed in Table 2.6. The depth of the cold-lap defects are much larger for Series 1 specimens
than for Series 2. The average depth of the largest cold-lap defect found in each specimen
for Series 1 and 2 was 2.1 mm and 0.9 mm, respectively. The smaller cold-lap defect depth
for Series 2 was expected since a high heat input welding procedure was employed®.

3 ‘The weld of Series 2 was smaller allowing the welder 1o maintain a steady path and thus better control of the
weld path. The larger weld size was very difficult to lay down with one pass and the welder tried to stretch the

weld out causing a deeper cold lap defect; b} short-circuiting transfer was used with Series 2 which allowed the
welder 1o move slower and maintain a steadier pace.
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Despite the reduction in cold-lap defect depth from Series 1 to Series 2, no increase
in fatigue life was observed. Possible explanations for this observed lack of improvement in

the fatigue life of longitudinal attachments with decreased defect size will be explored in
Chapter 7.

2.5.2 k Path

Specimens were sectioned to investigate the crack path and the initial rajectory of the
crack path. A Series 3 (without cold-lap defects) and Series 1 (with cold-lap defects)
longitudinal attachment were sectioned and the crack paths were photographed as seen in
Figs. 2.7 and 2.8, respectively. In both cases, the crack path was curved.

2.5.3 SEM Evalnation

Crack Shape Development: The fracture surfaces of longitudinal attachments were
examined using the Scanning Electron Microscope (SEM) to observe the early stages of
crack shape development. The measured values of crack aspect ratio are plotted in Fig. 2.9
as a function of crack length.

Culd-Lap Defects: The fracture surface of specimens initiating fatigue cracks at cold-lap
defects was studied using the Scanning Electron Microscope (SEM) to observe the early
stages of crack shape development. The aspect ratio for cracks growing from cold-lap
defects was found to be the same as that of cracks growing from the weld toe. Typical SEM
images of cold-lap defect can be seen in Fig. 2.10 which shows the growth of cracks from
fatigue crack initiation sites at the depth of the cold-lap defect.

2.6 SUMMARY

The poor fatigue behavior of longitudinal attachments was experimentally verified.
Very high tensile residual stresses were measured adjacent to the weld toe of the wrap-
around welds. The presence of cold-lap defects was observed for specimens fabricated with
the GMAW process using gravitational and/or short circuit transfer. The use of a higher heat
input (spray transfer) in the GMAW process was found to eliminate the cold-lap defects.
Eliminating the cold-lap defects did not significantly increase the fatigue lives of the
longitudinal attachments.
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Table 2.1 The chemical compositon of the SAE/AIST 1020 mild sieel used in the iesting
program.
Element wt %
C 0.200
Mn 0.620
P 0.009
S 0.023
Si 0.230
Ni 0.080
Mo < 0.010
Cu 0.260

Table 2.2 The mechanical properties of the SAE/AIST 1020 mild steel used in the testing

program.
MPa
Yield Strength (Sy) 333
Ultimate Strength (S,) 510

Table 2.3 The welding parameters used to fabricate the longitudinal attachments.

Series 1 2 3
Gas 75 % Ar +25% CO, o, 98 % Ar+2 % O
Electrode ER70S8-6 ER70S8-6 ER70S-6

Electrode Size (mm) 0.90 1.20 0.90
Weld Leg Length (mm) 12.7 9.52 9.52

Current (A) NA 185 190
Voltage (V) NA 24 23.5
Metal Transfer Gravitational / Short Circuit ~ Short Circuit Spray
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Table 2.4 The weld toe geometry of the longitudinal attachments of Series 3.

Average  Mean s.d. Mean +2sd. Mean-2sd.

Radius, r (nm) 0.08 0.10 0.52% 1.10 009
Overall Weld Toe Angle () 36 37 3.2 43 31
Local Weld Toe Angle () 44 47 9.3 66 28

* The standard deviation for the radius is in log (1).

Table 2.5 Residual stress measurements made on the longitudinal attachments of Series 3.

Depth Residuat Stress Error Peak Width
(rom) aT (MPa) (MPa) ©)
0.00 0.000 +505 + 11 2.48

0.28 0.022 +421 + 42 2.07
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Table 2.6 The fatigue test results for Series 1, Series 2, and Series 3.

Series 1:
Caorrected
Stress Range Fatigue Life Bending Soess at Cold Lap Defect
Specimen (MPa) (cycles) Failure Location (%) Depth(s) (mm)
LA-1-1 109.0 1.063E+06 23.2 1.5, 2.0
LA-1-2 69.1 3.049E+06 -84 0.8, 0.8, 2.0
LA-1-3 219.4 1.142E+05 3.4 1.8, 2.4
Series 2:
Corrected
Stress Range Fatigue Life Bending Stress at Cold Lap Defect
Specimen (MPa) (cycles) Failure Location (%) Depth(s) (mm)
LA-2-1 77.5 1.346E+06 -15.7 0.5
LA-2-2 227.4 1.070E+05 4.6 1.0, 0.5, 0.5
LA-2-3 81.2 2.679E+06 2.6 0.25
LA-24 31.2 2.297E+H06 2.7 10, 1.0
LA-2-5 05.2 1.508E+06 2.3 1.75, 1.0, 0.5
Series 3:
Corrected
Stress Range Fatigue Life Bending Stress at Cold Lap Defect
Specimen (MPa) (cycles) Failure Location (%) Depth(s) (mm)
LA-3-1 242.8 9.759E+04 12.9 -
LA-3-2 154.8 3.857E+05 10.3 -
LA-3-3 95.0 3.318E+06 4.5 -
LA-34 195.9 1.711E+05 10.2 -
LA-3-5 101.7 1.312E+06 10.1 -
LA-3-6 98.0 L124E+06 5.7 -
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Series 1 and Series 2

Series 3

Fig. 2.3 (Above) A typical cold-lap defect observed for the longitudinal attachments of Series 1
and Series 2 (65X). (Below) A typical weld toe for the longitudinal attachments of
Series 3 (125X). The spray transfer GMAW process of Series 3 eliminated the cold-lap

defects.
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Fig 2.4 The effect of welding procedure on the fatigue life of longitudinal attachments.
Series 1 (gravitational and short circuit transfer), Series 2 (short circuit transfer
and Series 3 (spray transfer). The data has been corrected for bending stresses.

Y ] ’ T R !
—4&— Longitudinal attachments (this study) |
300 | .- --- Longitudinal attachments {(database)

500t

Remote Stress Range, AS (MPa)

Fatigue Life, N (cycles)

Fig. 2.5 Comparison of the fatigue life of longitudinal attachments of this study and
those of the database. The data of this study has been corrected for
bending stresses.
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Series 1 and 2

Series 3

Fig. 2.6 (Above) A fracture surface typical of the longitudinal attachments of Series 1 and 2

showing the presence of cold-lap defects. (Below) A fracture surface typical of the
longitudinal attachments of Series 3 showing the elimination of cold-lap defects.
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125 micror_ls . |
i

Fig. 2.7 (Above) The shape of the crack path emanating from the weld toe (3.5%). (Relow)
Enlarged view of the initial trajectory of the crack path (125X).
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Fig. 2.8 Fatigue crack emanating from a cold-lap defect shown at a magnification of 125X
(Above) and 262.5X (Below).
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Fig. 2.9 Crack shape development for short cracks measured nsing the scanning electran
microscope.
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(©) D)

Fig. 2.10 Scanning electron microscope images of the fracture surface showing a cold-lap
defect: (a) looking straight down (0°) on the cold-lap defect (30X), (b) specimen
tilted 28" to show the depth of the cold-lap defect (30X), (c) specimen tilted 28° at
a magnification of 130X, (d) specimen tilted 28° at 2 magnification of 300X. An

impurity from the weld process (probably slag) appears at higher magnification in
() and (d).
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CHAPTER 3
FINITE ELEMENT ANALYSIS OF LONGITUDINAL ATTACHMENTS
3.1 INTRODUCTION

In this chapter, the longitudinal attachment will be examined using finite element
methods (FEM). First, the accuracy of the superposition method in determining the weld
geometry correction factor (Mg) will be investigated using two-dimensional (2-D) FEM
modeling of the longitudinal attachment. Then, the three-dimensional (3-D) nature of the
longitudinal attachment will be studied, and the effects of variations in weldment geometry
on My will be examined. Finally, the effects of bending loads and one-sided longitudinal
attachments will be explored.

3.2 PROCEDURES
3.2.1 Finite Element Analysis Software

The longitudinal attachment was studied using primarily the Pro/MECHANICA
STRUCTURE? FEM software. The Pro/MECHANICA STRUCTURE FEM software was
selected for this study because of its (1) automatic mesh generation feature called
“AUTOGEM?” and (2) method of convergence called “Adaptive p Technology*.” These
features allow the use of coarse meshes and assure accuracy without the need to regenerate

meshes and therefore make it much simpler to perform analyses [30].

2.2 8u ition Meth

A weld geometry correction factor, M, was developed to modify the stress intensity
factor for a plain plate (K ) and account for the presence of the weld geometry as follows:

! An independent check was performed using Patran to generate the mesh and Abaqus to analyze the mesh, and
the results were found to be consistent with the results obtained asing Pro/MECHANICA STRUCTURE.

2 Pro/MECHANICA STRUCTURE uses high-order finite elements called geometric elements which are based
on the p-version of the finite element method. p-method. The p-method represents the static. elastic
displacements within each element using high-order polynomials {30},

3 AUTOGEM antomatically creates and optimizes elements,

4 Adaptive p Technology raises the polynomial order for selected elements throughout the model until a
specified convergence criteria (percent change between the results of the last two calculations) is satisfied [30].
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K., =M YS+ra, (1.

In this study, the superposition method was used to calculate the weld geometry correction
factor, Mg ¢, using the following cquation from the studics of Albrecht et al. [25] and later
Hobbacher [26]: '

2

_27 K
Mgs= x{m"y 3.1

The stress intensity for the plain plate (K)) was calculated using the results of Newman and
Raju [31] for semi-elliptical surface cracks.

Mg has usually been evaluated along a crack path perpendicular to the applied load
and inward from the weld toe (vertical path from the weld toe in this study), and the
calculation of K4y (M 5 * K, ) has been based on the readily available solutions for stress
intensity factor for surface cracks in plain plate (K,,) determined for straight cracks which are
perpendicular (vertical) to the applied load: see Appendix 2. However, the crack path for the
specimens tested in Chapter 2 was observed to be curved and not straight; therefore, My
should be evaluated along this curved path. However, the accuracy of determining M, along
such curved crack paths using the superposition method and using the model for K based on
cracks perpendicular to the applied load should be questioned.

A pilot study was undertaken in which the longitudinal attachment was modeled in 2
dimensions (2-D) (1) to determine the crack path emanating from the weld toe and (2) to
determine the best method of estimating Mg with the superposition method for this crack
path. The general findings of the pilot study will be presented below, and the details of the
pilot study can be found in Appendix 3.

A weld toe radius of 1 mm was assumed in the 2-D FEM analyses. The crack path
emanating from the weld toe was determined by propagating a crack in small increments
from the weld toe following the trajectory suggested by the maximum circumferential stress
criterion [32]. The determined crack path was not siraight but curved in the manner
experimentally observed: see Fig. 3.1. It can be seen that the modeled crack path and the
experimentally observed crack path (Fig. 2.7) are in good agreement despite the difference in
weld toe radius modeled (1 mm) and observed experimentally (average of 0.08 mm).

The stress intensity factor for the weld (K, oo determined from the cracked
geometry along the curved path was normalized by K, to yield the weld geometry correction
factor (Mg o) which is plotted in Fig. 3.2. Similarly, Mg o was determined along the vertical
path inward from the weld toe and plotted in Fig. 3.2. Mg s was found to be slightly greater
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along the curved path than the traditionally used vertical path. If the solution for My derived
for the vertical path was used in fatigue crack propagation life estimates, N, would be
slightly overestimated: see Fig 3.2.

The use of either the perpendicular stresses along the vertical path, or the maximum
principal stresses along the vertical path, or the projected maximum principal stresses onto
the vertical path from the curved path in the calculation of Mg g was found to estimate M 4
determined along the curved path equally well. It was decided to use the maximum principal
stresses along the vertical path inward from the weld toe in the calculation of Mg ¢, because it
is believed to provide the most convenient yet accurate solution. Any differences in N
calculated using Mg  and M; ; were found to be insignificant. Therefore, all further
calculations of M, from the weld toe location in this study will be performed using the
maximum principal stresses along the vertical path inward from the weld toe.

Other investigators [33, 34] have considered cracks which emanate from the location
of “peak” stress in the weld toe area. A similar pilot study was also undertaken to determine
the crack path from the location of “peak” stress in the weld toe area, and to determine the
best method of estimating My ., with the snperposition method for the crack path emanating
from the location of “peak” stress. The results of this pilot study can be found in Appendix
3.2. Cracks emanating from the location of “peak” stress were not considered in rest of the
study for reasons which will be discussed later.

2.3 Modeling of neitudinal Attachmentin 3-D

The longitudinal attachments were modeled using 3-D FEM analyses. The weld toe
of the longitudinal attachments was modeled with a weld toe radius. The only previous 3-D
study of the longitudinal attachment which considered the finite radius of the weld toc was
that of Dahie et al. [27]. The longitudinal attachment was loaded with a uniaxial load applied
to main plate; therefore, all the stress results will be stress concentration factors. The
longitudinal attachment modeled in 3-D with Pro/MECHANICA is shown in Fig. 3.3.
Enlarged views of the weld toe from different angles showing the high stress concentrations
at the weld toe and the detail of the weld toe modeling is shown in Fig. 3.4.

The results for the 2-D and 3-D FEM analyses are compared in Fig. 3.5. As
discussed in Chapter 1, a 2-D FEM analysis underestimates the state of stress in a
longitudinal attachment and therefore M;: see Fig. 3.5a. Use of Mg determined with the 2-D
FEM analysis will lead to propagation lives which are too long: see Fig. 3.5b.

In all prior studies of the longitudinal attachment [23, 26, 27], the lack of penetration
(.OP) between the attachment plate and the main platc was not modeled in the FEM
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analyses. The effect of the LOP on the weld geometry correction factor was examined in this
study, and the FEM rcsults showed a very small difference in My if the LOP was not
modeled. However, in this study, the LOP was modeled in all analyses for consistency in
comparisons with models developed to decrease the stress concentration of the longitudinal
attachment in Chapter 4.

The 3-D FEM results for the longitudinal attachment with dimensions as shown in
Fig. 2.2 with a weld leg length of 12.7 mm are compared with the results of Hobbacher [26]
in Fig. 3.6. The Mg calculation based on the stresses perpendicular to the vertical path were
included in Fig. 3.6, since Hobbacher calculated Mg with these stresses. The results at short
crack lengths differ presumably because Hobbacher modeled the weld toe as a sharp comner.
At long crack lengths, the results of Hobbacher are slightly larger than the result of this study
based on the perpendicular stresses on the vertical path. One reason for this difference may
be that the results of Hobbacher presented here were calcvnlated using an equation derived
from a regression analysis of many data points. The results of this study are in agreement
with the results of Hobbacher.

In Fig. 3.7, the results of Dahle et al. [27] are presented with the FEM results for the
longitudinal attachment with dimensions as shown in Fig. 2.2 with a weld leg length of 9.52
mm which is approximately what Dahle et al. modeled. The M, calculation based on the
stresses perpendicular to the vertical path was included in Fig. 3.7, since Dahle et al.
calculated Mg with these saesses. Dahle’s results are slightly lower than this study at long
crack lengths and slightly higher than the current study at short crack lengths. The results of
this study are in good agreement with that of Dahle et al. It is believed that the FEM results
of the current sudy are accurate since they are in general agreement with the FEM results of
Hobbacher and Dahle et al.

3.3 RESULTS

1 The Effect of I n the Fatigue Life of T ongitudinal Attachmen

3-D FEM analyses were carried out to determine the effects of weldment geometry on

the fatigue life of longitudinal attachments. The effects of many geometric variables can be
seen in Fig. 3.8.

Effect of Plate Thickness: The effect of plate thickness, the ratio of attachment to main plate
thickness (/T), on M, and N, can be seen in Fig. 3.8a. For long cracks, it can be seen that an
increase in main plate thickness and/or a decrease in attachment height leads to a decrease in
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My and thercfore an increase in N;; but for short cracks, an increase in main plate thickness
and/or a decrease in attachment height leads to a increase in My and therefore a decrease in
NP‘

Effect of Main Plate Width: The effect of main plate width normalized by the main plate
thickness (B/T) on M; and N, can be seen in Fig. 3.8b. As the main plate width increases,
there is an increase in My and therefore a decrease in N,. The effect is significant, but there
appears to be little further effect when B/T reaches 20.

Effect of Attachment Length: The effect of attachment length normalized by the main
plate thickness (L/T) on Mg and N, can be seen in Fig. 3.8c. An increase in the attachment
length leads to an increase in My and therefore a decrease in N,. As L/T reaches a value of
10, an asymptotic effect is seen as no further increases in M, or decreases in N, are seen.

Effect of Weld Toe Radius: The effect of weld toe radius (r) on My and N, can be seen in
Fig. 3.8d. A decreasein weld toe radius leads to an increase in M, and therefore to a
decrease in N, for short cracks. For long cracks, the effect of weld toe radius is insignificant.

Effect of Weld Toe Angle: The effect of weld toe angle (8) on My and N, can be seen in

Fig. 3.8¢. An increase in weld toe angle leads to an increase in M, and therefore to a
decrease in N,

Effect of Weld Leg Length: The effect of weld leg length on M and N, can be seen in Fig.
3.8f. A decrease in weld leg length leads to an increase in Mg and therefore a decrease in N,

Effect of Attachment Height and Bevel Angle: Varying the attachment height (V) and
bevel angle were found to have no effect on Mg and N;.

In summary, the fatigue life of longitudinal attachments can generally be increased by:
"o Increasing main plate thickness and/or decreasing attachment plate thickness.
¢ Decreasing main plate widih.
e Decreasing attachment length.
¢ Increasing weld toe radius.

¢ Decreasing weld toe angle.
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3.3.2 Effects of Bending Load

The longitudinal attachment was modeled with a bending load applied by a moment
at the end of the main plate. The weld geometry correction factor, M, is smaller under
bending load than axial load: see Fig. 3.9. At short crack lengths, the My determined for
axial loading is approximately 10% larger than the M, developed for bending load.
Significant differences in the resulting fatigue crack propagation lives calculated for axial
and bending load are observed: see Fig. 3.9. As the initial crack length increases, the
difference in N; is greater. The estimated N, is seen to be from approximately 2 to 4 times
longer under bending load than axial load depending on the initial crack length used.

Eff f One-Si neituding! Attachmen

The longitudinal attachment was modeled with an attachment plate on only one side
of the main plate. The weld geometry correction factor, M, decreases significantly when an
attachment is welded on only one side of the main plate: see Fig. 3.10. Significant increases
in N, are predicted to be obtained if one-sided attachments are used. Unfortunately, these
significant increases are rarely observed because of the very large distortions due to welding
associated with a one-sided attachment,

3.4 SUMMARY

2-D FEM studies of the longitudinal attachment confirm that the superposition
method estimates the stress intensity factor determined using crack tip elements for cracks
along the curved crack path. The three-dimensional (3-D) nature of the longitudinal
attachment was studied. Variations in the weld toe radius, plate thicknesses, main plate
width, attachment length, weld toe angle, and weld leg length were shown to influence the
weld geometry correction factor (Mg). Longitudinal attachments loaded under bending and
one-sided longitudinal attachments were found to have significantly less severe weld
geometry correction factors (M).
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Fig. 3.2 Comparison of the (a) the weld geometry correction factors and (b) the fatigue crack
propagation lives deterrmined for the vertical and curved crack paths. (AS = 100 MPa)
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Fig. 3.3 The 3-D FEM modeling of the longitudinal attachment in Pro/MECHANICA

presented as a fringe plot of maximum principal stress. Onc octant of the geometry
is modeled due to planes of symmetry.
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Fig. 3.4 Enlarged views of the weld toe region of the longitudinal attachment modeled in 3-D

showing the large stress concentrations and the details of the FEM modeling from
two different views.
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CIIAPTER 4

IMPROVING THE FATIGUE LIFE OF LONGITUDINAL ATTACHMENTS
WITH THE USE OF STRESS DIFFUSERS

4.1 INTRODUCTION

The previous chapters have documented the poor fatigue performance of longitudinal
attachments. The poor fatigue performance was found to be primarily due to the
combination of the high stress concentration, the very high tensile residual stresses, and the
poor weld quality associated with the welds at the ends of the attachments. Currently, post-
weld improvement techniques are the only method available to improve the fatigue life of
longitudinal attachments. Unfortunately, post-weld improvement techniques are often quite
expensive and sometimes unreliable [18] and are therefore rarely used.

In this chapter, improving the fatigue life of longitudinal attachments by modifying
the geometry of their welds geometry will be explored. Specially designed parts termed
“stress diffusers” were incorporated in the wrap-around welds at the ends of the longitudinal
attachments. These added parts reduced the stress concentrations at these locations and
improved the predicted fatigue resistance to equal that of weldments with transverse
attachments.

4.2 IMPROVING THE FATIGUE LIFE OF LONGITUDINAL ATTACHMENTS

Longitudinal attachments exhibit very short fatigue lives because of the combination
of the high stress concentration., very high tensile residnal stresses, and poor weld quality
associated with the welds at the end of the attachments. Therefore, in order to obtain any
Increases in the fatigue lives of longitudinal attachments, the stress concentration andfor the
tensile residual stresses of the longitudinal attachment would have to be reduced and/or the
weld quality would have to be improved. Very high tensile residual stresses and poor weld
quality are inherently associated with the welds of the longitudinal attachments, therefore,
atteml-ats were made to reduce the high stress concentration.

4 2.1 Simple Modifications of Weld Detail m

The 3-D FEM results in Chapter 3 revealed a high stress concentration at the toe of
the wrap-around weld at the end of the attachment: see Fig. 3.4. In order to reduce the stress
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concentration at this location, one can modify the existing geometry (plates and/or weld) of
the longitudinal attachment to reduce the stiffness at the end of the attachment. First, simple
modifications commonly used to reduce the high stress concentration of transverse
attachments were considered to determine if these simple modifications would reduce the
stress concentration of longitudinal attachments. Variations in the attachment height and the
bevel angle were found to have an insignificant effect on the high stress concentration. The
introduction of holes into the attachment plate near the end of the attachment was also
investigated, but these holes had no significant effect on the high stress concentration of
longitudinal attachments. Eliminating wrap-around welds and stopping the weld even with
the ends of the attachment! was found to increase the stress concentration and the weld
geometry correction factor and worsen the situation.

4.2.2 Development of “Stress Diffusers”

Since simple modifications of the longitudinal attachment did not effectively reduce
the high stress concentration, significant changes in the geometry of the longitudinal
attachment were considered. It would be idgal to eliminate the 3-D stress-concentrating
effects and alter the stress distribution in the longitudinal attachment to be the same as the
stress distribution in a transverse attachment, and hence obtain the same fatigue life. It is
highly unlikely that the 3-D stress-concentrating effects can be completely eliminated, but it
is realistic to imagine that the 3-D stress-concentrating effects can be minimized so that the
stress distribution in the longitudinal attachment is similar to that of a transverse artachment.
The goal of these modifications would be to increase the fatigue life of the longitudinal
attachment to that of a transverse attachment. Therefore, comparisons with the stress
concentration and fatigue life in a transverse attachment will be considered throughout this
analysis as a benchmark.

Specially designed parts termed “stress diffusers” were incorporated in the wrap-
around weld at the ends of the longitudinal attachments. These added parts reduced the
stress concentrations at these locations by diffusing stress along a greater portion of the weld
toe. The shapes of the stress diffusers in Fig. 4.1 have been optimized by trial and error with
the use of 3-D FEM analyses. Many different types and shapes of stress diffusers were
evaluated: see Fig. 4.1.

The most effective and final stress diffuser shape is shown at the bottom of Fig. 4.1,
and an isometric view of the shape is shown in Fig. 4.2. The addition of stress diffusers in

! The stress concentration is highly dependent on the radius modsled.




47

the longitudinal attachment is shown in Fig. 4.2. The dimensions of the stress diffuser are
shown in Fig. 4.3. The dimensions of the longitudinal attachment with stress diffusers are
shown in Fig. 4.4.

4.3 FEM RESULTS OF STRESS DIFFUSERS

The longitudinal attachment with stress diffusers modeled in Pro/MECHANICA is
shown in Fig. 4.5 as a fringe plot of the maximum principal stresses. A weld toe radius of
1.00 mm was assumed for the FEM results presented in this section. The stress
concentrations are seen to be fairly uniform along the entire weld toe. In Fig. 4.5, fringe
plots of the maximum principal stresses for the longitudinal attachment and the longitudinal
attachment with stress diffusers with weld leg lengths of 12.7 mm are compared.

It can be seen that the stress diffuser effectively reduces the high stress concentration
at the end of the attachment by diffusing stress along a greater portion of the weld toe. The
maximum weld toe stress concentration factor (K)) for the longitudinal attachment was found
1o be 2.64. The introduction of stress diffusers decreased the maximum K to 2.03 (23%).
For the details modeled with 9.52 mm weld leg lengths, the use of stress diffusers reduced
the maximum weld toe stress concentration factors from 2.73 to 1.96 (28%).

The weld geometry correction factor (My) was then calculated using the
superposition method for both weld details and compared in Fig. 4.7a. The use of stress
diffusers leads to significant decreases in M;. Significant increases in the fatigue crack
propagation life are predicted with the use of stress diffusers: see Fig. 4.7b. The predicted
increases in propagation life are 1.9 to 2.7 times longer depending on the initial crack length
assumed in the LEFM predictions.

The M;; determined for both weld details was plotted in Fig. 4.8a along with the M,
determined from a 2-D FEM analysis of the longitudinal attachment (i.e. transverse
attachment). As can be seen from Fig. 4.8a, the use of stress diffusers decreases M;, of the
longitudinal attachment to values less than those determined from a 2-D FEM analysis (i. e.
transverse attachment). The 3-D stress-concentrating effects have been eliminated. With the
use of stress diffusers, the fatigue crack propagation life of a longitudinal attachment is
prediéted to be the same or even longer than that of a transverse attachment depending on the
inidal crack length assumed: see Fig. 4.8b.
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4.4 SUMMARY

Specially designed parts termed “stress diffusers” were incorporated in the wrap-
around welds at the ends of the longitedinal attachments. These added parts rednced the
stress concentrations at these locations and improved the predicted fatigue resistance of such
weldments to equal that of weldments with transverse attachments.
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Remarks

2.64

2.52

243

232

2.17

2.12

2.03

Weldment with
longitudinal attachment

Early attempt with stress diffuser.
Stress concentrations at hot spot
not much affected

Idea of grabbing stress out
in the plate away from the
attachment. Somewhat
better.

Idea of reducing stress at the
centerline by reducing the
stiffness of the stress diffuser
at the center by intvoducing a
kole in it.

Idea of widening the stress
diffuser and inclining its
shoulders.

Extremely wide stress diffuser
becomes a virtual transverse
attachment. Low Kt achieved.

Highly evolved and current
final design. Stress
concentraton reduced to
approximately that of a
transverse attachment.

Fig. 4.1 Plan view of one octant of the stress diffuser concepts. The final and most effective
shape is at the bottom and reduced the Kt of the weldment with longitudinal
attachments from 2.64 to 2.03, a reduction of about 23%.



“JusUIYdEE TeutpnSuo] ur paresodioous JYSL 1v SO SSANS PAPPY (MO[RE) IEAWIYORNE [eurpniZuo (80qy) T'p 31

SIOSNJJIP SSOMS I JUsIIYdENE [euIpnyBuo]

ISP SSONS

50




51

‘wiesdord Supsal sy ur pasn pue pIRPOU JISNIFIP $SANS Y3 JO SUOSUIWIP YL €' "B

™ ST

R /7] = SSOW{OMYL

=

|

W BT Y]

|




52

‘Prem Jaddn
a1 10y sySusy Sof “WW G¢'Q PuB PIom JIMO] 3y 10§ SYISua] Sof plom W /-] YN SPIoM SMOYS SUTMEID Sy,
-wizsoxd Sunsel oy ur Pasn pue PI[OPOW SISSTIFIP SSANS YIM JUSWIYDENE [UIPNIISUC] Y1 JO SUOISUWIP ], 't S

w71
-
i 4
Lisiiiiidy gy 7] = P —
R t

I*l

4
W €C78
i

A

w416 >




53

e
0.5

Fig. 4.5 The modeling of a stress diffuser in a longitudinal attachment presented as a fringe

plot of maximum principal stress. One octant of the geometry is modeled due to
planes of symmetry.
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Longitudinal attachment with stress diffuser

Fig. 4.6 The effectiveness of using a stress diffuser to reduce the maximum principal stresses at
the weld toe region. Fringe plots of the maximum principal stress at the critical weld toe

regions for the longitudinal attachment (Above) and the lengitudinal attachment with a
stress diffuscr (Below).
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CHAPTER 5

EXPERIMENTAL STUDY OF LONGITUDINAL ATTACHMENTS
WITH STRESS DIFFUSERS

5.1 INTRODUCTION

In this chapter, the results of experiments conducted to verify the predicted increases

in fatigne life obtained by using stress diffusers with longitudinal attachments will be
presented. ’

5.2 PROCEDURES

2.1 imen Fabrication

Specimens were fabricated from a SAE/AISI 1020 mild steel to the dimensions
shown in Fig 4.3 and 4.4. Two series of specimens (Series 1 and 3) were fabricated for the
longitudinal attachments with stress diffusers. These specimens used the same fabrication
procedures and welding process as the longitudinal attachments presented in section 2.2.1
and were therefore given the same series number for consistency. Specimens were not made
for Series 2 because it was realized that the welding procedure would give rise to cold-lap
defects.

The weld sequence employed is shown in Fig, 5.1 and was devised to limit the weld
distortions. All of the welds around the stress diffuser were made first, and then the
longitudinal fillet welds were made. Starts and stops were not permitted in front of the stress
diffusers in order to avoid the effect of serious weld defects usually associated with them.

2.2 Testing Pr I

~ To determine the magnitude of the bending stresses induced during testing, four
strain gauges were mounted on each specimen as shown in Fig. 5.1. The strain gages were
placed at a distance of 2T from the weld toe so that the stress concentrating effects of the
weld itself would not be measured. These specimens were tested with the same testing
procedures of the longitudinal attachments presented in section 2.2.2.
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5.3 EXAMINATION OF SPECIMENS

1g T m

The weld toe geometry of untested specimens from Series 1 and Series 3 were
examined by sectioning the specimens along the weld toe region in front of the stress
diffuser. All secdons of the specimens from Series 1 revealed the presence of cold-lap
defects; therefore, the weld toe radius and angle were not measured for these specimens. A
typical cold-lap defect observed for the specimens of Series 1 can be seen in Fig. 5.2. The
results of the measurements for the sections of specimens for Series 3 are listed in Table 5.1.
A typical weld toe for the specimens of Series 3 showing the weld toe radius and local weld
toe angle can be seen in Fig. 5.2. The average weld toe radius (r) was found to be 0.27 mm.
The mean was found to 0.27 mm with a standard deviation of the log r of 0.33. The average
overall and local weld toe angles were both found to be 40° with standard deviations of 5.0°
and 9.1°, respectively.

2 Resi

A longitudinal attachment with stress diffusers from Series 3 was sent to Lambda
Research for the determination of residual smesses. The measurements were made adjacent
to the weld toe at the surface and at 0.46 mm below the surface. The measurements were
made using the X-ray diffraction technique in accordance with SAE J784a. The residual
stress measurement at the surface and 0.46 mm below the surface were found to be 252 and
124 MPa, respectively: see Table 5.2. The residual stress measurement at the surface
approaches the yield strength of the base metal.

The surface residual stress measurement of 252 MPa shows a significant decrease
when compared to the surface residual stress measurement of 595 MPa found for the
longitudinal attachment. A reduction in surface residual stress of approximately 58% is
obtained with the use of stress diffusers. This observation confirms the hypothesis made in
the previous chapter that residual stresses would be reduced since the weld will change from
being longitudinal to being nearly transverse in the critical region at the front of the stress
diffuser. It should be noted that these stresses are higher than the values reported elsewhere,
but this may be due to the higher heat input of the welding process used in the fabrication
process of Series 3.
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5.4 THE FATIGUE STRENGTH OF LONGITUDINAL
ATTACHMENTS WITH STRESS DIFFUSERS

The fatigue test results for Series 1 and 3 are listed in Table 5.2 and plotted in Fig.
5.3. Large bending stresses were encountered in the testing, but these were measured and
accounted for in the results. The bending stresses measured near the failure location are
listed in the final column of Table 5.2. At long lives (low stresses), the specimens of Series 3
exhibit much longer fatigue lives than the specimens of Series 1. For longitudinal
attachments with a fatigue life of 2E+06 cycles, increases of 360% in fatigue life and 32% in
fatigue strength were obtained with the use of stress diffusers. The increase in fatigue life for
the specimens of Series 3 could result from the elimination of cold-lap defects.

The fatigue test results for the longitudinal attachments with stress diffusers are
plotted along with the fatigue test results for the longitudinal attachments in Fig. 5.4.
Significant increases in fatigue life can be seen with the use of stress diffusers at long lives
(low stresses) for specimens of Series 3. At short lives (high stresses), the use of stress
diffusers was not as effective.

5.5 POST-TEST EXAMINATION OF SPECIMENS:
COLD-LAP DEFECTS

As mentioned previously, the evaluation of the weld toe geometry of specimens from
Series 1 revealed the existence of cold lap defects. Examination of the fracture surfaces
revealed that the fatigue cracks in Series 1 initdated from these cold-lap defects. The cold-lap
defects were measured, and the depth(s) of the cold-lap defect(s) at the failure location for
each specimen are listed in Table 5.2. The average size of the largest cold-lap defect found
in each specimen for Series 1 was approximately 1.4 mm.

These results are consistent with the results in the experimental study of the
longitudinal attachment in Chapter 2 where specimens of Series 1 had cold-lap defects and
specimens of Series 3 had no defects. However, the average cold-lap defect depth of
specimens of Series ! reduced from 2.1 mm. t0 1.4 mm with the use of stress diffusers. The
use of swress diffusers eliminates need for wrap-around welds (welding around the
attachment plate), thus the stress diffuser allows greater control of the welding process and
thus a lesser number of smaller welding defects are formed.
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5.6 SUMMARY

The predicted increase in the fatigue life of longitudinal attachments with the use of
stress diffusers was verified experimentally. For longitudinal attachments with a fatigue life
of 2E+06 cycles, increases of 360% in fatigue life and 32% in fatigue strength were obtained
with the use of stress diffusers. The residual stresses were shown to decrease from 595 MPa
to 252 MPa (58 % reduction) with the use of stress diffusers. In addition, the weld quality
was shown to improve with the use of the stress diffusers: the average cold-lap defect depth
was reduced (2.1 to 1.4 mm), and the average weld toe radius increased (0.08 10 0.27 mm).
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Table 5.1 The weld toe geometry of the longitudinal attachments with stress diffusers of Series
3,

Measurements
Average Radius, r (mm) 0.27
Average Overall Weld Toe Angle ) 40
Average Local Weld Toe Angle () 40

Table 5.2 Residual stress measurements made on the longitudinal attachments with stress

diffusers of Series 3.
Depth Residual Stress Error Peak Width
(mm) aT (MPa) (MPa) ®
0.00 0.000 +252 + 12 2.20

0.46 0.036 +124 24 1.81
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Table 5.3 The fatigue test results for Series 1 and Series 3.

Series 1:
Corrected
Stress Range Fatigue Life % Bending Stress Cold-Lap Defect

Specimen (MPa) (cycles) at Failure Location Depth(s) (mm)

SD-1-1 107.0 4,146E+06 21.0 1.2, 1.3, 1.2

SD-1-2 105.8 3.514E+06 40.3 1.3, 0.75

SD-1-3 239.1 1.428E+05 12.7 1.2, 1.0, 0.75

SD-1-4 158.0 6.128E+035 14.6 1.25, 1.0, 1.0, 1.25

SD-1-5 67.1 6.321E406 -11.0 2.0, 1.5, 0.75, 1.0

Series 3:
Corrected
Stress Range Fatigue Life % Bending Stress Cold-Lap Defect

Specimen (MPa) (cycles) at Failure Locaton Depth(s) (mm)

SPb-3-1 98.7 3.770E+06 5.5 -

SD-3-2 99.8 1.331E+(Q7* 6.7 -

SD-3-3 191.1 3.172E+05 5.9 -

SD-3-4 130.2 1.047E+06 8.2 -

SD-3-5 159.0 6.455E+05 9.1 -

SD-3-6 124.5 2.263E+06 16.5

SD-3-7 93.1 1.030E+07* 1.9 -

* Runout
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Fig. 5.2 (Above} A typical cold-lap defect observed for the longitudinal attachments with

stress diffusers of Series 1 (125X). (Below) A typical weld toe for the longitudinal
attachments with stress diffusers of Series 3.
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Fig. 5.3 The fatiguc test results of longitudinal attaclunents with stress diffusers. The
data has been corrected for bending stresses.
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Fig. 5.4 The effect of using stress diffusers on the fatigue life of longitudinal
attachments. The data has been corrected for bending stresses.
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CHAPTER 6
APPLICATION OF STRESS DIFFUSERS TO A BEAM-TO-COLUMN CONNECTION

6.1 INTRODUCTION

Fracture occurred in the welded steel moment-frames of many large buildings during
the Northridge earthquake. Extensive cracking was found partienlarly in the welded beam-to-
column connections. A typical pre-Northridge welded beam-to-column connection is shown in
Fig. 6.1. Cracking occurred in a region of high stress concentration at the intersection of the
bottom bearmn flange and column flange. The cracks started from the backing bar which acts as
a stress raiser [35]: see Fig. 6.1.

Since the Northridge earthquake, many researchers [35,36] have investigated the beam-
to-column connection. Improvements in the connection were made by modifying or even
eliminating the backing bar and by overmatching the weld metal to beam fiange yield strength.
Even with these modifications, researchers still observed cracks at the intersection of the
bottom beam flange and column flange. In addition, cracks have also been observed to start
from the weld access hole which acts as a stress raiser.

The very high stresses in the regions of high stress concentration in the beam-to-
column connection were analyzed, and the feasibility of using a stress diffuser to reduce these
high stress concentrations is demonstrated.

6.2 PROCEDURES

21 B - lumn Connection Modelin

The dimensions and loading conditions of the beam-to-column connection modeled are
shown in Fig. 6.2. These dimensions and loading conditions were selected to model full-scale
tests that will be carried out in the future at Texas A&M University!. The dimensions of the

weld access hole (Fig. 6.2) were chosen to satisfy the requirements in the Structural Steel
Welding Code (ANSIYAWS D1.1-98)[37].

1 'The modeling of the beam-to-column connection was carried out to supplement the studies of Gary T. Fry at
Texas A&M University which consists of both theoretical and experimental work.
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All modeling was carried out in three dimensions (3-D), and all analyses were elastic.
Since a plane of symmetry exists in the y direction, only half of the connection was modeled
thereby reducing the size of the required mesh.

6.3 FEM RESULTS
1 B -~ i nnection

The stress concentrations associated with two different regions were studied. The first
region of interest was the weld access hole, and the second region of interest was the
intersection of the bottom beam flange and column flange. In order to obtain accurate stresses
for both regions from one analysis, both regions would have to be finely meshed. This course
of action would lead to a very large and inefficient analysis; therefore, separate analyses were
made in which mesh refinement was fine in only one region of interest.

A view of the entire beam-to-column connection modeled with Pro/MECHANICA
STRUCTURE can be seen in Fig. 6.3. A close-up view of the beam-to-column connection
showing the detail of the weld access hole can be seen in Fig. 6.4.

In all of the FEM analyses presented in this study, a displacement of a 1/2” was applied
to the beam-to-column connection as shown in Fig. 6.2. First, the weld access hole was
modeled, and the resulting maximum principal stresses are presented as fringe plots of
maximum principal stress in Fig, 6.4. As can be seen from Fig. 6.4, many elements were
used at the intersection of the beam flange and the weld access hole in order to obtain an
accurate estimate of the peak stresses in the region. The peak maximum principal stress was
found to be 53.4 ksi. As seen in Fig. 6.4b, the loads in the structure are transferred through
the weld access hole region to the intersection of the bottorn beam flange and the column
flange. Thus, there is an extensive and continuous high stress region which extends from the
weld access hole to the intersection of two mentioned flanges.

Next, the intersection of the bottom beam flange and column flange was modeled as
shown in Fig. 6.5. Many elements were used in order to obtain an accurate estimate of the
stresses in this region. Since the stresses at the intersection of the bottom beam flange and
column flange approach infinity, the maximum principal stress at a logation of (.1-in. from the
column face along the bottom beam flange has been selected as the location to evaluate the
strasses in this region. The maximum principal stress at 0.1-in. from the colimn face was
found to be 61.8 ksi. Local bending in the beam flange can be seen from Figs. 6.4 and 6.5.

Comparison of the fringe plots for the two locations reveals that the modeled stresses at
the intersection of the bottom beam flange and column flange are higher than the modeled
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stresses at the weld access hole. However, it should be noted that the weld access hole was
modeled with a radius of 0.935-in. which exceeds the radius of 0.375-in. which is required in
the ANSI/JAWS D1.1-98 Code. In addition, the radins of the weld access hole was modeled
tangent to the beam flange to provide a very smooth transition at the weld access hole which is
not required in the ANSI/AWS D1.1-98 Code. Thus, if a smaller radius was modeled and/or
the transition of the radius to the beam flange was not as smooth, the stresses near the weld
access hole could possibly be larger than those at the intersection of the bottom beam flange
and column flange.

2 Modeling of Di

A stress diffuser shape slightly different than that used in Chapter 4 was developed.
The stress diffuser shown in Fig. 6.6 was developed with regard to minimizing increased
fabrication costs. An optimal shape of the stress diffuser for the beam-to-column connection
was not developed. The stress diffuser was incorporated into the geometry of the beam-to-
column connection as shown in Fig. 6.7. The FEM results for the two regions of interest are
shown as fringe plots of maximum principal stress in Fig. 6.8.

With the inclusion of the stress diffuser, the peak maximum principal stress in the
region of the weld access hole was reduced from 53.4 to 47.6 ksi. (10.9%). The maximum
principal stress at (.1-in. from the column face was reduced from 61.8 to 58.8 ksi. (4.9%)
with the use of a stress diffuser. Unfortunately, these reductions in maximum principal stress
are small.

The stress diffuser was unable to diffuse load away from the center of the connection
(crincal locations) and towards the edges of the connection. It is apparent from Fig. 6.8 thata
significant amount of load still flowed from the beam web and into the beam flange at the weld
access hole. Larlier, the stress diffuser was shown to be effective in reducing the peak stresses
in the longitudinal attachment (non-load-carrying fillet welded attachment). One of the primary
reasons for the effectiveness of the stress diffuser in reducing the peak stresses of the
longitudinal attachment was that the longitudinal attachment consists of separate plates
connected only by fillet welds. No loads could be transferred through the plates. Since loads
could only be transferred through the fillet welds whose path was determined by the shape of
the stress diffuser, the shape of the stress diffuser controlled how load was transferred to the
attachment. Therefore, the shape of the stress diffuser effectively reduced the high stress
concentration at the end of the attachment.

The beam-to-column connection differs from the longimudinal attachment in several
ways. Unlike the longitudinal attachment which consists of separate plates fillet welded
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together, the beam of the beam-to-column connection modeled in this study is a rolled shape in
which the beam web and flanges are connected. Since the beam web and flanges are
connected, load can be transferred from the beam web and flanges directly; thus, in this case
the stress diffuser is less effective. In addition, the loading in the beam-to-column connection
is different than the loading in a longitudinal attachment. In the longitudinal attachment, only
the main plate is loaded and small amounts of load are transferred to the attachment plate. In
the beam-to-column connection, significant amounts of load are wansferred through the beam
web and flange, especially near the weld access hole.

Thus, the beam web and flange were separated near the weld access hole so that load
could not be transferred to the beam flange from the beam web near the access hole. The
details of the modifications made to the beam-to-column connection can be seen in Fig. 6.9.
The FEM results are presented as fringe plots of the maximum principal stress in Fig. 6.10.
The separation of the beam web and flange can be seen in Fig. 6.102. As can be seen from
Fig. 6.10a, separating the beam web and flange eliminated the weld access hole as a region of
high stress concentration. The maximum principal stresses at the intersection of the bottom
beam flange and column flange were significantly reduced: see Fig. 6.10b. Separating the
beam and web flange near the weld access hole combined with using the stress diffuser
reduced the maximum principal stress at 0.1-in. from the column face from 61.8 to 42.7 ksi.
or 31%: this is a significant reduction.

6.4 SUMMARY

The regions of high stress concentration in the beam-to-column connection were shown
to occur at the weld access hole and the intersection of the bottom beam flange and column
flange. The high stress concentrations in the beam-to-column connection were reduced by only
a small amount with the use of a stress diffuser without any alteration to the existing geometry.
The use of a stress diffuser with a beam-to-column connection in which the beam web and
bottomn flange are separated near the weld access hole was found to eliminate the high stress
concentration at the weld access hole and reducces the maximum principal stresses in the region

of the intersection of the bottom beam flange and column flange by 31%.
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Fig. 6.3 The beam-to-column connection modeled in Pro/MECHANICA STRUCTURE. The
results are presented as fringe plots of maximum principal stress in units of ksi.
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(a) (b)
Fig. 6.4 Fringe plots of maximum principal stress (ksi) in the region of the weld access hole

showing the details from two different angles.

Fig. 6.5 Fringe plot of maximum principal stress (ksi) in the region of the intersection of the
bottom beam flange and column flange.
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S
7.14

Fig. 6.8 Fringe plots of maximnm principal stress (ksi) in (a) the region of the weld access
hole and (b) the region of the intersection of the bottom beam flange and column
flange for the beam-to-column connection modeled with a stress diffuser.
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Fig. 6.10 Fringe plots of maximum principal stress (ksi) in the region of the intersection of the
bottom beam flange and column flange for the beam-to-column connection in which

the beam web and bottom flange sre seperated for a distance in addition to modeling
a stress diffuser.
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CHAPTER 7
INFLUENCE OF “COLD-LAP” DEFECTS
7.1 INTRODUCTION

“Cold-lap” defects were modeled using FEM analyses to examine their influence on the
stress concentration factor (K)) and the weld geometry correction factor (M,). Cold-lap defects
were found in the experimental phases (Chapter 2 and 5) of this study. Photographs of typical
cold lap defects observed can be seen in Figs. 2.3 and 5.2. A drawing of a 2-D section of the
weld toe area showing a cold lap defect is shown in Fig. 7.1. Cold lap defects lie on a plane
parallel to the loading direction and present a modeling problem as the very short crack
emanating from a cold-lap defect grows under mixed-mode (Mode I and II) loading. When the
crack turns to almost perpendicular to the loading direction, the crack grows under
predominantly Mode I loading.

7.2 PROCEDURES

2.1 ition M

The superposition method was used to determine the weld geometry correction factor,
M, for cracks emanating from the root of a cold-lap defect. M has usually been evaluated
along a crack path perpendicular to the applied load and inward from the weld toe (vertical path
from the weld toe in this study), and the calculation of K, (Mg s * K ) has been based on the
rcadily available solutions for stress intensity factor for surface cracks in plain plate (K)
determined for straight cracks which are perpendicular (vertical) to the applied load. However,
the crack path for the specimens with cold laps tested in Chapter 2 was observed to be curved
and not straight; therefore, My should be evaluated along this curved path. However, the
accuracy of determining M, along such curved crack paths using the superposition method and
using the model for K, based on cracks perpendicular to the applied load should be
questioned.

A pilot study was undertaken in which the longitudinal attachment was modeled in 2
dimensions (2-D) (1) to determine the crack path emanating from the root of the cold lap and
(2) to determine the best method of esumating M, ., with the superposition method for this
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crack path. The general findings of the pilot study will be presented below, and the details of
the pilot study can be found in Appendix 4.

A weld root radius of 0.025 mm was assumed in the 2-D FEM analyses of the pilot
study. The crack path emanating from the weld toe was determined by propagating a crack in
small increments from the weld toe following the trajectory suggested by the maximum
circumferential stress criterion [32]. The determined crack path was not straight but curved in
the manner experimentally observed: see Fig. 7.2. It can be seen from Fig. 2.8 that the
modeled and experimentally observed crack paths are in good agreement!.

The use of the maximum principal stresses along the vertical path, or the projected
maximum principal stresses onto the vertical path from the curved path in the calculation of Mg,
was found to estimate My ; determined along the curved crack path equally well. The author
has decided to use the maximum principal stresses along the vertical path down from the cold-
lap defect in the calculation of M 5, because it is believed to provide the most convenient yet
accurate solution. Any differences in Nj calculated using M ¢ and My ., were found to be
insignificant. Therefore, all further calculations of M, ( from a cold-lap defect in this study will
be performed using the maximum principal stresses along the vertical path down from the cold
-lap defect.

7.3 INFLUENCE OF “COLD-L AP’ DEFECTS ON LONGITUDINAL ATTACHMENTS

The cold-lap defects were first modeled using 2-D FEM analyses to examine the effects
that changing cold-lap defect depth, weld root radius, and weld toe angle have on K| and M.
The goal of the simpler 2-D FEM analyses was to obtain trends of how the geometric variables
affect K, and M, for weld details in general. Then the cold-lap defects were modeled using the
more complex 3-D FEM analyses which are necessary to accurately determine the stresses in
the longitudinal attachment (Fig. 3.5) to verify the applicability of the trends found in 2-D.

3 2.D ¥EM Analvses of Cold-ILap Defl

. The cold-lap defects were modeled using 2-D FEM analyses of the geometry shown in
Fig. 7.3a. A typical mesh is shown in Fig. 7.3b. The weld root of the cold-lap defect was
modeled with a radius, r;. Since the cold-lap defects found in the experimental study were as
deep as 2.0 mm (Table 2.2), cold-lap defect depths (D) of 1.0 and 2.0 mm were modeled in

1 The small differences may be due to the increment length or the inability of the 2-D FEM analysis to properly
estimate the 3-D nature of the longitudinal attachment.
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the 2-D FEM analyses. Weld root radii (r,;) of 0.025 and 0.146 mm were modeled. The weld
oot radii observed in the experimental study were very small and could even be considered
cracks. However, a notch root radius of 0.025 mum was modeled because it was considered a
severe notch and modeling radii much smaller was considered unnecessary. The larger radius
of 0.146 mm was modeled to allow for the extrapolation of K, to other root radii as will be seen
below. The weld toe radius (r) was modeled as 1.0 mm because this radius would not have
any significant influence on the stresses at the maximum depth of the cold-lap defect.

The fatigue crack was assumed to nucleate at the location of peak maximum principal
stress at the weld root. The azimuth angle (¢) to the location of peak maximum principal stress
at the weld root is listed in Table 7.1 along with the associated K| for the cases studied. The
location of the peak maximum principal stress was found to be at an azimuth angle of about
33.75° for all of the cases investigated?. An increase in defect depth results in an increase in X,
(Table 7.1) because the weld root lies in a region of higher stress.

The stress concentration factor (K) for a notch can be expressed as [38]:

t A
K, =1+a(-) .1)

r

where K, 1s the ratio of the local stress to the remote stress, t is the plate thickness, r is the
notch root radius, ¢ is the macrogeometry coefficient, and A is the exponent. Thus, K, can be
estimated for any notch root radius once @ and A are determined. The macrogeometry
coefficients and exponents for the data are listed in Table 7.1. Exponents of 0.49 and 0.50
were obtained which are similar to values of approximately (.50 found in past studies [38, 39].
These results and the use of equation 7.1 will facilitate N; calculatons for any root radii
desired.

The weld geometry correction factor for the cracked geometry (M;, o) was determined
along the curved crack path by normalizing K .., ¢ by K, : see Fig. 7.4. In addition, Mg ¢
was determined along the vertical path and plotted in Fig. 7.4. It can be seen that Mg o is
similar whether it is determined along the curved or vertical crack path. Mg o determined from
the weld toe location for the geometry without a cold-lap defect and with a weld toe radius of
1.0 mm are plotted with M ; determined for the vertical and curved crack paths for the
geometry with a cold-lap defect in Fig. 7.4. It can be seen that Mg ¢ is similar for long crack
lengths but for short crack lengths My o is greater for the geometry with a cold-lap defect. If a
smaller weld toe radius was used in the analysis, the difference in M would be smaller.

2 It should be noted that the azimuth angle is a function of the weld root radius and could change if different radii
were modeled. The stresses were evaluated at 11.25° increments around the weld root radius.
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The weld geometry comrection factor (M) determined with the superposition method
for cold lap defect depths (D) of 1.0 and 2.0 mm can be seen in Fig. 7.5 along with the M for
the geometry without a cold lap (D = 0.0 mm). It can be seen from Fig. 7.5 that the presence
of a cold-lap defect considerably increases My at short crack lengths. At long crack lengths,
the presence of a cold-lap defect does not significantly increase Mg. At short crack lengths, an
increase in defect depth results in a small increase in My as the crack path lies in 2 region of
slightly higher stress.

The weld toe angle was varied to determine its effect on the weld geometry correction
factor for a crack growing from a cold-lap defect. Weld toe angles of 30° and 60° were
considered in addition to the 45° angle that has been investigated thus far in the study. The
stress concentration factors determined at the weld root are listed in Table 7.2 and the weld
geometry correction factors are plotted in Fig. 7.6a. It can be seen that as the weld toe angle
increases, both K, and My increase as well. Decreasces in the weld toe angle result in increases
in N;: see Fig. 7.6b.

.2 3-D FEM Analvsis of Cold-La fe

The cold-lap defects were then modeled with a 3-D FEM analysis of the uncracked
geometry. The geometry modeled with Pro/MECHANICA can be seen in Fig. 7.7. A cold-lap
detect depth of 2.0 mm and weld root radii (r_) of 0.025 and 0.146 mm were used in the 3-D
FEM anatyses. The resulting stress concentrations at the weld root are listed in Table 7.3. An
exponent of (.53 is obtaincd from these values which is consistent with the values of 0.50
discussed previously.

The superposition method was used to calenlate M, and the weld geometry correction
factor determined from the 2-D and 3-D FEM analyses are plotted in Fig. 7.8. At long crack
lengths, the 2-D and 3-D solutions are similar. At short crack lengths, M, determined from the
2-D FEM analysis is greater than the M determined from the 3-D FEM analysis, unlike what
was observed for the geometry without a cold-lap defect. In the 2-D geometry, the cold lap is
modeled along the entire weld path much like an edge crack in 2 plain plate. In the 3-D
geometry, weld material exists on both sides of the cold lap which provides additional
constraint to cracks opening which leads w the smaller M. The reduction in M, due to the
presence of additional material is greater than the increase in M, due to the 3-D stress-
concentrating effects of the weldment.

The weld geometry correction factors (M) determined from 3-D FEM analyses for root
radii of 0.025 and 0.146 mm are compared with the results for a 3-D FEM analysis without a
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cold-lap defect in Fig. 7.9. At short crack lengths, the presence of a cold-lap defect increases
M considerably: see Fig. 7.9. It can be seen from Fig. 7.9 that the weld root radius has an
effect on My at short crack lengths. The effect of the cold-lap defect on the fatigne crack
propagation life for different inital crack lengths can be seen in Fig. 7.9. The results suggest
that the N, would be reduced if the initial crack length was small, but the results also suggest
that N, would not be much affected by the presence of a cold lap if the initial crack length is
large.

7.4 INFLUENCE OF “COLD-LAP” DEFECTS ON LONGITUDINAL
ATTACHMENTS WITH STRESS DIFFUSERS

Cold-lap defects were modeled using 3-D FEM analyses to determine the influence of
cold-lap defects on the fatigue life of longitudinal attachments with stress diffusers. A cold-lap
defect with a depth of 1.0 mm was modeled at the location of maximum stress for the
longitudinal attachment with stress diffusers as shown in Fig. 7.10. The location of maximum
stress does not occur at the center of the specimen; therefore, a plane of symmetry does not
exist for the cold-lap defect and the entire cold-lap defect must be modeled. A cold-lap defect
was also modeled at the center of the specimen as shown in Fig. 7.11 to determine the
influence of a cold lap defect there. The stress concentration factors (K) for the two locations
at the weld root were found to be 9.78 and 7.92 for the maximum and center locations,
respectvely. The location of peak maximum principal stress was found w0 be ar an azimuth
angle of about 33.75°.

The weld geometry correction factors (M) determined for the peak stress path with the
superposition method are plotted along with the My for a specimen without a cold-iap defect in
Fig. 7.12a. At short crack lengths, the presence of a cold lap increases M, considerably. The
effect of a cold-lap defect on the fatigue crack propagation life for different initial crack lengths
can be seen in Fig. 7.12b. The results suggest that the N, would be reduced significantly if the
initial crack length was small, but the results also suggest that N, would not be much affected
by the presence of a cold-lap defect if the initial crack length is large.

‘The weld geometry correction factor (M) was also calculated for a cold-lap defect
located at the center of the specimen which is not the location of peak stress and plotted in Fig.
7.13a. For short crack lengths, M is larger for the specimen willh a cold-lap defect.
However, at long crack lengths, My is smaller for the specimen with a cold-lap defect.
Therefore, N, of a crack growing from the weld toe may be shorter than the N; of a crack
growing from a cold-lap defect: see Fig. 7.12b.



84

The weld geometry correction factor (M) for the crack growing from a cold-lap defect
in a longitudinal attachment is plotted in Fig. 7.12a. The M, is greater for the crack growing
from a cold-lap defect in a longitudinal attachment than the My for the crack growing from a
cold-lap defect in a longitudinal attachment with stress diffusers; therefore, the N, is greater for
the longitudinal attachment with stress diffusers: see Fig. 7.12b.

7.5 SUMMARY

Cold-lap defects were modeled using both 2-D and 3-D FEM analyses to examinge their
influence on the stress concentration factor (K,) and the weld geometry correction factor (M).
The superposition method was found to estimate properly M, ., determined for the curved
crack path using crack tip elements. The presence of cold-lap defects was found to increase K,
at the notch root and My for short crack lengths. An increase in cold-lap defect depth and weld
toe angle were found to increase K, and M, also. The M, was found to be greater for a crack
growing from a cold-lap defect in a longitudinal attachment than the M, for a crack growing
from a cold-lap defect in a longitudinal attachment with a stress diffuser.
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Table 7.1 2-D FEM results for the longimdinal artachments with a cold-lap defect.

Defect Weld Root

Azimuth  Stress Concentration

Weld Toe Macrogeometry Exponent

Depth  Radius Angle Factor Angle Coefficient A
D(mm) r,(mm) Yo 0 ¢ o
1.0 0.025 33.75 15.90 45 0.689 0.49
1.0 0.146 33.75 7.24 45 0.689 0.49
2.0 0.625 33.75 13.40 45 0.787 0.50
2.0 0.146 33.75 824 45 0.787 0.50

Table 7.2 The effect of weld toe angle on 2-D FEM results for the longitudinal attachments
with a cold-lap defect.

Defect Depth Weld Root Radius  Azimuth Angle Stress Concentration Factor Weld Toe Angle

D (mm) T, (mm) é ©) K, o )
1.0 0.625 33.75 11.6 30
1.0 0.025 33.75 15.9 45
1.0 0.025 33.75 18.3 60

Table 7.3 3-D FEM results for the longitudinal attachments with a cold-lap defect.

Defect WeldRoot  Azimuth Stress Weld Toe  Macrogeometry Exponent
Depth Radius Angle Concentration Angle Coefficient A
D(mm) r,(mm) 6 C) Factor 8 () o
K
2.0 0.025 225 15.6 45 0.537 0.53

2.0 0.146 2235 6.7 45 0.537 0.53
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Fig. 7.1 A 2-D section of the weld toe area showing a cold-lap defect.
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Fig.7.11 Fringe plots of the maximum principal stress (ksi) in a longitudinal attachment with
a stress diffuser modeled with a cold-lap defect having a weld root radius of 0.025
. The details of the modeling and results are shown for different angles.
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CHAPTER 8
FATIGUE LIFE PREDICTIONS
8.1 INTRODUCTION

In this chapter, fatigue life predictions will be made in order to see how well the FEM
results of this study can predict the fatigue behavior of the experimental results of this study.
The fatigue life predictions will first be made for the longitudinal attachments and the
longitudinal attachments with stress diffusers without the presence of cold-lap defects. Finally,
the fatigue life predictions will be made for both the longitudinal attachments and the
longitudinal attachments with stress diffusers with the presence of cold-lap defects.

8.2 PROCEDURES

The values appropriate for the mild steel weldments of this study were used in all
fatigue life predictions unless otherwise noted (Table 8.1). Strain-life predictions of the fatigue
crack initiation life (nucleation and short crack growth) were made using the elastic stress
concentration factor (K)). Since the weldments were found to contain high tensile residual
stresses, it was assumed that the fatigue cracks were fully open [40, 41]; thus, no crack
closure was presumed in the calculation of the fatigue crack propagation life (N,). An initial

crack length of 100 pm was used for all fatigue crack propagation life predictions. Since the

weld toe radii measured in the experimental study were very small, the differences in M
determined from the weld toe and peak stress locations for these very small radii would be
insignificant; therefore, predictions for cracks emanating from the peak stress location were not
made in this study.

8.3 FATIGUE LIFE PREDICTIONS OF SPECIMENS WITHOUT COLD-LaP DEFECTS
$.3.1 Longimdinal Attact
Predictions of the fatigue crack propagation life (N) and the total fatigue life (N; = N, +
N;) for a longitudinal attachment with a weld toe radius of 0.08 mm (average radius

experimentally observed) are plotted in Fig. 8.1 along with the experimental results of this
study and those of the database. Since no difference in fatigue life was observed in Chapter 3



100

for longitudinal attachments with weld leg lengths of 12.7 and 9.52 mm, all predictions in this
section were made for longitudinal attachments with a weld leg length of 12.7 mm. The fatigue
life predictions predict the experimental results well, especially at long lives.

At short lives (high stresses), the predictions fall slightly short of the experimental
results. Onc possible reason could be the existence of crack closure for these higher stress
levels which was not taken into account. Predictions of N, and N; using the bilinear Paris
power law in the calculation of N, are plotted in Fig. 8.1 also. Use of the bilinear Paris power
law predicts the experimental results of this study well but drastically overpredicts the database
results. Further review of the database results [21] revealed the presence of undercuts
continuously along the weld toe as opposed to no defects for the specimens of Series 3 of this
study; therefore, crack shape development was different. Use of the crack shape development
function recommended by Smith et al. [21] gives the fatigue life predictions shown in Fig. 8.2.

Use of this crack shape development function better predicts the results of the database at long
hves.

2 Longitudinal Attachm i if’

All of the predictions made in this section are for the longitudinal attachments with
stress diffusers of Series 3 (weld leg length = 9.52 mm.) since these were the only specimens
without cold lap defects. Predictions of the fatigue crack propagation life (N;) and the total
fatigue life (N, = N, + N,) for a longitudinal aachment with stress diffusers with a weld toe
radius of 0.27 mm (average experimentally observed) are plotted in Fig. 8.3 along with the
experimental results of this study and the transverse attachment results of the database.

The fatigue crack propagation life prediction provides a lower bound to the longitudinal
attachments with stress diffusers and the transverse attachments. The total life predictions
overpredict the longitudinal attachments with stress diffusers at short lives (high stresses)
implying that the contribution of N; to total fatigue life are overestimated. At long lives, N;
estimates the fatigue life of the experimental results of this study well. Predictions of N, using

the bilinear Paris power law are plotted in Fig. 8.3 also. Use of the bilinear Paris power law
predicts the experimental results of this study even better,

8.4 FATIGUE LiFE PREDICTIONS OF SPECIMENS WITH COLD-LAP DEFECTS

4.1 Longitudinal Attachmen
Predictions of the fatigue crack propagation life (N,) and the total fatigue life (N = N, +
Np) for a longitdinal attachment with a cold-lap defect with a weld root radius (r,)) of 0.025
mm and a defect depth of 2.0 mm (average experimentally observed) are plotted in Fig. 8.4
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along with the experimental results of this study and thosc of the database. The fatigue lifc
predictions for the specimen without a cold-lap defect with a weld toe radius of 0.08 mm
(average experimentally observed) is shown in Fig. 8.4 for comparison. The fatigue crack
propagation life (N) is predicted to be slightly longer for a crack propagating from a cold-lap
defect. The fatigue crack initiation life (N)) is completely eliminated by the presence of a cold-
lap defect, and the total fatigue life (N;) consists of only (N,). At long lives (high stresses),
the presence of an initiation life for the specimen without a cold-lap defect leads to predictions
of total lives which are longer for specimen without a cold-lap defect. Use of the bilinear Paris
power law predicts the data of this study well: see Fig. 8.5.

42 neitudinal Attachments wi Di

Predictons of the fatigue crack propagation life (N,) and the total fatigue life (N, = N, +
N,) for a longimdinal attachment with stress diffusers with a cold-lap defect with a weld oot
radius (r,) of 0.025 mm and a defect depth of 1.0 mm (average experimentally observed) are
plotted in Fig. 8.6 along with the experimental results of this study and the database results for
the transverse attachments. The fatigue life predictions for the specimen without a cold-lap
defect with a weld toe radius of 0.27 mm (average experimentally observed) are shown in Fig.
8.6 for comparison.

In the presence of a cold-lap defect, the fatigue crack propagation life (N,) is predicted
10 be slightdy shorer. Once again, the presence of a cold-lap defect is predicted to eliminate
any contributions to fatigue life from N;; thus, the presence of a cold-lap defect significantly
decreases the predicted total fatigue life (N;).

8.5 SUMMARY

The fatigue life predictions made using the FEM results of this study were in good
agreement with the experimental results of this study. The long-life longitudinal attachment
results from the database were explained with the use of crack shape development reported by
other researchers for those weld details. The presence of cold-lap defects were predicted to
eliminate the fatigue crack initiation kife and not much affect the fatigue crack propagation life
since the effect of cold-lap defects is mostly local. The experimentally observed decreases in
the total fatigue life of longitudinal attachments with stress diffusers in the presence of cold-lap
defects were predicted.
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Table 8.1 The material properties used for the fatigue life predictions.

Yield Strength, Sy (MPa) 333
Ultimate Strength, Su (MPa) 510
C’ (mmfcycle) 2.2 x 10° [40]
6.1 x 1072 * [40]
m 3.3 [40]
6.3 *[40]

* Constants for Stage I crack propagation
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CHAPTER 9
DISCUSSION
9.1 WELD CLASSIFICATION BY CRACK INITIATION SITE

Five common scenarios for fatigue crack initiation in weldments were proposed:
¢ Initiaton at Weld RIPPLE of longitudinally loaded groove or fillet welds
e Initiation at the weld toes of transversely loaded GRQOVE welds
¢ Initiation at the weld toes of transversely loaded NON-LOAD-CARRYING FILLET welds
* Initiation at the weld toes of transversely loaded LOAD-CARRYING FILLET welds

¢ Inidation at the weld toes of longitudinally loaded welds (TERMINATIONS)

The S§-N curves for the ripple, groove, non-load-carrying fillet, and load-carrying fillet
scenarios are similar, but the S-N curves for the fillet weld terminations scenarios are lower
than all others (see Fig. 1.3) suggesting that there are essentially:

* “Good” weldments with high fatigue resistance (ripple. groove, non-load-carrying fillet
scenarios),

e “Maverick!” weldments having a variable fatigue resistance due to uncertainty in some
critical variable like the size of the incomplete joint penetration (load-carrying fillet
scenario),

¢ “Bad” weldments with low fatigue resistance (termination scenarios).

Figure 9.1 shows the S-N mean curves of “good”, “maverick”, and “bad” weldments. The
example of a maverick included in Figs. 1.3 and 9.1 (the load-carrying fillet weld) has been
found to have fatigue lives as long as the “good” weldments or almost as short as the “bad”
weldments depending on the amount of incomplete joint penetration.

It can be seen from Fig. 1.3, that the mean S-N curve of the fillet weld termination
(and thus the longitudinal attachment) has a lower slope than the mean curve-fit lines of the
other S-N curves indicating the virtual elimination of a fatigue crack initation life Q\)
(nucleation and short crack growth). The high stress concentrations (3-D stress effects and

1 “Maverick” weldments which do rot fit in either category because some aspect of their geometry is undefined
(partial penetration, undercut) or the definition of nomina! stress is unclear and varies from investigator to
investigator. This large group of weldments have been termed “mavericks” by Lawrence [42]
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small weld toe radius often due to poor weld quality) and high tensile residual stresses
associated with weld terminations virtually eliminate N.  Further, the high stress
concentrations? of weld terminations initiate many cracks along the weld toe which coalesce
rapidly and lead to low-aspect-ratio initiated cracks. Thus, the fatigue crack propagation life
(Np) for weld terminations (longitudinal attachments) is also diminished by the lesser
contribution from crack shape development to N,

9.2 THE FATIGUE BEHAVIOR OF LONGITUDINAL ATTACHMENTS

2.1 Significance of Welding Pr n Defect Distribution

Almost all of the longitudinal attachments included in the database have been
fabricated with the shielded metal arc welding (SMAW) process. Smith et al. [21] inspected
longitudinal attachments fabricated with the SMAW process and found undercuts at every
location inspected. Smith et al. suggested there was virtually a single continuous defect
along the weld toe of the wrap-around weld.

The Series 1 and 2 longitudinal attachments of this study and those of the Nordic
Project [22] were fabricated using the Gas Metal Arc Welding (GMAW) process using
gravitational and/or short-circuit transfer. In both studies, the inspection of the weld toes of
these specimens revealed the preseace of cold-lap defects. In his study, some specimens
were welded using GMAW spray transfer (Series 3). The use of spray transfer improved the
weld quality and eliminated the presence of the cold-lap defects.

Thus, the nature of the initial defects in the weld toe region is compietely dependent
on the weld process used. Furthermore, weld toe defects can be completely eliminated using
proper welding parameters.

2.2 The Poor Fati Behavior of Longitudinal Attachmen

This study has shown that the poor fatigue behavior of longitudinal attachments
results from a combination of three factors associated with the weld terminations or wrap-
around-welds at the ends of the attachments:

¢ Very high 3-D stress concentrations,

e Very high tensile residual stresses,

2 Crack shape development has been found to be a function of K, {43].
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» Poor weld quality.

Using 3-D FEM analyses, it was found that the longitudinal attachment has very high
3-D stress concentrations at the end of the attachments. The stress concentration factor (K)
at the weld toe and the weld geometry correction factor (M) have been found to be
considerably larger than those of a weldment with transverse attachments (transverse
attachment). These higher values of K and M, lead to significant decreases in the fatigue
crack initiation (N;) and propagation (N;) lives of longitudinal attachments.

Very high tensile residual stresses were measured in the longitudinal direction of the
weld at the end of the longitudinal attachments with wrap-around welds. This observation is
consistent with that of Gurney [2] who found the longitudinal residual stresses to be
considerably larger than the transverse residual stresses. In other studies of the longitudinal
attachment {12, 17, 19], the residual siresses have been found to approach the yield strength
of the basc metal. However, this study has shown the tensile residual stresses (595 MPa) far
exceed the yield strength (333 MPa) of the base metal probably as a result of the high yield
strength of the weld metal. Since the axial load is applied in the same direction as the high
tensile residual stresses in the longitudinal attachment (longitudinal direction of the weld),
the residual stresses much affect the fatigue life of the longitudinal attachment. The presence
of these very high tensile residual stresses along with the 3-D stress concentration mentioned
above eliminate any contribution to fatigue life obtained from the fatigue crack initiation life
(nucleation and short crack growth). In addition, the presence of very high tensile residual
stresses assure that no crack closure takes place thereby minimizing the fatigue crack
propagation life {IN;), as well.

. Creating the wrap-around welds at the end of the attachment is very difficult, and the
welder has little control of the welding process. These difficulties contribute to poor weld
quality. Severe cold-lap defects were found at the toes of wrap-around welds for the Series 1
longitudinal attachments which used gravitational and short-circuit transfer in the GMAW
process. The most severe cold-lap defects were found to have a depth of around 2 mm. The
presence of even small cold-lap defects eliminates any contribution to the fatigue life from
fatigne crack initiation, and deeper cold-lap defects also reduces the fatigue crack
propagation life: see Fig. 7.6.

The welding procedures for the Series 3 specimens employed spray transfer and were
found to have no cold-lap defects. The average weld toe radius for the Series 3 longitudinal
attachments was found to be 0.08 mm. The very small radius of the longitudinal attachments
results in a very high K and M, and therefore short N, and N,.
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9.3 THE USE OF STRESS DIFFUSERS

9.3.1 Stress Diffusers

Specially designed parts termed “stress diffusers” were incorporated in the wrap-
around welds at the ends of the attachments to improve the fatigue resistance of longitudinal
attachments. The introduction of stress diffusers into the weld detail geometry increased the
fatigue life of longitudinal attachments by:

¢ Reducing stress concentrations,
e Reducing residual stresses,

¢ Improving weld quality.

The stress diffusers effectively reduce the high stress concentration at the end of the
attachments by diffusing stress along a greater portion of the weld toe. The weld toe stress
concentration factor was shown to be reduced by 23% and the weld geometry correction
factor was shown to be significantly reduced: see Fig. 4.7.

The residual stresses in a longitudinal attachment are reduced with the use of stress
diffusers. Measurements showed that the stress diffusers reduce the residual stresses
adjacent to the weld toe from 595 to 252 MPa (58%). This reduction in residual stress i
expected as the weld will change from being longitudinal to the load to being nearly
transverse to the load at the critical area in front of the stress diffuser. Residuval stresses
transverse to a weld are considerably lower than longitudinal residual stresses in a weld [2].

The use of stress diffusers in a longiwmdinal attachment improves the weld quality.
The use of stress diffusers eliminates the wrap-around welds. Consequently, the welder has
better control of the welding process; and the formation of severe cold-lap defects is avoided.
For example, the cold-lap defects of the longitdinal attachments with stress diffusers were
reduced in size from 2.1 mm to 1.4 mm.

In the absence of cold-lap defects (Series 3), the average weld toe radius for
longitudinal attachments was found to be 0.08 mm. The use of stress diffusers in the
longifudinal attachment leads to improved weld quality: the average weld toe radius
increases from 0.08 mm without the stress diffuser to 0.27 mm with a stress diffuser.
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2 mparison with T verse Attachmen

A database of both longitudinal and transverse attachment fatigue results was created,
and all its data are plotted in Fig. 9.2. At short lives ¢high stresses), transverse attachments
show slightly longer fatigue lives than longitudinal attachments. It should be noted that the
scatter for transverse attachments is much larger. At long lives (low stresses), there is a
considerable difference between the two since transverse attachments have fatigue lives
much longer than longitudinal attachments.

Longitudinal attachments with stress diffusers should exhibit similar fatigne behavior
10 wansverse attachments, and similar fatigue lives because longitudinal attachments with
stress diffusers and transverse attachments are have similar hot spot stresses or M, (Fig. 4.8),
residual stresses, and weld quality. The fatigue results from this study are plotted with the
fatigue results from the database in Fig. 9.2. The data for longitudinal attachments of this
study are consistent with the fatigue database results. At short lives (high stresses), there is
very little effect of the stress diffuser; likewise, there is really no difference in fatigue lives
for transverse and longitudinal attachments. At long lives (low stresses), significant
increases in the fatigue life are obtained with the use of stress diffusers for specimens of
Series 3 (no cold-lap defects). For longitudinal attachments with a fatigue life of 2E+06
cycles, increases of 360% in fatigue life and 32% in fatigue strength were obtained with the
use of stress diffusers. Even when cold-lap defects are present (Series 1 and 2), stress
diffusers sull increase the fatigue life. In genceral, it can be said that the fargue life of
longitudinal attachments with stress diffusers are similar to transverse attachments and that
stress diffusers are very effective.

Applicability and Limitations of Stress Diffuser

Stress diffusers can probably be used in many different applications. One possible
application was investigated thoroughly in Chapter 6 where stress diffusers were included in
the beamn-to-column connection. There are certainly other applications for stress diffusers to
improve the fatigue life of common weld details. Stress diffusers can be used in any weld
details (simple or complex) which have longitudinally welded attachments (load-carrying or
non-load-carrying) which permit the inclusion of a stress diffuser(s). The swress diffuser can
vary in dimensions and shape depending on the particular weld detail. The most common
weld details [1] are shown in Fig. A1.1. Stress diffusers could be used to improve the fatigue
life of longitudinally welded attachments such as details 25B, 30, 304, 36, 37, 394, 39B, 49,
50, 51, and 52.
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Stress diffusers used in this sdy were expensive to make because they were
machined from plate material. An altcrnative method of construction could be to punch out
stress diffusers from thinner plates and then stack them to achieve the desired height. This
alternate method of construction would create unbonded interfaces between the stacked
stress diffusers which might alter the stress distribution in the joint, Further FEM analysis is
necessary to determine the effect of these interfaces.

9.4 MODELING ISSUES

4.1 Cold-1 f

FEM analyses of cold-lap defects have shown that their presence virmually eliminates
the fatigue crack initiation life (N,), because their notch-root stress concentration factors X)
are very large (= 16). Longitmdinal attachments withont cold-lap defects have been shown
to have a very short N as high stress concentrations (3-D effect and small weld toe radius (r
= 0.08 mm)) and tensile residual stresses (595 MPa) exist at the weld toe: see Fig. 8.1.
Therefore, the presence of cold-lap defects does not significantly reduce the total fatigue life
(Ny = N, + N; ) of longitudinal attachments because N, was already eliminated by the
combination of the high weld toe K, and tensile residual stresses. The presence of a cold-lap

defect was shown to reduce the fatigue crack propagation life (N,) very little because its
cffect is rather local.

Longitudinal attachments with stress diffusers without cold lap defects have been
shown to have a significant N, because lower stress concentrations (3-D stress effects
minimized and r = 0.27 mm) and tensile residual stresses (252 MPa) exist at the weld toe: see
Fig. 8.3. Therefore, the presence of cold-lap defects which eliminate N, significantly reduce
the total fatigue life (N; = N, + N, ) of longitudinal attachments with stress diffusers. The
presence of a cold-lap defect was shown to affect the fatigue crack propagation life (N;) very
little because its effect is local.

Even though the presence of cold-lap defects have been shown to have a greater
effect on the fatigue life of longitudinal attachments with stress diffusers than the fatigue life
of longitudinal attachments, the fatigue lives of longitudinal attachments with stress diffusers

having cold-lap defects are longer than the fatigue kves of longitudinal attachments with
cold-lap defects: see Figs 7.13 and 9.3.

42 k Shape Developmen

Crack shape development influences the fatigue crack propagation life (N;). The
nature of the initial defect(s) is critical and will control the crack shape development for very
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short cracks, a large portion of N;. The effect of welding process on the initial defect
distribution was shown in section 9.2.2 and the type and size of the initial defects in the weld
toe region were found to depend on the weld process used. The crack shape development
pattern found in this study (see Figs. 2.9) was plotted with that reported by Smith et al. [21]
for cracks growing in a longitudinal attachment welded with the SMAW process in Fig. 9.3.
It can be seen from Fig. 9.3, that the crack shape development patterns observed in the two
studies are different for cracks less than 1 mm. This difference in crack shape development
is due to differences in initial defects resulting from the different weld processes of the two
studies. The very small values of Smith et al. reflect the continuous undercut defect found at
the weld 1oe.

The crack shape development results of Bell et al. [43] and Otegui et al. [44] found
for T-plate specimens are plotted in Fig. 9.3 along with the crack shape development results
of this study and Smith et al. It can be seen that each study suggested different crack shape
development patterns. For the very short crack lengths examined, the results of this study are
in best agreement with the results of Otegui et al. The crack aspect ratio of cracks for this
study and that of Otegui et al. were observed to increase for very short cracks. The crack
shape development pattern of Bell et al. suggests the presence of a semi-circular crack (a = ¢)
at the onset of fatigne crack propagation. At long crack lengths, the crack shape
development functions are not as important to fatigue crack propagation life, and the small
differences between 2all the functions are not as important.

The resulis of this swudy for crack shape development up to 1 mm were used, and then
crack shape development function of Bell et al. was adopted for crack lengths greater than 1
mm. The use of this combined crack shape function did not predict the results of the
database at very long fatigue lives: see Fig. 8.1 which shows results for SMAW fabricated
specimens. The use of the crack-shape development function of Smith et al. leads to slightly
better predictions of the fatigue crack propagation life: compare Figs. 8.1 and 8.2,

9.5 FUTURE WORK

The shapes of the alternative stress diffusers shown in Fig. 4.1 should be optimized,
and then their effect determined through an experimental study. Some of these alternative
shapes may be less expensive 10 fabricate and use. For example, the stress diffuser which
spans the entire width of the main plate would require less machining and would provide a
straight, transverse weld which may improve weld quality. For certain applications in which
the main plate width is small, this shape of stress diffuser may be the best design.
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Additional studies of longitudinal attachments fabricated using spray transfer GMAW
should be undertaken to see if this less-defect-prone welding process can provide substantial
increases in the fatigue live over those fabricated using SMAW .

Inelastic analyses should be performed to understand the performance of the stress-
diffuser-enhanced connection in the plastic regime. The use of the stress diffuser in the
Northridge beam-to-column connection may be further improved by reducing the stiffness
of the current design through reductions in the diffuser plate thickness and its weld sizes.

A study of residual stressses should be undertaken to determire the influence of many
variables such as weld process, weld metal strength, and base metal strength on residual
stresses. Measurements should be made for both longitudinal attachments and transverse
attachments.
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;Fig. 9.3 Comparison of crack shape deveopment patterns for weldments.
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CHAPTER 10

CONCLUSIONS

Weldments with fillet weld terminations exhibit the shortest fatigue lives of all
weldments, especially at long lives. The poor fatgue strength of longitudinal
attachments is due to the combination of a very high 3-D stress concentration, very high
tensile residual stresses, and poor weld quality. The poor weld quality associated with
the ends of the attachments is manifest as cold-lap defects or small weld toe radii
depending on the weld process used.

Cold-lap defects were the fatigue-crack-initiating defect for longitudinal attachment
weldments fabricared using gravitational and/or short circuit wansfer gas-metal-arc-

welding (GMAW). The use of a higher heat input (spray tansfer) in GMAW was
found to eliminate the cold-lap defects.

Specially designed stress-concentration-reducing parts termed “stress diffusers” were
incorporated in the wrap-around welds at the ends of the longitudinal attachments. For
longitudinal attachments with a fatigue life of 2E+06 cycles, increases of 360% in
fatigue life and 32% in fatigue strength were obtained with the use of stress diffusers.

Stress diffusers increased the fatigue strength of longitudinal attachments to equal that
of transverse attachments.

The use of a stress diffuser in a beam-to-column connection was found to eliminate the
high stress concentration at the weld access hole and to reduce the maximum principal

stresses in the region of the intersection of the bottom beamn flange and column flange
by 31%.

Fatigue life predictions made using the FEM results of this study were in good
. agreement with experimental results. The presence of cold-lap defects was predicted to
climinate the fatigue crack initiation life and to affect the fatigue crack propagation life
very little since the influence of cold-lap defects is localized.
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APPENDIX 1: EXPERIMENTAL INDICATION OF THE POOR FATIGUE BEIIAVIOR
OF FILLET WELD TERMINATIONS

Al.1 DATABASE INFORMATION

The 53 structural details of SSC-318 [1] shown in Fig. Al.1 were re-evaluated. First
the number of details considered were reduced by eliminating everything which was not a
welded joint except for plain plate (Details 1 and 2) which were used as a reference. The
data was then screened! to create a data set representative of as-welded details. Any data
with a thickness greater than 7/3” was corrected for the effect of weldment size with an
welment size effect exponent of 0.25 as recommended by Gurney [2]. The mean fatigue
strength of each stuctural detail at 1E4+06 cycles for various load ratios and material
strengths is listed in Table Al.1.

Al.2 THE EFFECT OF LOAD RATIO AND MATERIAL STRENGTH

The importance of load ratio, R, is evident as most of the details tested under reversed
loading (R = -1) exhibit higher fatigue strengths: see Table Al.1. The effect of load ratio
becomes less important for weldments with high tensile residual stresses such as Detail 30
which has a fillet weld termination. The effect of material strength can also be important:
see Table 1.1. For most weld details, such as Detail 10, there is a direct correlation between
material strength and fatigue swength. If a weld detail exhibits only a fatigue crack
propagation life, an increase in material strength could lead to a decrease in fatiguc strength.
This decrease can be explained by fatigue crack closure.

Al.3 A WELD CLASSIFICATION S YSTEM BASED ON THE SITE OF CRACK INITIATION

In order to eliminate the effects of material strength and load ratio, only mild steel (Sy
< 310 MPa) data tested at R = ( loading was considered. Thus, all entries in Table Al.1 for
which there was no data for the case “R = 0, Sy < 310 MPa” were climinated. This process
resulted in the entries of Table Al.2. The structural details were sorted in the order of

increasing fatigne notch factor, Kf2. The corresponding fatigue crack initiation site for each

1 All datm for specimens altered by post-weld improvement techniques, tested in a corrosive environment,
tested with unusual methods, fabricated with nnusual procedures, and which were unfailed were eliminated.

2 The fatigue notch factor is defined as the ratio of the fatigue life of a smooth specimen to that of a notched
specimcen at a given fadgue life.
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detail is listed in Table A1.2. In general, there are four usual fatigue crack initiation sites
(sec Fig. 1.1):

* Weld ripple

*« Weld 1oes

+ Weld terminations
+ Weld roots®

Upon an even further and more detailed inspection of the data, it was recognized that these
general categories lead to five common weldment fatigue crack initiation scenarios:

Initiation at weld RIPPLE of longitudinally loaded groove or fillet welds (R)

Initiation at the weld toes of transversely loaded GROOVE welds (G)

Initiation at the weld toes of transversely loaded NON-LOAD-CARRYING FILLET welds (F)
Initiation at the weld toes of transversely loaded LOAD-CARRYING FILLET welds (F”)

* Initiation at the weld tocs of longitudinally loaded welds (TERMINATIONS) (T)

Each of these five locations has been termed an initiation site category and given a letter
designation. The SSC-318 detail describing each initiation site category in its purest form is
shown in Fig. 1.2.

The initiation site of each entry in Table Al.2 was associated with one of the five
initiation site categories, R, G, F, F’, or T. Upon comparing all the entries in Table A1.2
~ having a certain initiation site category, it was apparent that all of these details had roughly
the same S-N diagram. Some details differed from the rest for one of several apparent
reasons: the loading was pure bending as opposed to axial or pseudo-axial* loading; the
stress was based on shear loading; weldment geometry (notch severity) was actually
undefined becaunse of a variable or unknown depth of weld penetration or the possihility of
serious undercuts (resulting from wrap-around welds), and finally for other reasons such as
changes in section thickness, transition details, intermittent welds, etc. Those details deemed
a little strange for their initiation site category have a comment entered in the final column of
Table A1.2. These welds were eliminated to create Table Al.3. The selected details of
Table Al.3 were used to validate the concept of categorizing weldments based on initiation
site: see Fig A1.2. It can be seen in Fig. A1.2 that all of the data within an initiation site
category have similar fatigue strengths.

Mean S-N curves were calculated for each of the initiation site categories based on all
the available data for that category: see Fig. A1.3. All of the weld initiation site category
data sets and their corresponding mean lines were plotted together on one graph: see Fig. 1.2.

2 Only failures at the welds exterior were considered in this study. Root failures were not considered.
4 Bending of deep sections designated as AB in Table A1.2.
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Figure 1.2 shows that the 5-N curves for ripple, groove, non-load-carrying fillet, and load-
carrying fillet scenarios are similar and that the S-N curves for fillet weld terminations
scenarios are lower than all others.
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Fig. A1.1 The structural details contained in the UTUC database.
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Fig. Al.1 (cont.) The structural details contained in the UTUC database.
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Fig. Al.1 (cont.) The structural details contalned in the UTUC database.
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Fig. Al.1 (cont.) The structural details contained in the UIUC database.
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Fig. Al.1 (cont.) The structural details contained in the UTUC database.
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Fig. Al.1 (cont.) The structural details contained in the UTUC database.
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Fig. Al1.1 (cont.) The structural details contained in the UTUC database.
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Fig. A1.2b S-N data for weld details with sites of fatigue crack initiation at toes of
transversely loaded groove welds- G.
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Fig. Al.2c S-N data for weld details with sites of fatigue crack initiation at toes
of ransversely loaded fillet welds- F.
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APPENDIX 2: STRESS INTENSITY FACTOR FOR WELDMENTS

A2.1 WELD GEOMETRY CORRECTION FACTOR (M)

Solutions for the stress intensity factor of standard specimens are readily available.
Unfortunately, solutions are not readily available for weldments. A problem arises in dealing
with the nonuniformity of the stress field at the structural detail. In order to account for the
presence of the weld geometry, the stress intensity factor for a plain plate with no weld is
modified by the weld geometry correction factor (M) as follows:

Kew =M Y S¥7a.

where:

K,q: = Stressintensity factor for the weldment
M, = Weld geometry correction factor
Y = Geometry correction factor
S = Applied remote stress
a = Cracklength

A2.2 THE SUPERPOSITION METHCD

Albrecht et al. [25] developed a simple superposition method which allows for the rapid
calculation of stress intensity factors. Hobbacher [26] simplified their formula yielding:

k=vm 2 S g

\/a__‘

and therefore,

In order to calculate My, the stress concentration factor K (y) along the anticipated crack path
needs to be determined. The determination of K (y) is usually found using FEM analysis. The

advantage of using the superposition method is that only one mesh of the uncracked geometry
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is needed instead of several FEM analyses requiring crack tip remeshing for each crack length.
The stress intensity for the plain plate (K,p) is commonly calculaied using the results of
Newman and Raju [31] for semi-elliptical surface cracks.

The stresses along the anticipated crack path should be used in the superposition
method. The crack path is expected to start from the weld toe location since pre-existent
defects are assumed to be present there. Albrecht et al. [25] used the stresses perpendicular to
the vertical path down from the weld toe in the determination of M, ;. Using these stresses is
very simple and allows for the efficient calculation of My . Unfortunately, the crack path is
not straight but curved and grows perpendicular to the direction of maximum principal stress.
Therefore, Smith et al. [23] modified the calculation of My ¢ by using the maximum principal
stresses on the verdcal path inward from the weld toe. Smith et al. [23] justified this practice
by noting that they found no significant difference between the maximum principal stresses at
probable crack tip locations and those locations on the vertical path.

Other researchers [33, 34] have evaluated M, from another location. They found that
the location of maximum stress in the weld toe region does not occur at the weld toe but up the
weld toe radius a small distance. Therefore, cracks will initiate and propagate from this “peak”
location where the maximum principal stress in the entire weld toc region is highest.
Determining My from the peak location is contradictory to the concept that the fatigue life of
weldments consists of only the propagation of pre-existent defects found at the weld toe. Pre-
existent defects may be eliminated by the use of post-weld improvement techniques or by just
simply better welding procedures.




139
APPENDIX 3: VERIFICATION OF THE SUPERPOSITION METHOD

As mentioned in Chapter 1, My has usually been evaluated along a crack path
perpendicular to the applied load and inward from the weld toe (vertical path from the weld
toe in this study), and the calculation of K_,; (Mg s * K. ) has been based on the readily
available solutions for stress intensity factor for surface cracks in plain plate -
determined for straight cracks which are perpendicular (vertical) to the applied load.
However, the crack paths for the specimens tested were observed to be curved and not
straight; therefore, My should be evaluated along this curved path. However, the accuracy of
determining M, along such curved crack paths using the superposition method and using the
model for K, based on cracks perpendicular to the applied load should be questioned.

A pilot study was first undertaken in which the longitudinal attachment was modeled
in 2 dimensions (2-D) to verify the use of the superposition method as it has been
traditionally used along the vertical path. Then, a pilot study was undertaken in which the
longitudinal attachment was modeled in 2-D to determine the crack path emanating from the

weld toe and to determine the best method of estimating M,, with the snuperposition meathod
for this crack path.

A3.1 VERTICAL CRACK PATH

A pilot study was undertaken modeling the longitudinal attachment in 2-D to verify
the accuracy of the superposition method in estimating the weld geometry correction factor
(My) for cracks aleng the vertical path. The dimensions and loading conditions used in the
2-D FEM analysis can be seen in Fig. A3.1 A 2-D FEM analysis of the uncracked geometry
was conducted, and the stresses perpendicular to the vertical path inward from the weld toc
were used in the superposition method to determine M ¢ see Fig. A3.2 and Table A3.1.

In order to determine the stress intensity factor for the weld modeling the cracked
geometry (K, ., o), crack tip elements! were inserted in the 2-D FEM models. A typical
mesh of the 2-D FEM model with a crack can be seen in Fig A3.3. The weld geometry
correction factor for the cracked geometry (Mg ) Was then determined by normalizing K _,,
cc With the stress intensity factor of the plain plate (K,,): see Fig. A3.1.2 and Table A3.1.1.
K, was determined using the solutions of Newman and Raju [31] for semi-elliptical surface
cracks.

1 The crack tip elements were created in Pro/MECHANICA STRUCTURE. The first row of elements were
modeled to be 1/20th of the crack length in size.
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As can be seen from Table A3.1, Mg ; and My ; are similar with a maximum
difference of 11% at a/T values of around 0.02 - 0.05. Mg ¢ slightly overestimates Mg o and
is therefore conservative. Only as the crack length approaches the mid-thickness of the plate
is it unconservative, but at those crack lengths the fatigue life is almost over. Fatigue crack
propagation lives (N,) were calculated using the weld geometry correction factors
determined for the crack geometry and from the superposition method for different initial
crack lengths: see Fig. A3.2. The differences in the N, were found to be insignificant at both
of the initial crack lengths investigated.

These differences between My ¢ and Mg ; are larger than those find by Smith [45]
who found a maximum difference of 6% at a/T values of around (.20 - 0.25. Smith modeled
4 mansverse non-load-carrying filler welded amachment (transverse attachment) without the
lack of penetration (LOP). The transverse attachment is not exactly the geometry studied
here but in 2-D the details are similar. Since the LOP was modeled in the analysis performed
above, the Jongitudinal attachment was re-evaluated without the LOP to see if the differences
between My ¢ and My ., would decrease. The 2-D results without the LOP are plotted in Fig.
A3.4 and listed in Table A3.2. A maximum difference of approximately 6% was found and
the observed differences between My ¢ and My ; are in better agreement with the results of
Smith. Once again, the differences in the resulting fatigue crack propagation lives were
found to be insignificant: see Fig. A3.1.4.

A3.2 SUPERPOSITION METHOD FOR CURVED CRACK PATHS

The accuracy of determining M, along curved crack paths using the superposition
method and using the model for K, based on cracks perpendicular to the applied load should
be questioned. A pilot study was undertaken in which the longitudinal attachment was
modeled in 2 dimensions (2-D) (1) to determine the crack paths emanating from the weld toe
and peak stress locations and (2) to determine the best method of estimating Mg with the
superposition method for these crack paths. The curved crack path will first be evaluated

from cracks emanating from the location of “peak™ stress location and then from the weld
toe.

A32.1 “Peak” ion

The first step was to determine the peak location from which the crack will initiate

and then propagate. The 2-D FEM analysis revealed the peak location to be at a small
distance around the weld toe radius and inclined at 22.5° to the vertical: see Fig. A3.5. The




141

crack path? was determined with the cracked geometry propagation technique [R] in which
actual cracks were inserted in the 2-D FEM analyses to determine the crack path. This
technique involved the following steps:

(1) perform an FEM analysis on the uncracked geometry to determine the location of
maximum principal stress in the weld toe region,

(2) determine the direction of crack extension,

(3) propagate the crack a small distance and remesh the model for the new geometry,

(4) recalculate K and K, for the new geometry, and repeat steps 2-4.

This procedure was repeated until the mid-thickness of the plate was reached. For the
uncracked geometry (initiation for this technique), the direction of crack extension (¢) was
determined by:

mn(2¢) — .._2_'2’9'_..
(8.-S,)

For the cracked geometry the maximum circumferential stress criterion proposed by Sih [32]
was used 10 determine ¢.

K, sing +Ky(3 cosg—1)=0

The resulting curved crack path generated from the cracked geometry can be seen in
Fig. A3.5.

The weld geometry correction factor for the cracked geometry (M o) was then
determined by normalizing K, ¢ along the curved crack path with the stress intensity
factor of the plain plate (K.): Fig. A3.6. In addition, Mg o was determined along the
“slanted path” (crack path perpendicular to the maximum principal stress direction at the
peak location) and plotted in Fig. A3.6. It can be seen from Fig. A3.1.6 that there is no
difference in My o whether it is determined along the curved or slanted path.

" The weld geometry correction factor was then calculated using the superposition
method (Mg ) by first projecting the maximum principal swesses determined from the

2 Another technique termed the uncracked geometry propagation technique in which a fictitions crack is
assumed to initiate at the peak location and follow the path perpendicular to the maximum principal stresses in
the uncracked geometry. The resulting curved crack path determined using the uncracked geometry

propagation technique was similar to that found using the cracked geometry propagation technique. Any
differences between the two different techniques were insigaificant.
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uncracked geometry along the curved and slanted crack paths® to an equivalent vertical crack
path prior to performing calculations according to Thurlbeck ct al. [34]: see Fig. A3.7. No
difference in M ¢ is seen whether it is calculated along the curved or slanted path. Since the
results are similar along the curved and slanted paths and in order to simplify the
comparisons, it was decided to continue the analysis with only the results on the slanted path.

M; s and M; ; determined along the slanted path were then compared in Fig. A3.8.
It can be seen that the superposition method slightly overestimates My but does an overall
good job in estimating My . Therefore, the superposition method should be used to
calculate My by first projecting the stresses to an equivalent vertical crack path. In addition,
all calculations from the peak location can be performed along the well defined slanted path,
since no difference was seen between Mg determined along the curved or slanted paths.

A3292 1d T

The first step was to determine the crack path from the toe location. The crack path
was determined using the techniques described in the previous section. The resulting curved
crack path emanating from the weld toe can be seen in Fig. A3.5.

The weld geometry comrection factor for the cracked geometry (Mg o, ) was then
determined by normalizing K, s 2long the curved crack path with the stress intensity factor
of the plain plate (K ): Fig. A3.9. In addidon, Mg o was derermined along the vertcal path
inward from the toe and plotted in Fig. A3.9. It can be seen that My ; is slightly greater
along the curved path and should be considered.

The weld geometry correction factor was then calculated using the superposition
method (M, ) by first projecting the maximum principal stresses determined from the
uncracked geometry along the curved path to an equivalent vertical path prior to performing
calculations: see Fig. A3.10. M, (was then calculated using the perpendicular stresses and
maximum principal stresses along the vertical path: see Fig. A3.10. Using the maximum
principal stresses along the vertical path approximates the use of the maximum principal
stresses along the curved path very well and in agreement with the assumption of Smith et al.
[R] for a/T values less than 0.1. The use of the maximum principal stresses as opposed to the
use of the perpendicular stresses gives Mg ( with slightly larger values.

The solutions for My  obtained above were then compared with My ;in Fig. A3.11.
It can be seen that the all of the solutions of the superposition method do a good job in

3 Using the maximum principal stresses along the slanted path is technically incomect but will allow for an
easily defined crack path from which the stresses can be read. The maximwn principal siresses found along the
slanted path are similar 1o the maximum principal stresses found along the curved path.
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estimating Mg. The use of the well-defined vertcal path allows for the most convenient
determination of stresses using FEM, and the use of the maximum principal stresses is
preferréd by the writer. Therefore, it was decided that all further calculations using the
superposition method in this study from the toe location will be performed using the
maximum principal stresses along the vertical path inward from the toe.



144

Table A3.1 Comparison of the calculated and modeled stress intensity factors for the vertical
crack path determined by a 2-D FEM analysis with an LOP.

a afT M, M % difference

(mm) in My
0.0254 0.002 2.20 2.06 6.8
0.0635 0.005 2.14 1.99 7.5
0.254 0.02 1.92 1.73 11.0
0.635 0.05 1.62 1.46 11.0

2.54 0.2 1.14 1.14 0.0

6.35 0.5 0.94 0.95 -1.1

Table A3.2 Comparison of the calculated and modeled stress intensity factors for the vertical
crack path determined by 2-D FEM analysis without an LOP.

a a/T Mg M 5 % difference

(mm) in Mg
0.0254 0.062 2.05 2.02 1.5
0.0635 0.005 1.99 1.95 2.1
0.254 0.02 1.75 1.69 5.9
0.635 0.05 1.52 1.43 6.3

2.54 0.2 1.11 1.10 1.0

6.35 0.5 0.95 0.94 1.1
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Fig. A3.4 The accuracy of the superposition method in estimating (a) the weld geometry

correction factor and (b) the fatigue crack propagtion lives of longitudinal
attachments modeld without an LOP. (AS = 100 MPa)
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Fig. A3.10 The accuracy of the superposition method in estimating (a) the weld geometry
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APPENDIX 4: EVALUATION OF THE SUPERPOSITION METHOD IN ESTIMATING
My FOR GEOMETRIES WITH COLD-LAP DEFECTS

The crack path emanating from a cold-lap defect is not straight but curved and grows
perpendicular to the direction of maximum principal stress; therefore, M; should be
evaluated along this curved path. However, the accuracy of determining Mg along such
curved crack paths using the superposition method and using the model for K based on
cracks perpendicular to the applied load should be questioned. A pilot study was undertaken
in which the longitudinal attachment was modeled in 2 dimensions (2-D) to determine the
crack path emanating from the root of the cold lap and to determine the best method of
estimating Mg s with the superposidon method for this crack path.

The weld geometry correction factor for the cracked geometry (Mg ;) was
determined along the curved crack path by normalizing K, o, by K see Fig. Ad.l. In
addition, My ., was determined along the vertical path and plotted in Fig. A4.1. It can be
seen that Mg, . is similar whether it is determined along the curved or vertical crack path.

M, ¢ was calculated using the maximum principal stresses along the curved crack
path (Fig. 7.2) and plotted with Mg ; in Fig. A4.2. There is good agreement between Mg
and Mg . Then, the perpendicular stresses along the vertical path were used to calculate My
s and compared with My o in Fig. A4.2. This method estimates M ., well for long crack
lengths, but for very short crack lengths use of the perpendicular stresses along the vertical
path underestimates My ;. Finally, My ¢ was calculated uvsing the maxirmum principal
stresses along the easily defined vertical crack path and plotted with M; ;in Fig. A4.2. Use
of the maximum principal stresses along the vertical path in the superposition method tend to
slightly overestimate M,.

Regardless of the stresses used in the superposition method, M ¢ estimates Mg . for
the weld detail well. The use of the well-defined vertical path allows for the most convenient
determination of stresses using FEM, and the use of the maximum principal stresses is
preferred by the author. Therefore, it was decided that all further calculations using the
superposition method in this study from a cold-lap defect will be performed using the
maximum principal stresses along the vertical path.
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