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Abstract

Fillet welds joining ship hull plating to longitudinal stiffeners have failed in the grounding
of very large crude oil carriers (VLCC). A tension mode of fillet weld failure has been
observed in some grounding accidents. Deeper penetration welds are shown to be an
effective and inexpensive way to increase fillet weld joint strength and tearing resistance.

Specimens were fabricated to determine the welding parameter effects on geometry and
quality of fillet welds. Flux Cored Arc Welding (FCAW) was chosen as the welding
process due to its popular use for fillet welds in shipbuilding. Full scale 6 mm leg length
fillet welds corresponded to typical design standards for VLCC ships. Specimens were
constructed using A-36, DH-36, and EH-36 steel. Two grades of 0.045 inch diameter
welding wire were used for the appropriate base plate as specified by American Bureau of
Shipping (ABS). Polished profiles of the fabricated welds showed that weld penetrations
as deep as 4.0 mm can be achieved without beveling the joint.

Tests determined the tensile strength of fillet welded joints with penetration. Seven test
specimens were fabricated using EH-36 base plate and Excel-Arc 71 (E71T-1) welding
electrode. Three test specimens were fabricated using DH-36 base plate and Fabco 802
(E71T-1) welding electrode. Results with the Excel-Arc 71 electrode showed a 63%
increase in tensile joint strength with 3.2 mm of penetration. This was a 50% increase in
the tensile strength of the joint as compared to the 1.1 mm penetration obtained from
manufacturer-recommended parameters. Results with the Fabco 802 electrode showed a
37% increase in the weld tensile strength with an increase of 3.3 mm in weld penetration.

Load versus displacement diagrams for the ten tests showed similar trends. A plastic limit
load was achieved by the welded joints prior to breaking the specimens. Deeply
penetrating welds showed three to four times the plastic extension as compared to welds
without penetration. Deformation increased the work to deform the deeper penetrating
welds by a factor of three to five.

Limit loads of the test specimens were compared to theoretical predictions using an exact
and a least upper bound solution. Methods are based on the assumptions of plane strain
conditions, homogeneous welds, and non-strain hardening material. The exact solution is
based on slip-line theory described by curved lines of shear in yield when the weld deforms



plastically. The upper bound solution simplifies calculations by assuming two linear slip
planes of shear oriented to give the least upper bound in plastic deformation. The upper
bound solution overpredicts the slip line solution by 5% for the largest penetrations
achieved. The upper bound method was used for comparison to test results due to its
simplicity with good accuracy.

To calculate the limit load, the shear strength of the weld material in yield was necessary.
Manufacturer and Rockwell A hardness estimates for tensile strength calculated the values
of yield strength in shear. Welds without penetration showed a 10% underprediction and
deeper penetrating welds showed a 30% underprediction in shear strength for
manufacturer strengths as compared to hardness estimated values. Hardness estimated
strengths reflected the increase in hardness with deeper penetrating welds giving a more
realistic weld strength. For deep penetration welds, the upper bound solution overpredicts
weld strength by 25% using hardness determined values of yield strength. Low
penetration welds showed a 22% underprediction based on hardness determined weld
strength.

Deposition rate and specific energy for tested welds showed the relative costs of
producing the deeper penetration welds. The deepest penetrating welds showed an
increase of 70% in deposition rate of weld metal as compared to manufacturer
recommended weld parameters. Deepest penetrating welds with higher currents showed
the energy needed to weld a given length of weld decreased by 5% as compared to power
consumed using the manufacturer recommended parameters.

Thesis Supervisor: Dr. Koichi Masubuchi
Title: Kawasaki Professor of Engineering
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CHAPTER 1
INTRODUCTION

1.1 Background

Despite advancing technology in navigation equipment and improvements in the
control of ships, collision and grounding incidents of vessels have continued to present a
problem in the safe transportation of cargo at sea. The grounding of the Exxon Valdez at
Prince William Sound in 1989 showed the damage that can occur from a vessel accident.
Millions of gallons of oil were spilled into the delicate marine ecosystem; the damaging
effects will be felt for many years to come. Despite a large scale clean up effort and
billions of dollars in funding, the environment of Prince William Sound is far from its
original condition. Although it is difficult to say that a ship is fully ground proof or
unsinkable, as shown by the disaster of the Titanic, naval architects can continue to learn
from maritime accidents to improve ship structures.

Ship design in the past has focused on the strength required to withstand expected
forces at sea and in loading, however, the environmental concerns and a better
understanding of uncommon ship forces are becoming more influential in vessel design
today. Shipbuilding has developed design standards for the selection of materials, sizing
of vessel components, and methods for welding ship structures. The effect of grounding
as a significant problem in ship design prompted the U. S. Congress to pass the Oil
Pollution Act of 1990 requiring the use of double hull ships to protect against the loss of
oil in ship grounding.

The design of ships to better withstand damage due to grounding should not be
limited to the use of double bottom hulls. An open mind should be considered for the best
solution (s) to prevent grounding damage from leading to oil outflow and damage to the
environment. The need to better understand the effects of grounding on ship structures
prompted a joint M.I.T.-Industry Program on Tanker Safety. The research at M.1.T. was
divided into two teams: one focusing on the prediction of damage to hull plating and the
other team focusing on the better understanding of weld design in ships and improving

weld strength as needed for grounding failure loads.
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Investigations of the damage encountered in the grounding of the Exxon Valdez
and the Charles B. Renfrew have shown failure of the fillet welds in the damaged area.
Fillet welds attaching the longitudinal stiffeners to the lower hull have primarily been
designed to withstand the longitudinal shear stresses encountered by the hogging and
sagging moments encountered by the ship in waves. The better understanding of the
longitudinal stresses and use of stronger materials has pushed for the reduction in the
required size of fillet welds for the determined joint efficiencies. However, the occurrence
of grounding loads should be considered for the better design of ship resistance to hull
damage.

Research of the welding team at M.I.T. has worked towards the improvement and
understanding of weld design. A literature survey was performed by McDonald (1993) on
existing requirements for the design of fillet welds in ships. Inspection of vessel grounding
damage showed that a prominent mode of fillet weld failure was the tearing of longitudinal
stiffeners away from the hull plating. The desire to increase joint strength and shift
deformation away from the weld prompted the tearing test performed by Kirkov (1994).
Results showed that it would be necessary to increase the typical leg length from 6 mm to
12 mm to shift the failure from the weld to the stiffener in tension loading.

If the work to deform the weld is larger than the work to fold the hull plate, the weld will
not fail in a peeling mode. An examination of various ways to improve weld joint strength
including increasing leg length, weld penetration, and strength of weld material raised

interest in the advantages of increasing weld strength through larger weld penetrations

1.2 Objectives

Understanding the strength of fillet welded joints is important in the design of
ships. Achieving a weld joint strength that is sufficient to shift the plastic deformation
failure into the longitudinal web is desirable. In a grounding the result would be the
increase in the work absorbed by the deformation of welded stiffeners, a reduction in the
size of hull damage, and less oil spillage.

The scope of this research was divided into two main parts including the methods

of obtaining deeper penetrating welds and the determination of the added strength due to
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the deeper penetrating welds. Weld parameters were varied for the FCAW process to
obtain varying penetrations. Full scale fillet weld tension tests were performed to
determine the experimental value of increased weld strength with penetration. A
theoretical analysis of weld strength was performed using plasticity theory.

There are several different theoretical approaches available for the design of fillet
welds. Conventional design treated all fillet welds as if the load was oriented in the
weakest direction (longitudinally). The result of this method was an oversizing of fillet
welds loaded transversely since transverse loaded welds are stronger than welds loaded
longitudinally as shown by Kato & Morita (1974). Krumpen and Jordan (1984)
approximate the tensile strength of fillet welds based on the throat thickness of the fillet
weld and a determined allowable tension yield stress. Kato and Morita (1974)
approximated the strength of a weld in tension to be 1.46 times the longitudinal strength
applying certain boundary conditions to the compatibility equations of elasticity.

While Krumpan and Jordan give an approximation to weld joint strength, there are
theoretical tools that can be used to approximate strength of fillet welds with plastic
deformation. The use of plastic mechanics with slip line theory satisfies equilibrium
equations and yield conditions to give an exact solution to the limit load assuming plane
strain and a nonhardening material. Another theoretical approach using plasticity, the
block sliding method, satisfies displacement boundary conditions for an upper bound
solution to the limit load. This study uses the block sliding method and slip line theory as
theoretical tools for determining the limit load of fillet welds. Assumptions include non-

hardening material properties and a homogeneous weld.

1.3 Organization of Paper

Chapters are used to identify the separate areas of research in this thesis. At the
end of each chapter are the relevant tables and figures that relate to the information
contained in the chapters. Appendices offer more detailed information as needed in

clarifying the text.
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CHAPTER 2
FILLET WELD DESIGN IN SHIPBUILDING

2.1 Current Design Standards

The design of structural details in merchant ships is influenced greatly by standards
of classification societies. There are about thirteen larger classification societies in the
world that govern vessel design within their country. The majority of merchant vessels are
governed by the American Bureau of Shipping, Lloyd’s Register of Shipping, and Nippon
Kaiji Kyokai (McDonald, 1993). Another source of ship construction standards in
welding is the U.S. Navy for the construction of military vessels. It is important to
compare the design standards between classification societies for possible improvements in
ship design.

Classification societies direct the size and type of material used in constructing
commercial ship welds. The standards are based on theory, experience, and factors of
safety used to simplify weld design for normal operating stresses. Standards used in the
sizing of fillet welds in commercial vessels are largely controlled by the American Bureau

of Shipping, Lloyd’s Register of Shipping, and Nippon Kaiji Kyokai.

2.1.1 ABS

The American Bureau of Shipping specifies the appropriate weld geometry,
material, and conditions for specified joints encountered in ship construction. Size
requirements of fillet welds are found in Part 3 Section 23 “Weld Design” of the ABS
rules. Specifications for acceptable filler metals for ABS steels are described in Part 2
Appendix 2/C. Standards show a qualification test is required to demonstrate the ability
of welders and evaluate the welding process to ensure good quality fillet welds free from

porosity, undercut, and other weld defects.
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In order to determine the size of fillet welds required without penetration
ABS (1993) uses the following formula:

w = leg length of fillet weld
Woin =03x17, or 45mm

W, (tanks of oil carriers) = 6 mm
I = length of fillet weld
S = the distance between successive weld fillets, from center to center
S/1 = 1.0 for continuous fillet welding

t,; = thickness of the thinner of the two members being joined

C = weld factors (Table 3/23.1 in ABS Standards Publication)
C = .25 for frames, beams, and stiffeners attached to the bottom
shell

w o=t xCx-;—+2.00 (2.1)

pl

ABS takes the effect of a deeper penetration weld into consideration with a
reduction in the required weld size. Where automatic double continuous fillet welding is
used and quality control facilitates working with a maximum of 1 mm gap between
members being attached, a reduction in weld size of 1.5 mm is allowed provided that the
penetration at the root is at least 1.5 mm into the members being attached (American

Bureau of Shipping, 1993).

2.1.2 Lloyd’s Register of Shipping
In order to determine the size of fillet welds without penetration the following

formula is used as shown in Lloyd’s Register, 1992:



S = intermittent welds length of the fillet

d = intermittent welds distance between start positions of successive fillet welds

d
— =10 for double continuous fillet welding
s

t, = thickness of the thinner of the two members being joined

weld factor: = 0.21 for longitudinal attached to plating in oil tanks
= 0.34 for primary structure in oil tanks

throat thickness = 7, x weld factors x % (mm) 2.2)

Lloyd’s Register of Shipping requires the use of deep penetration or full
penetration welds in highly stressed connections as specified by the standards. A leg
length reduction for deeper penetrating fillet welds allows a decrease of the weld factors

by as much as 15 per cent. Beveling of the plate is to be performed as required.

2.1.3 Nippon Kaiji Kyokai

NKK specifies the welding material that can be used on specific grades of steel.
The sizes of fillet welds are based on the thickness of the web member for stiffeners. A
table shows the leg length required for varying web thickness. The use of deeper
penetration welds is not specified as a way of decreasing fillet weld size in the NKK
standards. However, a deep penetration fillet weld test assembly is shown to examine the
weld quality and penetration of deeper penetrating welds. Figure 2.1 shows a midship
section of a typical double hull tanker design and the required weld sizes as specified by
NKK. (NKK, 1986)

2.1.4 Comparison of Regulatory Agencies
The size of fillet welds attaching longitudinal stiffeners to the hull varies between
classification societies as shown in Table 2.1. The design of fillet welds has traditionally

been based on a weld with no penetration. Classification societies specify the leg length of
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a fillet weld in order to estimate a certain weld strength. This method of designing welds
makes it is easy to inspect for the required weld sizes.

Welds with deeper penetrations decrease the required leg length by varying
amounts. ABS shows a 25% reduction in weld leg length due to a minimum of 1.5 mm
penetration. LR shows a 15% reduction in weld leg length with deep penetrating fillet
welds, however, the definition of “deep penetration” is not mentioned in the standard.
NKX did not state any size reduction due to penetration in fillet welds. Differences with
the fillet weld standards concerning weld penetration are significant. The effect of weld

penetration on the size of a fillet weld should vary with the depth of penetration.

2.2 Grounding Failure Modes

McDonald (1993) estimated that the American Bureau of Shipping standards
typically design fillet welds with a 40% efficiency in strength when loaded in the
longitudinal direction. Longitudinal shearing is the loading condition that typically
governs the size of fillet welds for stiffeners. A combination of the primary shear and
bending stresses with secondary stresses from pressure on the hull can be combined using
the Von Mises Combined Stress Condition to estimate the shear stress at the weld location
(Krumpen and Jordan, 1984). ABS is not sizing welds based on full efficiency due to the
increase in cost and the apparent adequacy of the weld design based on common ship
operation. However, the failure of fillet welds in ship grounding has raised the question
of how to increase the strength of the welds and to what extent.

Figure 2.2 shows the various deformation and fracture modes possibie for fillet
welds in ships. Web folding and bending are modes that have been observed in grounding.
Both the Exxon Valdez and Charles B. Renfrew showed a bending mode of deformation
of the stiffeners at the location of the damage on the hull. McClintock (1994) predicted
that the leg length required to prevent weld failure in folding for homogeneous welds is
0.366 times the web thickness which is marginally met by standards up to a web thickness
of 19 mm. Web folding is observed in the damage of the Exxon Valdez and Charles B.

Renfrew, however, the failure of the welds was not observed in photographs. Further
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analysis and testing of the strength of fillet welds in bending has been done by Brooks
(1995).

Tearing and tension loadings on fillet welded joints are also possible deformation
modes as shown in Fig. 2.3. The tearing and tension modes were observed in the damage
in the grounding of the Exxon Valdez and Charles B. Renfrew. Tearing work of welds
must exceed the complimentary hull folding work to prevent weld failure. The required
leg length to shift failure from the weld to the intercostal (web) of the stiffener was
determined by Kirkov (1994). Results by Kirkov showed that for a 15 mm web thickness
the fillet weld leg length would need to be increased to 12 mm in order to create a 100%
efficient joint in tension. The benefit of creating a 100% efficient weld joint is the increase
in strength of the structure and the amount of work needed to deform the ship. Asa

result, a tanker would have less damage and oil outflow.

2.3 Improving Weld Joint Strength

Improving the tearing work or tensile strength of fillet welds to shift the
deformation and fracture to areas surrounding the weld is desirable in the grounding of
ships. To improve the fillet weld strength there are several alternatives as shown in
Fig. 2.4. Longer leg length is a customary way to increase the strength of a fillet weld,
however, there are several difficulties. One of the problems is the increase in the amount
of weld consumable. In order to double the strength of a fillet weld without penetration
the leg length of the weld needs to generally be doubled with a fourfold increase in
volume. The extra welding cost from the consumable as well as increased welding time
due to multiple welding passes makes this method expensive for fully efficient joints in
tension.

The effect of varying the fillet angle affects the strength of a welded fillet joint.
McClintock (1994) used upper bound solutions to show that as the fillet angle (angle of
fillet weld surface above the continuous member) is increased above 45 degrees, the
strength of the weld slightly increases. However, the increase in weld material consumed
outweighs the benefit from weld strength. A 45 degree fillet weld with equal leg lengths is

the most efficient use of weld material.
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Weld penetration is a promising method of increasing weld joint strength in tension
loading. Full penetration welds typically formed by beveling plate, welding, backgouging,
and then welding the opposite side to achieve full penetration have been used for full
efficient fillet weld joints in shipbuilding (MIL-STD-1628). The use of partial penetration
welds through beveling joints to increase the strength of fillet welds to 100% has been
included in Navy standards in situations where beveling is more economical than
increasing the leg size.

Penetration without beveling the plate is another consideration. With relevant
depths of penetration a weld can increase joint strength without adding any weld material.
Theory and experiments presented in this research paper focus on the amount of
penetration that can be achieved using Flux Cored Arc Welding; a process used in
shipbuilding. Added tearing work and strength achieved by using partial penetration
welds are presented by theory and compared to experimental results in Chapter 5. The

effect of the cost of producing deeper penetration welds is covered in Chapter 6.
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Coordinate axes for a T-joint

.

(a) Tearing (b) Web folding

%

(c) Web bending (d) Longitudinal shearing

FIGURE 2.2 Deformation and Fracture Modes of T-Joints
[McClintock, 1994]
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FIGURE 2.3 Deformation Modes Observed in Tanker Grounding
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FIGURE 2.4 Improving Fillet Weld Joint Strength
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Table 2.1. Comparison of Stiffener Weld Sizes by Classification Societies

(Thickness of intercostal = 15 mm)

AGENCY

LEG LENGTH

(Penetration = 0)

LEG LENGTH

(Penetration)

American Bureau of Shipping 5.75 mm 425 mm (> 1.5mm)
Lloyd’s Register of Shipping 5.10 mm 434 mm (unstated)
Nippon Kaiji Kyokai 6.00 mm not specified
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CHAPTER 3
ANALYSIS OF TENSION LIMIT LOAD FOR FILLET WELDS

3.1 Introduction

It is important in fillet weld design to be able to predict weld tearing work and
strengths. As shown in Fig. 3.1, the force-displacement curve of a plastic structure levels
off at a force called the limit load, prior to thinning down or cracking failure. (McClintock,
1994).

The limit load in tension loading of a welded T-joint is a concern for the weld
strength of ship stiffeners in grounding. Comparing the limit load of a fillet weld to the
strength of the stiffener web predicts which member will fail in extreme loading. The
work to tear the weld can also be compared to the work of bending the shell plating in
order to determine if the weld will tear or complementary bending of the hull plate will
occur (Kirkov, 1994).

The development of estimates for the strength of fillet welds is largely based on a
combination of theoretical and experimental results. Theory predicting fillet weld strength
varies with different assumptions. Current accepted fillet weld strength analysis for
transversely (tension) loaded fillet welds is based on simplified stress calculations for a
single failure plane of a fillet weld. The steels used in shipbuilding and welding are
generally ductile enough so the failure occurs in the plastic flow region of a load-
displacement diagram. Therefore, fully plastic mechanics is needed to determine the

strength and tear resistance of fillet welds.

3.2 Conventional Fillet Weld Design

Fillets welds are designed to withstand loading either in longitudinal shear or
transverse tension. Strength predictions of longitudinally loaded fillet welds are based on
the strength in shear across the weld throat. This is also the exact solution based on non-
hardening plasticity theory as long as the web is strong enough to shift shear deformation
to the weld. The method of calculating the longitudinal weld strength is accurate and

straight forward to calculate . (Krumpen and Jordan, 1984)



Fillet weld design for transversely loaded joints has traditionally been based on
longitudinal strength calculations giving conservative weld strength estimates (Krumpen
and Jordan, 1984). During the 1920’s, testing was performed on fillet welds showing fillet
weld transverse loads are of the order of 40% greater than required longitudinal loads to
break welded joints. (Kato & Morita, 1974). In order to simplify calculations, all fillet
welds were treated as if oriented in the weakest direction (longitudinally). It is excessively
conservative because it is not possible to load the web transversely in tension in a way that
will fail the weld in longitudinal shear. The resulting design formula for this conservative

assumption is (Krumpen and Jordon, 1984):

D = fillet weld leg length (w for ABS notation)
7., = weld metal ultimate shear strength
o ,, = tensile stress of intercostal material

T = thickness of the intercostal member (7, for ABS notation)

2xDxsind4S)xr, =Txo, (€3))
A proposal was presented by Krumpen and Jordan (1984) that made weld joint
approximate strength less conservative by accounting for the increase in transverse weld
strength as compared to longitudinal loaded strength. From theory and testing it was

determined that the transverse strength of a fillet weld is 1.44 times as great as the

longitudinal strength. The resulting changes in the transverse strength equation are:

7,, = weld transverse shear strength =144 x r (3.2)

2x Dxsin(4S)x7,, =T x0o, 33)

It is important to note that Eq. 3.3 is still an estimate assuming that weld failure

in shear acts on throat of the fillet. Experiments have shown that the fracture path in welds
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loaded transversely is about 22% degrees; not the 45 degree assumption used in Eq. 3.3

(Kato & Morita, 1974). Kato and Morita (1974) show the calculations for the ratio of
longitudinal and transverse failure loads of fillet welds to be 1.46. The recommendation
by Krumpen and Jordan (1984) is more conservative by taking a smaller ratio of 1.44.
Equations 3.1, 3.2, and 3.3 are based on fillet welds without penetration.
Gaines (1990) included estimates for the limit load of such welds that used the same
approach as suggested by Krumpen and Jordan, however, for the design of beveled fillet

weld joints with penetration. Further explanation of the estimates by Gaines (1990) is

shown in Appendix A.

Estimates for limit load by assuming failure regions in the heat affected zone have
also been considered by Krumpen and Jordan (1984) and Gaines (1990). Failure in a heat
affected zone would occur when the weld strength is large enough to shift crack failure
from the weld metal to the HAZ. The intercostal member and continuous member of the
welded joint are considered separately. Equations for the estimates of weld strength if

failure occurs in a HAZ are included in Appendix A.

3.3 Slip Line Solution

The exact solution for satisfying the limit load must satisfy the following
conditions (e.g. McClintock ,1994):

1) the partial differential equations of equilibrium of stress gradients

2) the definitions of components of strain in terms of displacement gradients

3) boundary conditions in terms of displacement of tractions

4) ayield locus which limits the deformation tendency of the stress components

5) linear functions relating only the increments of strain components to

current stress components, not the total strain components to the

to the current stress components as in elasticity

In plasticity the exact theoretical solution for plane strain with negligible strain-

hardening is expressed in terms of lines parallel to the two directions of maximum shear at
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each point (Chakrabarty, 1987). The slip lines are under pure shear without any normal
distortional stresses. For tension on a homogeneous fillet weld with equal leg lengths the
slip lines form sets of parallel lines meeting the surface at 45 degrees as shown in Fig. 3.2.
Deformation with deeper penetrating welds forms some curved slip lines as shown in

Fig. 3.3.

In order to solve for the plane strain plastic flow of a weld , a slip line field is
necessary for the region where deformation will occur. The slip line fields are determined
by meeting the plasticity equations and can be verified by observing the deformations. A
field defined by circular arcs of equal radii has been found ( e.g. Chakrabarty, 1987,

p 448) which has the same geometry slip lines as formed in the tension loading of fillet
welds with penetration. Figure 3.4 shows the slip line field solutions as determined by
Chakrabarty. Appendix B shows the method used to calculate slip-line fields by notes
from McClintock (1988). Further explanation of the slip line solution method is covered
by Chakrabarty (1987) and Johnson et al. (1982).

For the problem of plasticity in fillet welds the slip line field defined by circular
arcs of equal radii was utilized (Chakrabarty, 1987). This eliminated the task of using slip
line theory to develop slip line solutions. Chakrabarty’s solution was limited to welds with
equal leg lengths. The solution for welds with unequal leg lengths is possible but beyond
the scope of this thesis.

Integrating the forces along a slip line gives the limit load for the structure.

Chakrabarty showed the final forces P and Q along the 8 slip line from E to N
Fig. 3.4 to be:

P = X direction component of force

Q = -Y direction component of force

a = slip lines originating from point D
B = slip lines originating from point E
Xy = X coordinate of point N

Yy =Y coordinate of point N

t = the angle turned through along the slip line
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a = throat thickness of the weld

P = x, +2a+ By, ~2fa~2y] y(t, f)d] G4

O=ka-y, +2a+p)x, - 2Tx(z, B)dt] (3.5)

Normalized values of the P and Q components of force are shown in Table 3.1. These

force components along slip lines were found by Chakrabarty (1987) for the intersection
of & and f lines in 10 degree increments. These force components were used to

interpolate for slip lines occurring at various weld penetrations. Transformaticn of the P
and Q force components to be consistent with the direction of tension loading was used
to determine the limit load for different penetration welds as shown in Appendix C. The
limit load results are shown in Table 3.2; which also gives the upper bound limit loads as

found in section 3 .4.

3.4 Upper Bound from Block Sliding

Bounds to the limit load are determined from satisfying fewer conditions than the
exact solutions for the slip plane theory. Lower bounds to the limit load are determined if
equilibrium equations and yield criterion are satisfied everywhere, including force
boundary conditions. Lower bound calculations are often difficult to obtain due to
difficulty in satisfying these conditions even throughout the rigid regions. Upper bounds
to the limit load must satisfy strain-displacement and incompressibility equations and meet
any displacement boundary conditions. McClintock (1994) specifies that an upper bound
to the limit load must have displacement fields that:

1) satisfy any displacement boundary conditions

2) give no change in volume anywhere

3) give an integral of the plastic work increment throughout the body that is an

upper bound times the corresponding displacement component in the direction

of load
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Applying the upper bound solution to the fillet weld limit load prediction is a
relatively easy process as compared to the exact or slip line solutions. One upper bound
method subdivides the deforming weld into three separate rigid regions as shown in Fig.
3.5. The intersecting lines of deformation (shear) do not need to be perpendicular as in
the slip line solution. The three solid regions are separated by slip planes. Relative
velocities as shown in Fig. 3.6 and slip plane lengths are used to define the rate of work
being dissipated. Based on the selected orientation of the slip planes an upper bound

solution was determined by the following method (Guerra and McClintock, 1994):

P, = upper pound to the limit load

k = shear strength of the weld in yield
b = length of the weld segment
L, = length of the slip plane from A to B

6 ,; = angle from the root of the weld to the intersection
of the web and weld surface

6 ;- = angle from the root of the weld to the intersection of the
continuous member and weld surface

L. = length of the slip plane from B to C

P,V = 2kb[L 5|V, = V| + Lygy [V = V| (3.6)
9, - 0y = 7|20 6

sin(6 5 — 05 )

|cos(8,5)|
sin(@ 5 — Gpc)

\ARAAEIA (3.8)

Substituting Eq. 3.8 and Eq. 3.7 into Eq. 3.6 and canceling out V, gives limit loads for a

double fillet weld loaded in tension for the slip angles defined in Fig. 3.5:
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]cos(e sc )[ ICOS(9 AB ){
AB . + LBC :
sin(@ 5 — G5.) sin(f ;5 — )

P, = 2kb[L ] (3.9)

Equation 3.9 expresses upper bounds to the limit load for a variety of weld
geometries. For welds with equal leg lengths vertically and horizontally as well as with no

penetration, the upper bound for a double sided fillet weld reduces to: P, =2kd (d =leg

length of the weld). The upper bound for welds with penetration can be found by
substituting dimensions for the weld geometry. Calculations considering penetration have
shown least upper bound solutions found from an upper slip plane with an angle defined
from the crack tip (penetration) to the intersection point between the web and weld
surface, and a lower slip plane at an angle defined by the crack tip (penetration) and
intersection of the weld and base plate surface (Guerra and McClintock, 1994). Limit
loads for welds with unequal leg lengths can be found by the upper bound solution for
limiting cases as described by Guerra and McClintock (1994). Application of the upper
bound method to calculate the limit load of fillet weld joints is shown using Mathcad in

Appendix D and results are shown in Table 3.2.

3.5 Comparison of Upper Bound and Slip Line Solution

In order to determine the accuracy of the upper bound solution, a comparison was
made with the slip line solution for similar weld geometries. In order to compare the
theoretical methods, dimensionless values of penetration/(leg length) with values ranging
from 0 to 0.67 were entered for both solution methods. Calculations using the upper
bound method are included in Appendix D. Appendix C has calculations for the slip line
solution. Table 3.2 and Fig. 3.7 show a comparison of the two solution methods. Slip line
and upper bound calculations for welds without penetration are exactly the same. This is
due to the same 45 degree field and same active vertical slip plane by either method. As
penetrations were increased the upper bound method exceeded the slip line results by as

much as 5% for a penetration/(leg length) ratio of 0.67.
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3.6 Estimates of Penetration to Shift Yielding to the Web

For fillets welds joints loaded in tension it is desirable to have the weld at least as
strong as the web to prevent weld failure in tension loading. If the weld joint is stronger
than the web, deformation from tension loading will be shifted to the web and the amount
of work to deform the structure will be much larger. Using the upper bound theorem for
weld strength and knowing the properties of the web and weld metal gives the tools
necessary to predict the required weld geometry for such a 100% efficient joint. The

strength of the web is the product of the tensile strength, cross sectional area of the web,

2 . ..
and a :/—_5 factor for plane strain conditions.

As presented by Masubuchi et al. (1993) a typical stiffener has a
15 mm web thickness and a welding leg length of 6 mm as required for VLCC hull design
in Japan. Material properties used for the calculation of limit loads was based on EH 36
steel and manufacturer strength properties of AWS E71T-1 (Excel Arc 71) flux cored arc
welding electrode. Fig. 3.8 shows the joint strength increasing with longer weld leg
lengths with no penetration. The intersection of the weld limit load and the strength of
the web gives a required leg length of 12 mm for 100% joint efficiency. This requires
doubling the leg length of the fillet weld and a fourfold increase in welding material.
Figure 3.9 shows the effect of weld penetration on the limit load for a 6 mm weld leg
length. The intersection of the weld limit load and the strength of the web shows that a
penetration of 3 mm is necessary to achieve 100% joint efficiency based on the upper
bound solution. If weld penetrations of at least 3 mm can be achieved without beveling

the plate, the upper bound theory predicts the weld should achieve full joint efficiency.
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[McClintock, 1994]

(O3]
W



Only
/Z / active S\

// slip line \\
_/ | N
? Root gap

FIGURE 3.2 Slip Line Fields for Symmetric Welds Without
Penetration [McClintock, 1994}
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FIGURE 3.3 Slip Line Fields for Welds With Penetration
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FIGURE 3.5 Planar Block Sliding for Upper Bounds to the Limit
Load for Web Tension [McClintock, 1994]
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FIGURE 3.6 Relative Velocities of Regions in the Block Sliding
Method [Gurerra. 1994]
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TABLE 3.1 Slip Line Field Solution for Field Defined by Fig. 3.4
[Chakrabarty, 1987, p. 765]

far .,
(29, 5% x/a yia Zadt j L P/2ka 0-2ka M/ka?
Joa 0oa
(10, 10) 138332 000000 022220 001713  0.50000 0.76067 1.6298
(10, 20) 157730 023137 024971 005618  0.50455 0.96049 22247
(10, 30) 173236 050019 027033 0.10005  0.59173 1.18900 3.0534
(10, 40) 1.84131 079987 028323  0.14751 0.77302 1.42368 4.1338
(10, 50) 1.89806  1.12245 028777  0.19721 1.05457 163865 5.4850
(10, 60) 1.89793 145876 028357  0.24768 1.43630 1.80580 7.1114
(10, 70) 1.83785 179872 027051 029736 151132 1.89626 9.0036
(10, 80) 171656 213158 024872 034470 246558 188186  11.1382
(10, 90) 153472 244626 021864 038817  3.07791 173683 134778
(20, 20) 1.85262 000000 054940 007724  0.50000 1.24397 3.2065
(20, 30) 209558 028998 060453 0.17015 060710 1.57921 4.5695
(20, 40) 229410 063439 064393 027405 083920 1.94125 6.3825
(20, 50) 243655 102661 066542 038628 1.21358 2.29807 8.7025
(20, 60) 251224 145763 066731 0.50374 1.74042 261163 11.5740
(20, 70) 251193 191614 064841 062301 2.42109 283925 150264
(20, 80) 242827 238877 060814 074039 3.24668 293561 19.0680
(20. 90) 225626 286043 054660 085206  4.19690 285490  23.6943
(30, 30) 244045 000000 100076  0.19663  0.50000 2.05487 6.7079
(30, 40) 275042 037015 108423 03632 0.76609 2.59096 9.6027
(30, 50) 300816 081758 114022  0.54898 122398 315118 13.3881
(30, 60) 319622 133579 116458 074947 1.89971 368814 18.1924
(30, 70 329774 191460 115386 095930  2.80944 414438 241329
(30, 80) 329717 2.54004 1105 117239 395646 445459 31.3103
(30. 90) 318117 309459 101807  1.38201 5.32851 454726 39.8045
(40, 40) 319044 000000 160306 039709  0.50000 335163 14.0424
(40, 50) 359178 047948 171618 066415 101224 418605  19.9700
(40, 60) 393022 106725 178593 096148 1.81912 503998  27.6681
(40, 70) 418047 175724 180519 128227 295989 584212 374273
(40, 80) 431724 253793 176789 161812 4.45967 6.5051S  49.5398
(49, 90) 431632 339212 166929 195924 632460 692807  64.2927
(50, 50) 416156 000000 239319 070812 0.50000 537010 289370
(50, 60) 468742 062844 253785 1.11209 1.39095 6.64714  40.8364
(50. 70) 513587 140755 261736 156150 273267 793540 572701
(50, 80) 547108 233214 262031 204645  4.58426 9.12701  75.8899
(50, 90) 565607 338925 253668 255444 698430  10.08908  100.3936
(60, 60) 543401 000000 342154  1.16981 0.50000 845941  58.6747
(60, 70 6.12961 083152 360020  1.76042 1.96931 10.39168  82.3086
(60, 80) 672822 187186 368369 241738  4.12428 1232084 113.0190
(60, 90) 717956 3.01739 365436 312667  7.05361 1408301 152.2482
(70, 70) 711722 000000 475666 183668  0.0000 1313398  117.5106
(10, 80) 8.04448 110870 497238 268222 284634 1603367  164.1977
(70, 90) 884843 250624  SOSI31 362287  6.22928 1890505  225.0838
(80, 80) 9.36106 000000 649179 278427 050000 2014922 2334019
(80, 90) 1060500 148762 674819 397780 416776 2447367 3254187
(90, 90) 1237126 000000 875376 411483 0.50000 3060170 4613014
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Table 3.2. Tensile Limit Load for T-Joints with Penetration

Penetration 0.0 035 0.71 0.94
a
Slip Line Limit Load 707 968 1.40 .72
2ka
707 972 1.41 1.81

Upper Bound to Limit Load

2ka
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CHAPTER 4

PRODUCING DEEPER PENETRATION WELDS

4.1 Process

In order to determine the effect of weld penetration on joint strength it was
necessary to determine how to produce deep penetrating welds. Beveling plate is currently
used for developing welds with penetration. Beveled joints are costly due to the labor
and equipment needed to bevel both sides of the intercostal (web) member as well as the
added weld material required to fill the bevel area. In order to increase weld penetration
without machining the plate, a welding process needs to provide adequate depth of
penetration. A comparison of different welding methods and varying parameters was used
to determine favorable conditions to create deep penetrating welds. The comparison of

different welding processes is based on a limited literature survey.

4.1.1 Shielded Metal Arc Welding

SMAW has traditionally been used to weld ship structures. Transfer of weld metal
is accomplished by an electric arc between the electrode tip and the base metal. The metal
core of the rod provides the filler metal for the joint. The electrode is covered with
material that aids in the stability of the arc as well as shields the molten metal from the
atmospheric gases. Advantages of this process are the low equipment costs and use in all
welding positions. Disadvantages include the frequent replacement of electrodes,
decreasing welding operating time, and the restriction to lower welding currents. Recently
the use of automated machines has reduced the use of SMAW in the shipbuilding industry.
(Welding Handbook, 1987)

4.1.2 Gas Metal Arc Welding
GMAW melts a continuous electrode wire from the heat generated by an electrical

arc at the electrode tip. A shielding gas is used to protect the weld puddle from



contamination by the atmosphere. One advantage is the good arc maneuverability in all
welding positions. The electrode is continuously fed to the weld location making it
suitable for automation. The electrode allows for high current densities at the electrode
tip, increasing the weld deposition rate and depth of penetration. In the spray transfer of
weld material, deeper penetration is possible as compared to SMAW. GMAW does not
require the removal of flux after welding but the lack of flux makes controlling the weld
bead shape more difficult. GMAW is more expensive than SMAW as a result of added
equipment and shielding gas costs. (Welding & Fabricating Data Book, 1988/89)

4.1.3 Flux Cored Arc Welding

FCAW combines characteristics of shielded metal arc welding and gas metal arc
welding as shown in Fig. 4.1. FCAW uses flux inside a hollow electrode to shield the
weld pool from contamination by the atmosphere. Some electrodes are designed to be
dual shielded, using a shielding gas in addition to the flux material. The addition of the
flux generally gives better control of the weld shape as compared to GMAW. Automation
is possible due to the continuous supply of electrode. Higher current densities than
SMAW promote higher deposition rates and weld penetration. Faster weld speeds reduce
the amount of workpiece distortion. The process requires less precleaning than GMAW.
The high cost of the welding equipment as compared to SMAW is a disadvantage of this
process. FCAW is limited to ferrous allows and produces slag that must be removed after
welding. The cost of the shielding gas in addition to the more costly flux cored wire are
disadvantages to be considered in process selection. (Welding & Fabrication Data Book
1988/1989)

In the gas shielded method of FCAW the production of narrow, deep penetrating

welds is possible. The shielding gas options include carbon dioxide (CO, ) and a
combination of Argon (A) and CO,. A pure CO, shielding gas generates deeper
penetration welds than the A/CO, mixture. However, the weld quality and deposition

rate is generally slightly higher with an Ar/ CO, combination. (Welding Handbook)
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Higher productivity compared to SMAW and GMAW is the main appeal of the
FCAW process. Despite added costs of equipment and electrodes, FCAW is more cost
efficient. Ingalls Shipbuilding, Newport News Shipbuilding, Bath Iron Works, and
Kawasaki Heavy Industries have all reported using FCAW for the automated production
of fillet welds.

4.2 Weld Parameters (FCAW)

Altering welding parameters controls the properties of welds. Penetration, bead
geometry, and weld quality are controlled by the following variables (Welding
Handbook):

1) Welding current (electrode feed speed)

2) Polarity

3) Arc voltage - arc length

4) Travel speed

5) Extension of electrode

6) Electrode orientation

7) Weld joint position

8) Electrode diameter

9) Shield gas composition and flow

10) Base metal

11) Electrode composition

Selecting optimum weld parameters is often difficult. Parameters are frequently
interdependent. The ascending order of parameter influencing penetration as stated in the
Welding Handbook are: wire size, voltage, travel speed, electrode orientation, and
current. (Welding Handbook, 1987) Factors leading to the optimum design of welds

requires numerous experimental tests.

47



4.2.1 Electrode Size
Electrode size influences the weld bead shape and penetration. High currents lead
to a larger current density for smaller electrodes in FCAW. This higher concentration of

heat tends to cause deeper penetration welds. (Welding Handbook)

422 Voltage

Arc voltage is proportional to the arc length of a weld when all other variables are
constant. Increasing arc voltage tends to flatten the weld and reduce penetration.
Decreasing arc voltage creates narrower weld beads with deeper penetration. Arc voltage
settings vary depending on the material, shielding gas, and transfer mode of the electrode.
In order to determine proper arc voltages experimentation must be used to develop the

desired weld geometry. (Welding Handbook)

4.2.3 Travel Speed

The travel speed is the rate that the welding arc is moved along the welded joint.
When the travel speed of the arc is slow the increase in weld pool size inhibits the
penetration into the base plate. At fast weld travel the heat energy transferred to the base
plate decreases and the penetration is decreased. (Welding Handbook) The determination

of optimum travel speed setting must be determined from test experiments.

4.2.4 Electrode Orientation

The electrode orientation has a large influence on weld bead shape and
penetration. The travel angle represents the relationship of the electrode axis to with
respect to the direction of travel. The work angle represents the angle between the
electrode axis and the adjacent joint surface. Travel angle and work angle orientations for
fillet welds are shown in Fig. 4.2. For fillet welds welded in the horizontal position
(Figure 4.3) maximum penetration of welds generally occurs with travel between 5 to 15
degrees using the backhand technique shown in Fig 4.4. When welding in the horizontal

position the work angle should be 45 degrees. (Welding Handbook)
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425 Current

Welding current has the most influence on the depth of weld penetration. FCAW
controls the welding current by the feed speed of the electrode. If all other variables are
held constant, increasing the weld current increases the depth of penetration and width of
the weld. In addition the deposition rate increases and fillet weld size increases. The
deeper penetration is due to the higher heat provided by the increased current. (Welding
Handbook, 1987)

4.3 Selection of FCAW Electrode

The selection of the FCAW electrode depends on a variety of factors including
base plate composition, welding position, and desired weld qualities.

A 0.045 inch diameter FCAW wire was selected for a fillet weld leg length of 6 mm (1/4
inch). Based on the Welding Handbook smaller diameter electrodes should produce
higher current densities and deeper penetrating welds. FCAW material classification for
electrodes is determined by filler metal grades. The American Bureau of Shipping
specifies acceptable filler metal grades to be used with welding various grades of
commercial hull steels as shown in Table 4.1.

Tensile strength of the filler metal is required to be at least as strong as the base
material. Three metal grades for welding ordinary and high strength steels differ by the
notch toughness. Filler metal grades are matched to steel grades using the Charpy
V-notch test to estimate the toughness of the material. Testing to ensure that the
properties of welding manufacturers meet the ABS standards is performed biannually.
(American Bureau of Shipping, 1993)

High strength steels are currently being used in the design of tanker ships. High
strength steels reduce the weight of the ship hull, allowing for an increase in cargo weight.
Masubuchi et al. (1993) reported that KA32 (AH32) and KA36 (AH36) steels are being
used in the construction of tanker ships in Japan. Terai (1970) reported that for a large
tanker ship (210,000 D.W.T.) the bottom shell plate grade is often DH and EH
(Fig. 4.5).

49



Due to the availability of EH36 from research performed by Kirkov (1994) the
base plate selection for testing was EH36. Toughness and strength make EH36 the best
steel grade used in commercial shipbuilding. Table 4.4 shows the acceptable ABS filler
metal grade required for this steel is 3Y. Hobart Welding Products recommended the use
of Excel -Arc 71 electrode for a FCAW electrode that meets the ABS standards for 3Y
grade. The electrode is designated as E71T-1 by the American Welding Society (AWS)
allowing for welding in all positions. The full description of E71T-1 is shown in Fig. 4.6.
An added feature of Excel-Arc 71 is the use of either CO2 or 75% Ar/25% CO2 gas
shielding. Many electrodes are designed for a specific gas shield. This allowed for
flexibility in testing welds with different shielding gases. The manufacturer recommended
settings and material properties of Excel-Arc 71 are shown in Appendix E.

Experimental testing was also performed on DH36 plate. The manufacturer
classified the plate used as either AH36 or DH36 as shown in Appendix E. DH36 grade
plate requires 2Y or 3Y grade electrodes according to ABS standards. Hobart Welding
Product engineers recommended the use of Fabco 802 FCAW electrode for this steel and
the desired fillet weld leg length of 6 mm.. This electrode is rated with the 2Y grade by
ABS and is designated as E71T-1 by the AWS. It is an all-position welding electrode
designed to be used with 100% CO, shielding gas. Further description of Fabco 802 is in

Appendix E.

4.4 Weld Testing Results

Testing two different electrode and base plate combinations allowed for a broader
range of testing data for materials used in the building of tanker ships. Table 4.2 shows
weld parameters currently used by several ship manufacturers. The Welding Handbook
shows weld parameter trends that can be used to achieve deeper weld penetration as
discussed in section 4.2. However, the maximum depth of penetration achievable in fillet
welds was not available. Welding engineers at Hobart Welding Products and Lincoln
Electric did not have information on the fillet weld penetrations achievable for specified

weld parameters of FCAW electrodes. Changes in weld parameters were used to



estimate the effect on penetration; further testing should be carried out to optimize weld

parameters for penetration with different materials.

4.4.1 Test Setup

The machine used for experimental welding allowed for fully automated welding
of fillet welds. Figure 4.7 contains a photograph of the welding machine assembly used
for experimentation. The welding power source was a Miller Delta Weld 650 constant
potential, direct current machine. A Miller Radiator-1 cooling system was used to provide
water cooling to the welding nozzle. The control of the position and speed of the welding

nozzle was by a Jetline carriage system. The calibration curve shown in Fig. 4.8 was
developed to convert the travel speed dial settings to an actual speed. Millermatic digital

controls were used to set the voltage and wire feed speed. The amperage was determined

by a gauge on the power source.

4.4.2 Trial on A36 Steel

Preliminary runs involved the use of A36 plate, 19 mm thick. This plate was used
for trials because of its abundance and the limited supply of EH36 and DH36 steels. Trial
welding specimens were formed by cold saw-cutting the steel plate to form rectangular
plates 127 mm long and 90 mm wide. Two rectangular plates were placed in a T-joint
configuration and tack welded at the ends to give a rigid joint for stability in welding.
Figure 4.9 was developed from the manufacturers recommended voltage settings at
various feed speeds for the electrode. This gave some basis for selecting voltage settings
at the various feed speeds. Table 4.3 shows the parameters used, resulting weld sizes, and
weld penetrations for welding the A36 plate with the Excel-Arc 71 electrode. The

maximum penetration, without slag inclusions, was 3.7 mm on Trial 17.

4.4.3 Trial on EH36 Steel
After experimenting with the parameters necessary for deeper penetration with the
A36 plate, welds were performed on EH36 steel with the Excel-Arc 71 electrode. The

20 mm thickness test plate was cold saw cut into rectangular sections 127 mm long and



90 mm wide. The same procedure of tack welding the ends to give a secure T-joint was
used. Trial runs were more organized than tests on the A36 plate. Weld current was
increased from minimum to maximum setting. Different voltage values were used at each
feed speed (current) to try to optimize the weld geometry and penetration. Maintaining the
fillet weld size was accomplished by trying to provide the same deposition rates for welds.
This was accomplished by changing the travel speed by maintaining the ratio of feed speed
to travel speed. Resulting penetrations and weld sizes for varying weld parameters are
shown in Tables 4.4 and 4.5. Trial 44 showed the best penetration, 3.6 mm, without any

slag inclusion.

4.4 4 Test Specimens

Parameters used for the final test specimens were based on those determined in the
trial specimens producing good quality welds with varying penetrations. Different weld
penetrations were developed to test the effect on the tensile strength of the welded joint.
Table 4.5 shows the resulting weld penetrations and leg lengths for the test specimens.
Test specimen fabrication is described in Chapter 5.

It is important to note that weld penetrations for the test specimens was less than
trial specimens with similar weld parameters. Maximum weld penetration without slag
inclusion was determined to be 3.6 mm for Trial 44. However, the same parameters only
generated a penetration of 3.2 mm for Test 6. The weld sections for the test specimens
were taken 0.75 inch from the end of the weld; trial specimens were taken at the
midsection of the weld specimen. Observation of the failed welds showed that penetrations
were greater in the middle of the of the welded joint. Table 4.6 shows averages of weld

penetrations for the test specimens taken from measurements of the failed welds.

4.4.5 Developing Pictures of Weld Profiles

Welds were sectioned in the center part of the weld for trial specimens and
0.75 inch from the ends for test specimens to get a good view of the weld profile. T-joints
were sectioned using a water-cooled cutting disk in order to keep temperatures low and

maintain the physical properties of the weld. The cut surface was polished using a Stuers



polishing machine and a series of wet sanding disks in the following order: 180, 320, 500,
1500, and 4000 grit. Specimens were further polished using a .1 polishing liquid.

In order to show the depth of penetration and location of the heat affected zone an
etchant was used. Ammonium persulfate steel etchant was used as directed by ASTM
Standards (1992). This etchant consisted of 10g of ammonium persulfate in 100 ml of
water. The solution was applied with cotton swabs for approximately 20 seconds and
then rinsed off with cold water.

Test specimen pictures were developed using Leitz Polaroid photography
equipment. The weld sections were magnified six times in order to better examine weld
qualities. Weld dimensions for leg length and penetration were taken by measuring the
distances with a scale magnified at the same power as weld photographs giving an

accuracy of 0.1 mm. Photographs of the trial and test specimens are included in

Appendix F.
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Flux Cored Arc Welding Machine Assembly

Leitz Photography Equipment

FIGURE 4.7 Pictures of Welding and Photography Equipment
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CALIBRATION OF AUTOMATED WELDING MACHINE TRAVEL SPEED
1:=0..11

SETTING. := SPEED. := .
1 1 The speed was measured using a stop watch
0 0 to measure the time to the nearest tenth of a
300 2.9 second to travel 36 inches. The speed is in
200 343 inches per minute.
450 11.19
500 13.06
550 16.15 (inches per minute)
600 18.99
650 23.52
700 27.97
750 34.39
800 42.86
900 71.43
80
75
70 7
65
60 7/
55
50 /
o [
SPEED, 49
— /
30
25
* A
15
10 ]
4]
.-——'“'/M/
00 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850900
SETTING;

FIGURE 4.8 Travel Speed Determination from Machine Setting
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MANUFACTORERS GIVEN RELATIONSHIPS FOR VOLTAGE AND FEED
FOR EXCEL -ARC 71

1:=0.2
The benefit of graphing the relationship between
volt, := feed, = volatage and feed speed was to estimate reasonable
values of voltage for various wire feed speeds and
m 168 extrapolate. The wire feed speed is in units of inches per
500 minute.
625

700

. e

520
460 /

Feed (ipm) feed; 400

340

280

220 /

160

100

20 2 2 23 24 25 26 27 28 2 30
volti

Slope=53.6 Extrapolations:

Y-Intercept=-955.33 Feed: 700 ipm Feed: 800 ipm

Voltage: 308V Voltage: 32.8V

FIGURE 4.9 Manufacturer Recommendations for Voltage and
Feed Speed (Excel-Arc 71)
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TABLE 4.1. Acceptable Filler Metal Grades for ABS Steels

ABS Hull Structural Steel

Acceptable Filler Metal Grade

Ordinary Strength Steel
A (< 12.5 mm) 1,2,3
A (125 mm) 2,3
CS,E 3
Higher Strength Steel
AH (<12.5 mm) 1Y, 2Y, 3Y
AH (>12.5 mm), DH 2Y,3Y
EH 3Y




TABLE 4.2 Comparison of Fillet Weld Parameters in Shipbuilding

INGALLS NEWPORT NEWS | MITSUBISHI HEAVY
SHIPBUILDING i SHIPBUILDING INDUSTRIES, LTD.
Process FCAW FCAW FCAW
Filler E71T-1-HY E717-1 N/A (Not Available)
Electrode Diam. 1.32 mm 1.14 mm N/A
.052in 045 in
Shielding Gas CO2 CO2 COo2
Travel Speed 5 8-8.5 8.3
(mm/s)
Stick Out N/A 19 20
(mm)
Travel Angle N/A 5-10 5
(degrees fwd)
Work Angle N/A 40-50 N/A
(degrees)
Amperage 240 290 300-320
(A)
Voltage 26-27 28 32
V)
Fillet Size 6.4 6.4 5
(mm)
Shell Plate Thickness 16 16 22-25
(mm)
Web Thickness N/A 14 12.5
(mm)
Type Steel Lower Strength Lower Strength High Strength
Grade A Grade A
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CHAPTER 5

TENSION TESTING FILLET WELDS WITH PENETRATION

5.1 Tension Test Design

Full scale fillet weld tests were necessary in order to compare theoretical tensile
strength predictions to actual testing. Table 4.5 and Appendix F show the results of
changing welding parameters on penetration. Tests were welded in the horizontal welding
position shown by Figure 4.3. Two different electrode and base plate combinations were
used for testing. Tests 1-7 were performed with Excel-Arc 71 FCAW electrode and
EH36 plate. Tests 8-10 were performed on DH36 plate with Fabco 802 FCAW electrode.

Test specimens were designed with varying weld penetrations.

5.1.1 Base Plate and Weld Metal

The material used for the tension test specimens was based on actual materials
used in the building of large tanker ships. The selection of EH36 and DH36 plate was
based on the tanker ship design shown by Terai (1970). Material properties for the two
steels are shown in Appendix E. Masubuchi et al. (1993) determined typical tanker ship
stiffener web sizes of 15 mm and shell plate sizes of 20 mm. Plate thickness used in
testing was 20 mm for EH36 and 19 mm for DH36. A larger web size than 15 mm was
needed for the tension tests in order to determine limit loads of the welds and not of the
web.

Chapter 4 described the use of FCAW as the dominant welding process being
used in producing fillet welds for longitudinal stiffeners. The size of 0.045 inch diameter
wire was based on ship practice used today as shown in Table 4.2. Welding electrode
selection was based on ABS standards for compatible welding wire grades with the
specific steels.

Attempts were made to keep fillet weld leg lengths nearly constant in order to
focus the effect of weld penetration on weld strength. Masubuchi et al. (1993) reported

that 6 mm leg lengths were being used for tanker ships in Japan. The comparison of fillet
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weld sizes for tanker ships displayed in Table 2.1 shows that a 6 mm leg length is common
for stiffener fillet welds. Therefore, a 6 mm leg lengths based the leg length size for the

test specimens.

5.1.2 Test Equipment

Finding a test machine capable of creating large tension forces to fail full scale
fillet welds led to the assistance of the Watertown Army Arsenal. A Baldwin Testing
Machine shown in Fig. 5.1 was capable of a 600,000 pound (272,000 kgf) testing load.
The mechanical grips used for holding test pieces were capable of specimens with 160 mm
width (160 mm weld length).

A data acquisition system, computer, and a linear-variable differential transformer
(LVDT) were used to obtain load and displacement for testing. In order to get estimates
of the load-displacement relation, a Megadec 5517A data acquisition system was used. A
displacement voltage was determined with a Bourns LVDT. Load and displacement data
was channeled through the data acquisition system and into a computer that transformed
the voltage values for load and displacement into load and displacements signals. Using
calibration data in order to transform actual testing data into loads and displacements.
Calibration data for displacements using the Bourns LVDT is shown in Fig. 5.2. The load
data was determined by a 600, 000 Ib. load cell. The same process used for the
determination of displacement by the LVDT was used for the determination of loads.

Load cell calibration was performed at the National Institute of Standards (NIST).

5.1.3 Test Specimen Configuration

Test specimen design required consideration for the desired test conditions within
limitations of the testing machine. The size of the specimen was limited to less than 160
mm in length due to the size restriction of the gripping mechanism. Even if a fully efficient
joint were tested, the expected load to fail EH36 plate 20 mm thick and 160 mm wide
would be 212,000 kgf; less than the machine capacity of 272,000 kgf.

One possibility for the design of the test specimen was a single T-joint. The

wedges of the testing machine could grip the upper portion of the web while the flange
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(representing the ship hull) would be supported by the exterior surface of the lower
gripping structure. The disadvantage of this method is the amount of material needed to
make the T-joint. The specimen would need to have a 900 mm web and a 400 mm flange.
Another disadvantage would be the safety in controlling the flange when the weld failed.

A cruciform joint was chosen as the design for the test specimens as shown in Fig.
5.4. The cruciform joint consists of two T-joints symmetrically welded onto 2 common
continuous plate. Tension failure occurs in these joints when tensile forces are applied to
the two symmetrically welded joints. Limiting failure to only one set of fillet welds
required reinforcing one set of welds as shown in Fig. 5.3. The overmatched welds were
formed using three weld passes at the same parameters as the single pass welds. The
length of the fillet weld section were 127 mm for the cruciform joints in order to allow the
specimen to fit in the testing machine. A web width of 127 mm was used in order to give
an adequate plate size for plane strain loading of the fillet welds. The lengths of the webs
were 228 mm to allow for enough surface area for the grips to hold. Positioning of the
test specimen in the test machine is shown in Fig. 5.4.

Special attention was given in forming the cruciform joints to insure symmetry of
the welded plates. Precision in the positioning of the web plates reduced bending effects
that would result from off-center loading. The use of cruciform joints for tension testing

of welded joints is described by Hicks (1979) and Davies (1992).

5.1.4 Manufacturing the Test Specimens

The procedure used to weld all ten test specimens was the same. Plate was cold
cut using a circular saw. Base plates were cut to be 165 mm long and
127 mm wide. Web plates were cut to be 228 mm long and 165 mm wide. Tack welds
were performed at the end of the T-joint using a Gas Tungsten Arc in order to provide
joint stability for FCAW with the automatic machine. Single fillet welds were applied with
the appropriate weld parameters to form a T-joint. The plate was allowed to cool for 10
minutes between each weld pass. End sections of the T-joints were cut off by 19 mm
using a water-cooled band saw; creating weld cross section specimens and minimizing

weld end effects for the test specimens. The second web for the cruciform joint (cut to
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meet 127 mm weld length) was symmetrically positioned to the existing web and tack
welded in place. Single fillets were first performed and then second and third weld passes
were applied to each side to form the reinforced welds. Figure 5.3 shows the resulting
specimen configuration.

Test specimens showed good quality welds using the automated welding system.
The leg lengths of the test welds remained constant to within 1 mm along the length of
each specimen. There were no visible weld defects including: porosity, undercut, and
overlap. The rotation of the web plates from perpendicular to the continuous plate was
measured to be less than 1 degree for all specimens. This lack in distortion of the T-joints
was important because a significant positioning of the web away from the perpendicular

would cause bending as well as tension in loading.

5.2 Test Results

Load and displacement data were saved by the testing computer in ASCII format.
The data sampling rate was set to twenty samples per second. With tests as long as five to
eight minutes the total number of data samples was often over ten thousand. This
allowed for a good coverage for the load displacement diagram. However, the unloading
was so fast when the weld ultimately failed that the load vs. displacement data could not
be determined.

The amount of data needed to be reduced in order to use Excel program for
graphing the load and displacement relations. Excel program is limited to 4,000 data
entries in its graphics program. In order to reduce the data, Microsoft recommended a
computer subroutine to select every nth row of data. The subroutine is shown in
Appendix G. The data were reduced to near one thousand samples for each test. Data in
the unstable failure region were not reduced, but this did not provide much more

information.

5.2.1 Load vs. Displacement Diagrams

Results of testing on the ten specimens are shown in Figure 5.5 through
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Figure 5.14. Each figure shows similar trends in the load vs. displacement relation.
Initially welded joints reacted elastically to a point where yielding occurred. After yielding
the load began to level off with increasing displacement due to plastic deformation and
then failed at some critical displacement. Although the welds behaved similarly in loading,
there were differences in displacement of the plastic deformation regions prior to joint
failure.

The length of the plastic deformation is significant because an increase in
displacement with a constant limit load increases the amount of work absorbed by the
welded joint. McClintock (1994) determined that if the work to tear the weld is greater
than the complementary work to bend the shell plate, deformation will occur by bending

the plate rather than tearing the welds.

5.2.2 Limit Loads

The limit load of the welded joint is the highest load experienced in testing. The
limit loads for all tests are shown in Table 5.1. The table shows that limit loads increased
with welded joints having deeper weld penetrations. However, part of the changes in joint
strength is due to changes in leg length of the welds. A comparison of tested results to
theoretical predictions was necessary to better understand experimental results for the

effect of weld penetration on joint strength.

5.3 Limit Load Analysis

Theoretical analysis helps to understand the benefit of penetration to fillet welds.
The direct comparison of the limit loads from calculations and test results was not the only
use of upper bound calculations. Test specimen welds did not all have equal leg lengths of
6 mm. Theoretical calculations for the actual weld geometries were used in order to

normalize the effect of varying fillet weld sizes on the effect of penetration.



5.3.1 Determination of Weld Shear Strength in Yield

Yield strength in shear specifies the maximum shearing stress that can be sustained
by a non-strainhardening material. In the upper bound and slip line solutions this specifies
the stress required for material to deform along slip planes/lines. Values for shear strength
in yield can be estimated from (tensile strength)/( V3) for nonhardening materials (Kato
and Morita, 1974). Approximation for the strength in shear is based on the determination
of the tensile strength of the weld material.

Two approaches were used to determine the weld tensile strength. One source of
determining the tensile strength is the manufacturer’s recommended values from testing.
The welding manufacturer performed tension tests from machined multi-pass weld
specimens and included the values with the electrode specifications. Manufacturer-
estimated tensile strengths are included in Appendix E.

Weld tensile strength can also be estimated with the use of hardness tests. The
Rockwell A scale was used to take hardness values for sectioned test specimens. The
values of the hardness readings are included in the photographs in Appendix F. Average
hardness values were used to convert the readings to estimated tensile strengths. Table 5.2
shows the conversion of hardness reading to tensile strengths from the ASTM Standards
(1992).

A comparison of weld strength in shear for hardness and manufacturer estimates is
shown in Table 5.1. Deep penetrating welds showed hardness strength estimates 30% to
40% larger than the manufacturer’s estimate. Welds without penetration showed a 10%
larger strength estimate determined by hardness tests as compared to manufacturer
estimates.

Hardness estimates of weld metal tensile strength were used in the upper bound
calculations. Hardness values showed that the deeper penetration welds gave higher
hardness readings. Therefore, the tensile strength of the welds should have increased with
deeper penetration. This trend was not shown with the manufacturer’s weld strength
estimate. Weld material differences may also occur because manufacturer test specimens
were formed with multi-pass welding whereas testing performed in this research involved

single pass welds.
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5.3.2 Benefit of Penetration

The upper bound solution of section 3.4 was used to determine theoretical limit
loads. Upper bound calculations shown in Appendix D determine weld penetration
effects for welds with equal leg lengths. Appendix H uses the upper bound solution to
calculate tensile strengths based on actual test specimen weld geometry. Appendix I uses
tested weld geometries without penetration to give limit loads as a baseline

Table 5.1 contains the data used for comparison of the upper bound and test
results. Figure 5.15 shows the ratio of the tested limit loads to upper bound solutions
from block sliding with hardness estimated weld strength. Deeper penetrating welds show
the theoretical solutions tend to overestimate the weld strength. Figure 5.15 shows a 40%
overprediction of theoretical tensile strength results for the deep penetration welds with
their hardnesses compared to welds without penetration. Figure 5.16 shows that the
expected benefit using the upper bound method for the deepest penetrating welds was
100%. A net benefit of 60% is determined for the deepest penetrating weld of 3.3 mm.

Figure 5.17 compares the tested load to the upper bound solution without
penetration. Using an average of the hardness determined tensile strength estimates for
welds without penetration gives a 60% benefit in the strength of welds with a penetration
of 3.3 mm. Figure 5.17 also shows the ratio of the tested limit load to the upper bound
solution without penetration based on varying hardness values at different penetrations to
estimate weld strength. Results here only show around a 30 % increase in the tensile
strength of the 3.3 mm penetration fillet welds because the effect of increasing joint
strength with harder welds is effectively normalized out. The 60% increase in joint
strength with a penetration of 3.3 mm is the best estimate for the overall effects of
penetration on joint strength.

The increase in the plastic work required to fail a fillet joint with penetration is
significant. Test load-displacement diagrams shown from Figure 5.5 to Figure 5.14
indicate the deepest penetrating welds give three to five times the plastic displacements
compared to welds without penetration. Figure 5.18 shows that the deepest penetrating

welds increased the amount of work by threefold to fourfold.



FIGURE 5.1 Tension Test Machine
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TABLE 5.2 Hardness to Tensile Strength Conversion

Rockwell A Scale Tensile Strength (ksi) Rockwell A Scale Tensile Strength (ksi

72
71.5
70.9
70.4
69.9

69.4
68.9

68.4
67.9
67.4
66.8
66.3
65.8
65.3
64.6
64.3
63.8
63.3
62.8
62.4
62
61.5
61
60.5
61.5
60.9
60.2
59.5
58.9

201
194
188
182
177

171
166

161
156
152
149
146
141
138
135
131
128
125
123
119
117
115
112
110
116
114
109
104
102

(ASTM, 1993)

95

58.3
57.6
57
56.4
55.8

55.2
54.6

54
53.4
52.8
52.3
51.7
51.1
50.6

50
48.5
48.9
48.4
47.9
47.3
46.8
46.3
45.8
45.3
44.8
44.3
43.8
43.3

100
o8
94
92
90

89
88

86
84
83
82
81
80
77
73
72
70
69
68
67
66
65
64
63
62
61
60
59
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CHAPTER 6
EFFECT OF DEEPER PENETRATION WELDS ON
PRODUCTION COSTS

An important consideration for the use of deeper penetration fillet welds is the
cost. By a comparison of the trends in the parameters used to make penetrating welds, an
estimate of the relative costs for production can be estimated. Parameters used to
compare relative fillet weld expenses were: amperage, voltage, penetration, leg lengths,
weld feed speed, and travel speed of the electrode arc. Data for the welded test specimens
is shown in Table 6.1.

To recognize a benefit with penetration, it was necessary to compare the deepest
penetrating weld settings to parameters recommended by the welding manufacturer. Test
3 corresponds closest to parameters recommended by the electrode manufacurer. In
addition, welding parameters for Test 3 are closest to the average weld parameters used in

shipbuilding today at Ingalls Shipbuilding and Newport News Shipbuilding as shown in
Table 4.2. Higher voltage and amperage values used at Mitsubishi Heavy Industries

corresponds closer to the parameters used in Test 4 or Test 5.

Deeper penetrating welds have a higher deposition rate as shown in Figure 6.1.
Comparison of Test 6 (penetration = 3.2 mm) to Test 3 (penetration = 1.1 mm) shows
that the deeper penetrating weld of Test 6 increases the deposition rate by 70%. Higher
amperages were needed to create deeper penetrating welds. FCAW accounts for the
higher amperages by raising the wire feed speed increasing the deposition rate. The
product of weld cross sectional area and the travel speed gives the deposition rate of the
weld. The use of wire feed speed and welding electrode size were not used in the
determination of the deposition rate because weld spatter was experienced.

Figure 6.2 displays a decrease in specific energy required for deeper penetrating
welds. The amount of electrical energy per unit length of weld material (specific energy)

is determined from the voltage times the amperage divided by the travel speed.
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A comparison of specific energy for Test 6 and Test 3 shows that there was a 5% decrease
in the amount of energy required to perform a standard length of weld. Therefore, the test
results show deeper penetrating welds require less electrical energy. This may result from
the high current densities of the deep penetrating weld parameters and faster travel speeds.
Higher concentration of heat may melt more depth of base plate and allow for less heat
loss by conduction through the plate.

Another benefit of the high penetrating welds is the increased travel speed of the
welding machine. Increasing welding current and electrode feed speed increases the
deposition rate of the weld. In order to keep the leg length constant the travel speed of
the machine must be increased. Figure 6.3 shows a 70 % increase in the machine travel
speed from Test 3 (1.1 mm) to Test 6 (3.2 mm). Less labor and machine time could lead

to 60% savings with the deep penetrating welds.
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CHAPTER 7

CONCLUSIONS & RECOMMENDATIONS

7.1 Conclusions

1. The main conclusion is that deeper penetrating fillet welds experimentally developed
could be made stronger, tougher, faster, and with less specific energy than welds without

penetration.

2. A survey of ship manufacturers determined that automated welding of fillet welds is

predominantly Flux Cored Arc Welding (FCAW).

3. Changing fillet weld parameters without beveling can achieve deeper penetrations than
are currently being used for fillet welds in ships. With 6 mm leg lengths, fillet weld
penetrations of 4 mm can be achieved by varying weld parameters; current having the
largest effect. Tests with weld parameters recommended by the electrode manufacturer

gave a penetration of 1.1 mm.

4. Weld penetration significantly increases the strength of fillet welds loaded in tension.
Tension and peeling failure do occur in grounding of ships built with existing design
standards. Fillet welds of stiffeners must have a T-joint strength equivalent to the web in
order to prevent failure of welds in tension loading. In the peeling mode of failure the
weld tearing work must be larger than the complementary work required to fold the hull
plate in order to prevent weld failure. Testing on 6 mm leg length welds (Excel-Arc 71)
showed an increase of 63% in the tensile strength with penetrations increasing from 0 to
3.2 mm. The weld strength increased 50% from the 1.1 mm penetration with the
parameters recommended by the manufacturer to the 3.2 mm penetration achieved by
altering weld parameters. Fabco 802 electrode showed an increase in weld tensile strength

of 37% with a 3.3 mm increase in penetration.
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5. The fillet weld tensile strength for the deepest penetrating weld of 3.2 mm (Excel-Arc
71) matches a 14 mm web thickness strength for the EH36 plate.

6. Theoretical predictions of the limit load based on measured hardness values showed an
overprediction of tensile strength with deeper penetrations by up to 40% to 50%. This
shows that the upper bounds for welds with deeper penetration need to be improved,

perhaps by admitting yielding to the base or web material.

7. The manufacturers’ tensile strengths from multi-pass welds differed from those
estimated from the hardnesses of single pass welds used in testing. This was especially so
for deeper penetrating welds; perhaps due to cooling rate. Deeper penetrating welds
showed an increase in the hardness of the welds by 30% to 40%. Results of hardness tests

showed that the weld material is not homogeneous.

8. Deeper penetration welds appear to be an inexpensive way to increase fillet weld joint
strength. Penetration increases the joint strength without adding weld material and avoids
the cost of beveling the plate. Deposition rate increases for deep penetrating welds due to
the higher feed speeds in FCAW. Welding for 3.2 mm penetration gave a 70% increase in
the deposition rate as compared to manufacturer recommended welding parameters
producing 1.1 mm penetrations. The energy per unit length needed to weld a 3.2 mm

penetration decreased by 5% as compared to that for the 1.1 mm penetration.
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7.2 Recommendations

1. A finite element analysis should be performed on welds with inhomogeneous weld
material properties. Inhomogeneous welds and overmatched weld material may be
shifting the plastic deformation zone away from the paths assumed by the upper bound
and slip line theoretical solutions shown in this thesis. FEA would lead to better

understanding of the limit load in tension loading for inhomogeneous welds.

2. The determination of the yield strength of a weld in shear needs to be better
approximated. A more detailed use of Vickers Hardness testing of the weld material and
heat affected zone would lead to a better approximation of the yield strength of the
material. A combination of machined tension test specimens and hardness test samples

may lead to a better understanding of the strength properties of the weld material.

3. In the design of tension test specimens with 6 mm leg lengths, at least 50 mm should

be removed from the weld ends in order to give a uniform penetration for test specimens.

4. Welding electrode manufacturers should give estimates for the depth of penetration

possible for electrodes at specified welding parameters for some appropriate steels.

5. The effect of root gap on weld penetration and strength should be examined. Ship
design standards do not require stiffeners to fit tightly against the hull without a gap.
Increasing the root gap may lead to deeper penetrations as well as stronger and tougher

joints.

6. Implementation of deeper penetrating weld parameters should be considered by the
classification societies and ship builders. The potential reduction in welding cost and
increase in joint strength should give incentive to build ships with deeper penetration. The
use of automated welding systems allows for good reproduction of welds using specified

parameter settings.
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APPENDIX A
NAVY DESIGN OF FILLET WELDS

Although the Navy does not design VLCC ships, the considerations and theory
used in the weld design are the same. MIL-STD-1628A (Ships) provides guidelines for
fillet weld size, strength, and efficiency determination. The standard is approved for use
by all agencies in the Department of Defense. The Navy has recently changed its design
standards for fillets welds without penetration to meet the design presented by Krumpen
and Jordan (1984). An extension of the design considerations for bevel-edged tee joints
(deeper penetration) has been researched and is pending approval for a military standard

(Gaines, 1994).

For welds without penetration the following design equations are used based on
fracture in the weld, fracture in the heat affected zone (HAZ) of the intercostal (web)
member, and fracture in the HAZ of the continuous member. The joint strength
determination depends on the loading direction, weld failure region, and the comparison of
weld strength to either the strength of the continuous or intercostal (web) member. For
stiffeners the intercostal will typically be weaker than continuous member (huil) when
loaded in tension (transversely). The formulas for determining weld size for the relevant
conditions of matching weld strength to intercostal strength (100% efficiency) in

transverse loading are:

S = leg length of fillet weld

R, = tensile strength of intercostal member
1, = thickness of intercostal plate
R, = transverse shear strength of weld = 1.44 X (longitudinal shear strength of

weld)

R, = shear strength of intercostal member

R; = tensile strength of continuous member
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Failure Region Leg I ength Required

Weld throat (45 degree plane) - _Rxn
1414 x R,

HAZB (Intercostal Member) S = _.R_‘_>_<_T.L
22 xR,

HAZB (Continuous Member) S = f.‘_{.]_;_
2.0x R,

For symmetric fillet welds with penetration the MIL-STD-1628A approximates the
strength based on an equivalent throat thickness determination of the weld joint. The
standard is used for the construction of partial penetration welds from beveled plate. The
design of the welds are based on equating the tensile strength of the weaker joint member
to the longitudinal shear strength of the fillet weld. This results in conservative designs
since the strength of welds transversely has been determined to be larger than the
longitudinal strength as shown by Krumpen and Jordan (1984). The current standard
design equations from MIL-STD-1628A are as follows:

D = effective width of the weld in shear

e = joint efficiency required

R, = tensile strength of intercostal member (if the weaker member)
1} = thickness of intercostal plate

R, =longitudinal strength of fillet weld

Z = land width

S = size of reinforcing fillet (must be at least .25 in)
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D=e><Tl><R1

i (A1)
__D GfD < 707 in) (A2)
1414 ' '

B=+D*-25 (if D > .707 in) (A3)

The existing criterion for beveled welds has been shown to be conservative and a
proposal for a new design method has been introduced by Gaines (1990). The proposal by
Gaines builds upon the alternate design method shown in Krumpen and Jordan (1984) to
include fillet welds that are deeper penetrating due to beveling the intercostal plate under
both longitudinal and transverse loading. The design for failure in the heat affected zone of
the continuous plate (transverse loading) is based on the continuous member tensile
strength times the total length of the heat affected zone boundary. For failure across the
weld throat the strength of the weld is the transverse shear strength times the total throat
failure length. Crack failure of the weld along the heat affected zone of the intercostal
plate is calculated from Mohr’s circle to find when the maximum shear strength of the
weld is less than the shear strength of the intercostal member. Weld joint strength
calculated for different locations in the weld and heat affected zone area are calculated as

follows:

R, = tensile strength of intercostal member

T, = thickness of intercostal plate

R, = transverse shear strength of weld = 1.44 X (longitudinal shear strength of weld)
R, = shear strength of intercostal member

R, = tensile strength of continuous member

efficiency = weld joint efficiency required

HAZB = approximated length of the heat affected zone boundary
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Failure Region Leg Length Required

(R, x throat length)
(R, x efficiency)

Weld throat (45 degree plane) 1<

(HAZB length xR ;)

HAZB (Intercostal Member) 7/
efficiency x \[(COS(HAH) /12)* + (sin(8 5 )*

(HAZB length x R;)
(R, xefficiency)

HAZB (Continuous Member) T {
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Solving for Slip-Line Fields
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Chapter 3 HRate Independent Plasticitv. cont.

S.4 Stress and Deformation #nalveis in Plasticitv, cont.

art. 5 Slip-Line Fields
Copyright (c) 1988 bv F.A. McClintock

and

{. Introduction. Practically inportantﬁpxact solutions to the

plasticity equations can be found bv considering plane strain ( & = 9

el zz

and no.aradientsjai yrd2 = 0 ) ang by negiecting soth the elastic part of
A

the strain and strain-hardening. Such solution§7satisfying all the

principles of continuum mechanics throughout a plastically deforming

reqiu% may still not be correct. Why? Because the remaining material,
assumed non-yielding, may in fact be unable to remain so. After all, a
lower bound has not been shown there., Therefore, plane strain slip-line

fields in general give only upper bounds to the limit load.

2, Stress Fields. With this background, turn to pp. 373-378 of
McClintock and Argon and pp. 67-70 and p. 130 in McClintock (1971)

"Plasticity Aspects of Fracture® in Fracture, V.3, H. Liebowitz, ed., pp.

ethodus ot Solv
147-223. /\ ese equat?oﬁgn%re susmarized below.

ALso REFERENCE C(HAKRABARTY,T, THEOCRY DF Pz.ﬁsr/c,ry) 1987, pp. 407 =453,

m)Steps for solving for stress in a given plane strain, plastic slip-

line field. Inventing a slip-line field for a given problem is a matter
of experiencg,guided by some of the mathematical characteristics of slip-
line tields, aniAz;periments with etched high-nitrogen steel or finite-
element prograas Here, we assume that a proposed
slip-line field is given, and apply the above eguations of plasticity to
verify that the field is valid and to find the resulting fields, first of
stress and later of displacesent and strain. The stress analvsis of a
given slip-line field can be codified in the following steps.

{} GSketch the siip-line field on a large enough sheet of paper so
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3.4,5tress. Def. Anal. 2 Art. S Slip-Line Fields riMar88
7\

that i1n each region vou can sketch and lapel: 1) stresses on elements of
various orientations. ii} Mahr’'s circies. iii) mean naormal stress o , iv)
slip~-iine coordinates «. g and orientations @ , and later vi velocities
u, v relative to slip-lines.

Z2) Start at a point on a presumablv deforming free boundarv.

3} For an element at that point, having one face as the free

bounaary icn = (), guess a stress L that 1s tension or compression

parallel to :he boundarvy.

4) Sketch the stress on that element. Calculate the mean in-plane
normal stress o .

5) Sketch Mohr 's circle for that esiement.

6) Find aon Mohr 's circle the «, § axes \of maximum shear
stress with the algebraically maximum principal stress 45% (90° on Hohr-s
circle) CCW from o« toward g ). Find the n, s axes (normal and
tangential to boundary), and the x, y axes. Find the counter-clockwise
angie 2¢ from the x axis to the o direction. Sketch elements
aligned with the «, 8 , the x, y , and the principal stress directions.

7) Froa this Mohr's circle, find the a, # and the principal stress
axes on the physical plane.

8) HRepeat at other points on presumably deforming free boundaries
until all slip-lines are identified as either o« or £ lines, and ¢
and ¢ are calculated for all boundary regions. Note regions of constant
state (having the same o and ¢ along a boundaryi.

9) Having identified the o« and B lines, integrate the Hencky
equations for the stresses along them ( do = Zkd¢ along an « line,
do = -2kd¢ along a @ 1linet, wusing the values of o and @ on each
boundary as initial conditions. Constant state regions along the boundary
integrate inward as constant state triangular regions in the interior.

10) If at any stage you think the guess of tension or compressian is
wrong, (e.g. because some fact you know to be true is contradicted),
change the guess and start over. That 1s mostly just changing signs.

Don't trv to follow both guesses at the same time.
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3.4 Stress, Def. Anal. > Art. Z Slio-Line Fields riMaré@g

3. Displacement ang strain fields. The siip~line field for stress in

plane-strain, non-hardening plasticitv satisfies the yield criterion and
equilibrium equations, This provides three equations for the three in-
plane components of stress. I[f the only boundarv conditions were to
consist of applied tractions, the stress would be unigquely defined in any
deforaing region. The magnitude of the deformation would be
indeterminate, nowever. Physically, this can be seen in the tensile test.
Too high a load will cause an accelerating extension of the speciaen,
whereas an applied extension. controlled in a testing machine by the lead
screws or by the flow of oil to the cvlinder, can give stable extension
even with falling load. Therefore, for stabilitv., at least some
displacement bounoary conditions must be specitied. Displacement
conditions are also applied by the surroundings toc parts of a redundant,
fail-safe structure. The strains derived from the corresponding
displacements must be consistent with the stress-strain relations and the
pastulated stress field. Thus it may be necessary to find displacements
to confirm a stress field (see also Hill, 1950, p. 131). Furthersore,
displacements and strains are often of importance in their own right, for
example in fracture by hole growth, in crack growth in fatigue, or in
metal working processes. It must be remembered, however, that the strain
distribution may not be unique in a low-hardening aaterial. For exaaple,
at incipient necking, a specimen can neck anywhere along its lenath.

a)} Fundamental eguations. As with the stress distribution, in

plane-strain, rigid-plastic non-hardening plasticity it is easiest to use
coordinate axes of maximum shear for strain and displacements. To assure
compatibility, we work with the displacements. It then remains to find
displacement fields that give incompressible strains.

The conditions of incompressibility, expressed in terms of the
displacements referred to the curvilinear coordinates giving maximum
shear, are known as the Geiringer eguations te.g. Hill, 1930, pp. 128-13é;
McClintock and Argoen, 1944, pp. 375-378; McClintock, 197t, pp. 67-70;
Mendelson, (970, pp. 2560-2468). The notation is shown in Fig. l. The
coordinates of maximum shear stress. a, @ . are chosen so that the

direction of maximum principal stress and strain lies between theam. The
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3.4 Stress, Def. Anal. 4 Art, 3 Slip-Line Fields riMargs

angle @ 1is positive counterclockwise from the x to the o« direction.
Displacement increments or "velocities® in the o, @ directions are
denoted by u and v , respectively. The Geiringer equations of
incompressibility are then

along an « line, du = vd¢ ., (1a)
along a g line, dv = -udg . {ib)

Solution of the Geiringer equations is generally started at some
point 1n the body where ri1gid regions or boundary conditions provide
information on u and v along each of two intersecting slip-lines.
Integration proceeds outward from that point, as will be summarized below.

Once the displacements are known, the strains can be found from the
strain-displacement relations. For the curvilinear a, B coordinates,
the expression involves the radii of curvature R,S along the a, $

slip~lines, respectively, as shown in Fig. 2:

1 _ 3¢ 1 _ 8¢
R Jds *'5° gs, ° (2a,b)
« 8
It is an indication of the relative youth of plasticity as a branch of
mechanics that the strain-displacement equation was onlv stated by Green

in 1933 (see also McClintock, 197t, p. 130). It is

Q

u
+ +
=

(4 é

. Ov
Yapg = 3s

Pl

v
+ 3. (&3]

Q

As R and § increase, the form for Cartesian coordinates can be
recognized.

The strain in x, y coordinates can be obtained from Mohr's circle:

€ = -(7¢8/2) sin 2¢ = _eyy . (4)
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3.4 Stress. Def. Anal. 3 art. 3 Slip-Line Fields riMar8s

b) Summarv of procedure.

1) Look for any slip-iines with no displacement components
specified on either end. I!f there are any such lines, remove the
resulting non-uniqueness by assigning displacements at some point
along them, often keeping the strain relatively uniforas by assuaing
uniform displacement gradients across bands of lines with such non-
unique displacements.

2) Look for a point where both coaponents of displacement are
known, either from adjoining rigid material on two sides, or from the
assumptions of Step |I.

3) Starting from the point of Step 2, integrate Egq. ta or ib,
as appropriate, an the slip~iines along any rigid-plastic boundarigs.
It may be convenient to fix local coordinates in the rigid region,
and later to add in the displacements of these local coordinates
relative to the global ones.

4) Integrate the Geiringer equations (la, ib) along lines
normal to any rigid-plastic boundary.

5) Find the radii from E£gs. 2 and the strain from Eg 3.

c¢) Numerical integration. For numerical intergration, the corners

of the element are denoted by pairs of subscripts, as shown i1n Fig. 3.
With displacements known along two intersecting sides (three nodes) of the
element, those at the fourth node, Upps Yooy Bre found by simultaneously
solving the Geiringer equations (ila, b} in the form

along an « line, u

= .3(v (1c)

227412 22%V13) (B850
along a g line, Voo~Voy = —.5(u22+u21)(¢22—¢21) . (id)

For the radii of curvature. a trigonometric function is retained tor

improved accuracy with large angular increments and chordal measuresent of
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3.4 Stress, Def. nnal. & Art. & Slip-Line Fields riMargg

o ﬁ:
1 _ 3¢ N sin<( (¢21 - ¢11)/2 ) (26
R ds as /2 ?
a o
sin( (@ $,,)7/2 )
1 __ 98 . _ 12 11 ] (2d)
S 856 AS /2
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3.4 Stress, Def. Anal. 7 Art. S Slip-Line Fields riMarag

Fig. 1 Notation for the Geringer egquations: along a , du = vdg }
aleng g , dv = - ud¢
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.4 Stress, Def. @nal. 8 Art. 5 Slip-Line Fields riMargg

Fig. 2 Curvatures (/R and (/5 of « and g slip-lines.
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PROBS: 3.4 Plst, Strs. Det. Anal. 1 Art. 5 Slip~Line Flds. r2Mar88FAM

Probs. for Sec. 3.4, Stress and Detormation Analvsis i1n Plasticity, cont,

Art. & Slip-Line Fialds

f. Rigid-plastic, plane strain plasticity.

Determine the stress, displaceament, and strain tields for the grooved

plate shown in Fig. (al, with one non-zero §1§nk angle.

"ig a) Asyvametrically grooved plate. fTﬁe angie @ causes tfHe
asymmetri)

122
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PROBS: 5.4 Plst. Strs. Def. Anal. 2 Art. 3 Slip-Line Flds. r2Mar88FAM

2. Slip-line fields for allowable specimen hardness for wedge arips.

In using wedge grips for tension tests it is important that the haraness
of the test specimen, say the diamond pyramid hardness HDPs in kgf/mnz,
be enough lower than that of the teeth of the wedge grips, HDPt y 5o that
even if the teeth have become somewhat dulled, the specimen, but not the

teeth, will deform, Consider the slip-iine §ie}d of Fig. (a).

.\&/ —

i

Fig. a) Slip-line field for blunting of a tooth of wedge grips.

. a) Derive an upper limit to HDPS/HDPt in teras of w
b) Evaluate your expression for w, = 35° |

t

3. Slip-~line field for a micro-junction in frictional contacet.

a) Show that the slip-line field shown in Fig. al, for a junction
under coabined shear and normal force, satisfies the equilibrium and
compatibility equations within the deforaing regian.

b) How would you show that this stress field is exact for a non-
strainhardening material?

663 PRI434SF 123



PROBS: 5.4 Flst., Strs. Def. Anal., 3 art. 5 Slip-Line Flds. r2Mar88FAM

T2
Y
8<Y ' \
g<Y T2~ f9<7
-9

Fig. a) Slip-line fi1eld for a junction under coaspined shear and noraal

forces.
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APPENDIX C

Slip-Line Method for Determining Weld Limit Loads in Tension
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APPENDIX C
SLIP LINE METHOD FOR DETERMINING WELD LIMIT LOADS IN TENSION

The following calculations are used to interpolate the slip line field solution solved by
Chakrabarty (1987) and shown in Table 3.1. The slip line solution is described
in Chapter 3.3.

1=0.3
p=10 DEG

a1= The a value in degrees when =10 degrees.

X1= The x/a value for a given o and § value.

Y1= The y/a value for a given a and p value.

P1= The P/2ka value for the given condition of « and § intersection .
Q1= The Q/2ka value for the given condition of « and B intersection.

0] [1.15846 | | 18884 | ".437652 [.60777 |
10 | 1.38332 | Lo 5 | 76067 !
al =l 1 X1:=| Yl = [ PL= | 1 = ;
|20| 157730 | |--23137 | | 49545 | | 96049 |
130 1.73236 | 1..50019 | . 40827 | | 1.189 f
[1
F(a) =| @ F(u) expresses the functions that are combined linearly to
i 2} give the best curve fit to the data.
a

Sx =linfit(al ,X1,F)

1.15806 |
Sx =| 0.02439 The set Sx is the coefficients for the functions
N expressed above for the curve fit data X(o).
-1.745:10 *

4

Sy .= linfit(al,, Y1,F)

[0.18909 1
Sy = ! ~0.01699 ; The set Sy is the coefficients for the functions
YT o expressed above for the curve fit data Y(a).
1-1.9995-107*
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To find the intersection of the equations X(a), Y(a), and Y=X-A:

Guess values: X1 =1 Starting points for computer iteration.

Y1 =1
a =2
Given
Sy, ~ Sy, 0+ Sy, a’=Y1 Eqn 1: Y(a)
Sx, + Sx, ¢+ Sx, 0’=XI Eqn2: X(a)
X1 - 1=Y1 Eqn 3: Y(X)
[leal\
Yival | =Find(X1,Y1,a) Solve for three unknowns.
\ oval ;

Resuits for =10 deg:
Xlval =1.17625

Solutions for three unknowns.

Yival =0.17625 . .
va > Relation of X,Y,a,B, along penet. line.

aval =0.74972
To interpolate the vaiues for P and Q:

vp =lspline(al,P1)

vq =Ispline(al, Q1) Gives a curve fit for P(o) and Q(o)

interp(vp,al ,P1,aval) =0.44325 P1/2ka=.44325 Along B=10 deg.

interp(vq, al,Q1,aval) =0.61844 Q1/2ka=.61844

Adding in the uniform pressure for the weld case:
Qw =interp(vq,al,Q1,aval) ~ .5-Xlval
Pw =interp(vp,a!l,Pl,aval) ~ (.53 - .5-Yival)

Qw =1.20657 Q/2ka
Pw =0.03137 P/2ka
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To determine the equivalent depth of penetration:
xgl =42 (Xlval - 1)
xgl =0.24925

xg = XG(penetration)/a.

The force along the slipline in the Plimit direction:

. [ [
Pllimit =Pw-cos{— | + QwAcosl—\,
\4 \4/

Pllimit =0.87535 Plimit= Pl(weld strength)/2ka

p=20 DEG

o2= The o value in degrees when =20 degrees.

X2= The x/a value for a given ¢ and § value.

Y2= The y/a value for a given « and § vaiue.

P2= The P/2ka value for the given condition of a and p intersection .
Q2= The Q/2ka value for the given condition of a« and f intersection.

0 } 128171 | 40233 43223 | 746238 |
o 1.57730 | , : RN 25_50455§ ) | 196049 |
120 11.85262 { ' 0.00 S5 1124397 |
!L3o 2.09558 | |-.28998 | {3929 J 1.57921 |

—
—

F(o) expresses the functions that are combined linearly to
give the best curve fit to the data.

Fla) =| @ |

N

Sx '=linfit(a2,X2,F)

r 1
1.28111 !
Sx =| 0.03112 | Sx is the coefficients for the functions expressed
’ ' | above for the curve fit data X(v).
-1.31575-10* |

Sy =linfit(a2, Y2,F)

0.40247 1
Sy =|-0.01413 | Sy is the coefficients for the functions expressed
y i, ’ above for the curve fit data Y (o).
-2.9845-10 * |
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To find the intersection of the equations X(a), Y(a), and Y=X-A:

Guess values: X2 =1 Starting points for computer iteration.

Y2 =1
a =2
Given
Sy, + Sy o+ Sy, a’=Y2 Eqn 1: Y(a)
Sx, + SX @~ Sx 0’=X2 Eqn2: X(o)
X2 1=Y2 Eagn 3: Y(X)
/XZval\
' Y2val ! =Find(X2,Y2,a) Solve for three unknowns.
‘\ o2val |

Results for p=20 deg:
X2val =1.36344

Solutions for three unknowns.
Y2val =0.36344 . .
va Relation of X,Y,a,8, along penet. line.
a2val =2.61711

To interpolate the values for P and Q:

vp =lspline(a2,P2)

vq = Ispline(a2,Q2) Gives a curve fit for P(x) and Q(o)

interp(vp,«2,P2,a2val) =0 45449 P2/2ka=.45449 Along p=20 deg.
interp(vq, 02,Q2,u2val) =0.79865 Q2/2ka=.79865

Adding in the uniform pressure for the weld case:
Qw =interp(vqg,a2,Q2,a2val) + .5-X2val
Pw =interp(vp,a2,P2,a2val) - (.5- .5-Y2val)

Qw =1.48037
Pw =0.13621

Q/2ka
P/2ka
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To determine the equivalent depth of penetration:
Xg2 =+/2-(X2val- 1)
xg2 =0.51398

xg = XG(penetration)/a.

The force along the slipline in the Plimit direction:

\
P2limit =Pw- cos/ \ + Qw- cos(— |

\4) \4/
P2limit = 1.14309 Plimit= Pl(weld strength)/2ka

B=30 DEG

a3= The a value in degrees when p=30 degrees.

X3= The x/a value for a given a. and § value.

Y3= The y/a value for a given o and § value.

P3= The P/2ka value for the given condition of « and § intersection .
Q3= The Q/2ka value for the given condition of ¢ and § intersection.

0 136603’; '63397 49136 ! 898259
10 | 173236 ?50019 59173 | 118
= » | Y35 | ,  P3 = Q3 =
20 "2, 09558 | | 28998 | 60710 | 1157921
! | ! oo G
130 ] ._2.4404>J L 000 | 5 12.05487 |

e

—
—

F(«) expresses the functions that are combined linearly to

o
give the best curve fit to the data.

F(a) =

N

Sx =linfit(a3,X3,F)

1.36527
s =| 003747 Sx s the coefficients for the functions expressed
‘ ' ~ above for the curve fit data X(a).
1-5.365+10 °

Sy = linfit(a3, Y3,F)

0.6338
Sy =|-0.00941 Sy is the coefficients for the functions expressed
y ' o above for the curve fit data Y(q).
~3.905-10 *
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To find the intersection of the equations X(x), Y{), and Y=X-A:

Guess values: X3 =1 Starting points for computer iteration.

Y3 =1
a =2
Given
Sy, + Sy a+ Syz-a2=Y3 Eqgn 1: Y(»)
Sx, + Sx - Sx,0’=X3 Eqn2: X(o)
X3_ 1=2Y3 Eqn 3: Y(X)
[X3val
Y3val | =Find(X3,Y3,a) Solve for three unknowns.
\(13\’31

Results for =30 deg:
X3val =1.57098

Solutions for three unknowns.

3val =0.37098
Y3v ? Relation of X,Y,a,8, along penet. line.

a3val =5.44698
To interpolate the values for P and Q:

vp =lspline(a3,P3)

vq = Ispline(a3,Q3) Gives a curve fit for P(a) and Q(x)

interp(vp,a3,P3,a3val) =0.55159 P3/2ka=.55159 Along p=30 deg.

interp(vq,a3,Q3,a3val) = 1.04865 Q3/2ka=1.04865

Adding in the uniform pressure for the weld case:
Qw =interp(vq,a3,Q3,a3val) + .5-X3val
Pw =interp(vp,a3,P3,a3val) - (.5~ .5-Y3val)

Qw =1.83414 Q/2ka
Pw =0.33708 P/2ka
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To determine the equivalent depth of penetration:
xg3 ‘= /E-(X3val— 1)
xg3 =0.80749

xg = XG(penetration)/a.

The force along the slipline in the Plimit direction:

[
P3limit =Pw-oos(i1\ + Qw-cos! I

\4/ \4/
P3limit =1.53528 Plimit= Pi(weld strength)/2ka

=0 and a=0

x/a=1

y/a=0

p/2ka= .5

g/2ka= .5
{2 Uniform pressure added.
i

i
i

\4/ POlimit = 0.70711
Summary of the Results: (Normalized loads and penetrations)

POlimit =(.5- .5)~cos(§) +(.5+.5)cos

POlimit =0.70711 xg0 =0.0 Plimit =Limit load/2ka
xg= Pentration/a

Pllimit = 0.87533 xgl =0.24925

P2limit = 1.14309 xg2 =0.51398

P3limit = 1.53528 xg3 =0.80749
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Calculation of the Limit Load

4= 6.0 mm The calculation for a is the throat thickness
' ﬁ of the fillet weld based ona leg length of 6 mm.
a=4.24264 ‘mm
kef Effective shear strength is based on the approximation
k= 35.48-———2 of (Tensile Strength)/sqrt(3) for the manufacturers tested TS
mm value of 87400 psi for the Excel Arc 71 electrode.

Limit Load (double fillef) Penetration

PLO = 4-k-a POlimit XG0 =xg0-a
PLI ‘=42 -P1limit XGl =xgl.a  LimitLoad Penetration
PLO = 425.76-X& XG0 =00
mm
PL2 = 4-k a-P2limit XG2 =xg2-a
PLI =527.06339 <& XG1 =1.05748 ‘mm
PL3 ‘= 4-k a-P3limit XG3 =xg3-a mm
PL2 = 688.27523 kgt XG2 =2.18065 ‘mm
mm
- kgf 1 = S
PL3 =924.41629-F& XG3 =3.42589 -mm
mm
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APPENDIX D
Upper Bound from Block Sliding to Estimate the Fillet Weld Limit

Load in Tension
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APPENDIX D

UPPER BOUND METHOD FROM BLOCK SLIDING TO ESTIMATE THE FILLET WELD LIMIT LOAD
IN TENSION

This method is from calculations included in Report 26 by McClintock (1994).
These calculations support the method described in Chapter 3.4.

A . Assigned Variables

Variable Definition

bw= weld angle

dx= weld leg length aiong the x-axis (mm)
Hv= average Vickers hardness (Kg/mm*2)
k= yield strength in shear (N/mm*2)

X.= x-coordinte of the crack tip (mm)

y.= y-coordinate of the crack tip

6,5= angle to the upper slip line from the x-axis (radians)
8gc= angle to the lower slip line from the x-axis (radians)
8gt= angle from the crack tip to the upper toe (radians)

Bgct= angle from the crack tip to the lower toe (radians)

lag= length of the upper slip plane (mm)

Igc= length of the lower slip plane (mm)

b= length of the tested specimen
a= throat thickness of the weld without penetration

Assigned Variable Values:

Xg =0-mm, |-mm.. 6-mm

Yo =0-mm
o
BW —Z-rad
dx =6-mm
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Solution:

/ -X )
[ _ tanl ~c ;
© aBi*e) —2+a |dytan(0 !

[ ve

6B0t<xc> =- atank

\V’ y C'

dx-r Xc/
8 ABo(x c> =0 AB‘(<x c)
BBCo(Xc) =0Bet(Xc)

\

H /
kdx”c_tan/e . )
1 X ) = \ wt
BCo(*e AT RY
wtYBCo\*¢))

- W o
: ) e fx Sm(e +0BCo(Xc); Ifthe upper slip line breaks through to
ABo( c> BCo\™c)" o~ (e +8 ABo (x \ 1 the weld surface.

B. Calculation of Yield Stress of Weld in Pure Shear

TSw is the tensile strength of the weld material based on

kgf
TSw =6l.448— manufacturer testing. (EXCEL-ARC 71 Electrode)

mm
TSw . . -
ko =——— Ko is the yield stress of the material in pure shear.
ﬁ Assuming nonhardening material.
Ko =35.477 - kgf

mm

C. Calculation of the Limit Load of the Web

t =15mm Thickness of the web.

Tsb is the tensile strength of the base plate

- kgf
=57.716- =
TSb =57.71 from tests by the manufacturer.

mmz

PL bp = t-i-TSb The 2/sqrt(3) accounts for the plane strain condition.

3
PLbp is the limit load of the web plate.

kef
PLy_ =999.67 ~&
bp mm
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D. Calculation of the Limit Load of the Weld in Transverse Loading

Upper Bound Limit Load (Load/Length) [Double fillet]

2k W\
P ubo *c) o ABO(,%;BBCO(XC))'(‘ ABo(¥c)"|e0s(0BCo(¥c)); + 1BCo(Xc)[oo5(8 ABo(xc))])

Upper Bound Limit Load (Load/2ka) [Single fillet, for comparison to Slip Line Solution)

6
2 -:E-mm Throat thickness is based on a 6 mm leg length.

B 1
2-a-sin(9 ABO(XC) - GBCO(XC>>

P ubn(Xc) (1 aBo(X¢) |e0s(8BCo(Xc))| +1BCo(*c) [c05(8 ABo(Xc))|)

Comparison of Upper Bound to the Slip Line Solution (for EXCEL-ARC 71 electrode)

Upper Bound Method Slip Line Solution
(Double Fillet) (Doubile Fillet)
(Limit Load kgf/mm) (Limit load kgf/mm)
P 1o(0.0-mm) =425 724 - K€ PLO= 425.76 kgfimm
mm
« =z s kef =
P ubo(1.05748-mm) =527.205 - ==~ PL1= 527.063 kgf/mm
mm
- _ kgf
P ub0(2.18063-mm) =692.918 = PL2= 688.275 kgf/mm
mm
- kef
P 1bo(3:42389-mm) = 946.394 -—=— PL3= 924 .416 kgf/mm
mm

137



Comparison of Upper Bound to the Slip Line Solution (Normalized fimit load and penetration)

Upper Bound Method Slip Line Solution
(Limit Load/2ka) (Limit Load/2ka)
P pn(0-mm) =0.707 707
P ypn(-5-mm) =0.776 780
P bn(1:0-mm) =0.864 865
P ybp(1.5-mm) =0.972 968
P ibn(2.0'mm) =1.1 1.093
P ybn(2.5-mm) =1.247 1.237
P pn(3.0-mm) = 1.414 1.395
P ibn(3-5mm) = 1.601 1.560
P 4bn(4.0-mm) = 1.807 1.723
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APPENDIX E

Information on Tested Welding Electrodes and Steel Plate

139



‘16 0019
(Aydeifiayowolyy sen) INFOOHAAH T18ISNAIIT » TYDIdAL

w wo. ﬂﬂo. .............................. ﬂ:&O‘Q“Q:Q

N—.c. N—Q. 1 e areeesERNEIEIROPRITIIIORTYTYTSS any :._CQ_QW

ON. cm. ---------------------------------------- C8=—m

ON. —. ' — w. w ................................ 305&6&2

- N wc- Mp o- --------------------------------------- coequ
QO%STNY %S, 02 imsAsuy ey plem

Ammn_ weyd) :S31LHIdOHd IYLIN Q13M. TVOIdAL

(foo%sev4al) szss (F0D) epxop vogms %001
‘SVYD DNIQT3IHS
yeodep plem ueBosphy Mo »
] . dn-1y Jood sebpug
spiem Ajenb Awi-x
BUORIPUOS (eLliou Jepun BupoRn ULOM 5js[seY
fercws; Bejs Asex .
jeedde Joyriedo Juejeoxg .
1eyeds Mo -
BN MO -
‘SLIJIN38 ONV S3HNLY3S

"suaesjdde sswd-ninw puv eifuls Uj sjeers A|R Mmoj pue priw jo Bujpiem uogjsod +{[@ 1o} peubisep 8 L/ DHV-130XS

‘SNOLLYOIddY

.n- oov..

Pu¥ 'd .02- tpoq i@ yibueqs ordw| §f Y 0T sjeew 05 L2 OHY-T3DXT ‘PeAcWSS 5| Beis eif yoiym ju esee oy prre

sjoAQ| isyRds MOl 84 JO esnEeq WKW ® o} 1deY ¢ ewn dn uweD ‘et uonisodep yB)Y B je uoqegeued deep

Nisedep plem ueboiphy mo| B seonpald puw [ejelu piem jo Jejsuey odA) Arids w sseyo ) OHY-130X3 ‘eimxw sufl

'00 %Sz %sL e o *0) spie UM uopeolqe) uogead-ie 'esodind ereust Joy peubieep 8| LL OHY-1Z30X3
INOILAIHDS3a

i

¢0S0v6 :X3ANI b-LEZ3 SMY

A-9E9 VSMN B4 2HV-130X3

140



8§52 T3 009 35 T GO LT
ole 1) _05¥ $6 ¥ 00Z s
oor e ooy 0Lb e ot 91/l
1415) 4 oe oce ¥ A L 094 aso’
529 ot (eJe} 891 i oc) 14}
0$L g2 052 17 02 oL} SE0°
povds peed BIIM ®op vauly peedg pesd @i]A  ®Wop  eduiy Tiajewe(q
wnwjxep wpwiupy -

"FONVYH DNIGTEM

B d300 §E (7] 06 008 52 052 BT 60 ] 580"
R/ 4350 5¢ 14,73 -2 £BE ve 022 dn- reojuen 6'0 | $¥0°
W& d30a 9 §%ISL A oLe €2 58 dn-feojpep | wnwpdO | 80 | SK0°
2L 4300 |. st STSL §'y 052 22 0L} dn- reomeA 80 | 5v0°
52552
8771 d300 g¢ 00 68 00% L2 092 MIuoZUOH 60 | sp0’
W&/ d324a 8¢ 200 §'e 5313 62 ne? dn-reasep 60 | Sv0’
W2/ 4320 13 fote) 19 oLE ¥ 90} dn-pojusp 6'0 | 5v0°
o) d3240 Gt 200 by 0se 15 0Lt dn- revjuep wnwpdO | 60 | §v0°
ek}
-v: ¥ acmr::u 50 tmmw ...I\n.m vv.mm 0“53) aul.;mad :o_:acm .—2.5 nozu:_
jnoxonsg . mol4 sey) [Bujpisiys [eey 'deQ wu_..h "xoJddy PloM Jajewe|q

'VIVQ BNITISM a3dNIWWO33Y

PANURUOD |/ 1y-j8ax3

141



gLonooud BNigiam 060V-ZEE-E 1S # XV 000V-2EE-€1S INOHd

h—N—é._— V'S "ELESY OIHO ‘AOHL
ANVAINOD SHIHLOHE L1HVEOH

"IV jnoim suotEnpteds Joput UBieap SOUSYD 0} IBU BY| SIAIBES! Peaoh 'iPNPOld BulAIW] Ajuvisuod B Auedwio] simyinip peqol eenedeg,,
i

"PYAIS JHALOIEN S PeYO WOL) PAUIRIG0 B ARY RINPMD Auwdwio?) wayjalg PegoH Auw uD sRYS B8 ARIVS [NURISKY,
..?!_Eau (VLI IE-RV L v £Q PORONUDD 15U BNDILLDS] J0 UEPIXD Buipja AUR /) UDIPPUALALOORA) B PE PAMIIELOD B O) B WEP ON "TINSS) jVeisyp sanposd

Aeu) 40:npe0id PUY §188] seyi() ‘UEEOHDSdE O2'9 SMY UM SOUSDIOO0N 11 PETIT] PUN PEDIOM USIM PRUIFIAC SEON) 818 RISP 1901dA] "UoRIBy) aovwes) Auw woy peurow) Apqey
Aug Ruiepsip Aseeidre AURdWOD 1IOYI0IE VRGO PUR Aumissm j6 80R/NE (NOVYS 83(GAL, #9 AU0 pejusse.d m UISIIY DEOUSAIRI SHMISIS K0 PAVIRILGa Lo mui)u) Bl

Al

O1-LiL #dA vEOPPE-I-IN VS Ag buiddyg jo Agsiey sphon buddys jo nee.ng ueapewy

VS AEANG VS AE AR 1-L123 95810 '02'5V4S NSV 1+L1/3 85810 ‘0Z'SY SMY

: ISTVAQHJAY GNV S3ONVIHHOINOD

Y = ‘86 Y 9T e g O 18 BAY

.“e ng F‘ .ﬂe ..‘ 8 Vpusensossessnsanssae -u ION. «" »@)(

'%q) ) 2y O — 1019 Bay

(MV) :83MIVA LOVdNI HOLON"A AdHVYHO  TVDIdAL

%19 s evsessmasnas s seraraes U —

m.m« gm.wm ........................ -N c— l\v CQE&CO—M

—ﬂn Sm.om ~ﬂn 8@.0” ............................... sacnum U—Q;

. _Qn Sﬂ-mm ~“n @.N@ ............................ g:ubm Q:“:GP
Q0%SZAY%IL Q2

(1L Y~ 2O%3)  (MV) 1531LH3d0OYd TVIINVHOSN « TVOIdAL

142



o ('00) epxop uoarea seooy” b
cee L I L L . wemens e e L IGYE) DNIQIIIHS
lisodep plom ueBasphy mo . -
dn-1y Jood seBpug «
splem Aenb Aea-x o .
T T SUCHIPUOD fRUNOU JpUN BUPRORA WIOM S|SB ¢ 3t - -
. [AowWes Bejs Aspge T -
. readde Jojessdo Juepeoxg « -~
Joyeds mor. S
Qi MoJe || "
-S1143N38 ANV S3HNLVIL
"Buidid pue uewdinbe 1707
Buirow 1es 'sainanns 'sjassaA abeioys ‘sdiys o uoneopqe) el U) pesn Alepim | 208 ODqeS "B[evs T
1w pue 1snu aBz1BAR 1670 P3N B UBS 208 ODqBY 5B ARSsaoou sAempE 10U 5 |88}3 10 BujuESP-014 “SUOR e e
Boj|dde ssed-pinw pue 8|Bus uj sjoe1s Aoje Mo| pire pji jo Bujpjem uopisod e Joj peuBisop 5| zog ODgES i 1L L,

- ¢

el e e BT U L ISNOILYOTTAdY

. . "RIBIBWEIR .8}/} PUB ,Z50" ".SF0" .SEO" U] 6|qBYBAE ] 208 RV
O0qeJ ‘[BAOWAL Beis AsEa pue 5[BAS] JoNEds MO} 0 BNp wowiuiy 8 o} jdey 5 owp dn-ues|) ‘sEMEP|S 0p Slth g e
. L Ajsoju ) 518M peeq ey) puE XeAuo0 Apub|is o) 18y 5] Inojusd peBq By 'sopiedoud |edjueLeW JuB)BoXD st
thw Jis0dep piom reel Ael-x *Alifenb e seanpoid 208 0OqE “suopisod e ] Buipjem Joj peiins lemeanm ...
-~ S|y exew Deys Buzesy yoinb o Laym pojdnos Jajsurg are BjqEs pue Yioows Ajswenxe iy ‘seb Buptejys - oo

(oS OR A SRS
09 %001 WBIM posn Usym eoueuioped .E:Emao ) va:uﬁmmb. 1M PBI0D Xny .cogwom_-_a.cm 5 208 ODTed DG ~ g 4
L T ‘) INOLLAIHOS3Q

’ . - K N.‘v\t...! N oente
PR B T L T T S S A B i T e L
. .~ . A e el ,.:.s:.nu“. . . e . . °, , o . . .u ,.M.;ew.- (AN o o
tees ‘e e i . By ' AT SR T2 ¢ \“.X.;.Cnu.l.\ UoAr i -
106016 ‘XIAN : SRR
- ct .
s . . - -

_,\..mmm e R Nom@ OOQQH_

e by tty Frater s e

143



oor .

. ie ooF oFt ie o i/t
08P | oe oze S} 12 091 s
- s29 vease. OB o0e oo B9 e 12 ozl SY0'
0L 82 05z’ ore 0z ok 580’
peadg peedailM . . oA sduly paedg paaj sim ®jop  eduy sisiews|q
. wnwxep ' Wy
RS dDNVYH DNIGI3M
R0 4300 op 200 v2l 529 0¢ 008 "ZUOH-1B|3 YRED
R d320 | se..| %00 |- ee.). .08 |- L2 0Lg "ZHOH-1B14 VLo SEe
J d3og { »sesr| oot 0w gee | - €20 |-, 002 | 'PUAORAN-A| wnupdo| 14 | SPO°
R d30a {7 €| WO} 09 “gee- |t oget 002 ‘ZhoHAeld | wnwpdo | bl | SPO
K7 d3oa | “se¥ wo | foe | see e oLb 2uon-Tely” | 't | sp0°
-N\w &WOD 13 WJOOJJU hS m.“.L u..O.O‘..J,..... [y ,.Nm 5 4 vk.Sml.O... F.QN.N.N.» 1. .\.n..o.o“.mr.. mur;Om.&MTtO LRSI BN €0 mﬂo.
2., | 43007 Tee’ 200 T} &8 |T ool 82 022~ | ‘ZWOH-BId o 60 | 580"
‘an | td3oa” oE 200 59 00§ 52 081 ZpoHR | wowpdo | 60 | S50
¥ 2V 1 d30a™ o | 00 [ e [ ove T 02T oLk | dnpep-eld = g0 | 600"
S O P o Bl o B R 2
e VIva HNIGTEM G3ANIAWNOJ3Y

pPaNUIUGY 208 0Dge4

144



51000064 ONIQIIM 060b-ZEC-ELS # XV 000b-266-61L8 INOH
.—N—g.— V'S 'ELESH OIHO ‘AOML
: ANVANOD SHIHLOHE 1HYEOH

“BIIOU INOYIM JUDITED}OEDS Ko/pur Ub Rep sbusys o WO By sanieszal Legop 'spNpod Bujacicty) dnpunisueo % Avvduo) saeiarg o ewnedey,,

_ "BNAIBE 16UICIENT) LEQOH L10J) peureIgo Bq AR gRonpaxd Aveaung wenarg ieqoH Aue 1O Meeys vrRQ ARRS Wpev i,
SAUTAWVOD) RegIoIE LegoH Ag Pajjanuoo jou enbiuye) 20 Lojpuc Buipiam Aue i UD[EpUSUALCTS! B S pONIIUCD ) 0] 8 BIEp ON “TaIN. |uaejyp eonpad

Arw smnpeomud pue x)%e) Jey10 TUSIED|RedS O2'S Y I BOUEDITIOT I POIRe] pUF DOPIRM LURM PRUIVIQE $BOV] 8T TIVP [vordd ) *wossey saIUBgs) Aire L) peurour Ayjgep
Auve auppsjp Aese.dxe AUPduOD I9UINE UVIOM PUv Aluw:ivm 10 $01uentnd poyps feajddy, 12 Aup pejuessid 5] LISIOY pOUISIS! $9MBUR X0 POUNNIUCD OTTALIOJU] BIY] ,

HH WAC v§ sEuep nesing

Qb-Lid V/E0PP2 3TN YS2 8pein) o} sgy YSAZ 6peID 0} 55V

b-L143 3581D 'speoy jo neaing fesepey 1-11£3 $%81D ‘02 §V4S INSY 1113 89910 '0Z'SY SMY
‘STVAOHddY ONY SIONVYIWHOINDD

.

50 g S — o 0~ ‘DAY
.. .m&.dﬂv .wa_ .:0.9 ........ Yevverrvavvevens .u.O.-ﬂ .O><
(MV) :SINTVA LOVANI HOLON-A AdHVH) , TVIIdAL

gww gg _ —— . ssesssccssstecastrecesseas m% ﬁo :onu:vcm
gn.wm G\vm,w\m\c ............ qe00ssens :.IN s * —gw?bo—m
.3 Sm.mm g QQW.NN. . MANLMMIE LI 59._0&«“ 30;
-mn 000.2 _MQ 8\..—& . .................:....:...Eocgm Q=n¢0F

- .
M -

('siug) "4 0911 Dys (MV) :S311H3dOYd TYOINVHIIN « TVIOIdAL

P10 . L e u.:.:..” ..... i eeanyding
PO T e 1ersitatecnadienasnaree u_..cocnwcz d
0 e, uooyIS
0z} AT " gSe Cﬂ?&ﬁz
»o" —— s uoqien

. o rsjmhjauy {mapy plom
mmamugomﬁvamn_Egormmpmmnoma,ﬁmsSm?...«oﬁﬁ

145



tv-1rreL vy tv-te8 jvs SISAIVYNY D1ave g WEKAIVNY WHDHNUDI LD NOITSIALNY g Io8 e oNINOD I Y

aer JDOaN10 e DN 100D a:ivhariaoy AN Y NI VISOA* VIS LN PR NI ] C;:uZE::uS.:JN—.<1=CZ~Z INUWIVANT jvan 1St DINosYIL In L&n .y
VOMY HY3HS VS MWSL) wwOE I wwEL1Z WWELI) AZIS-ANS LIVAWMI  (xJSegtn WWOLID WwOE ) ANNOY Ly SISl wwpgig wwpgl:d i)
.=.lloeu.<.¢<4302<hUHz HLONBT AODONVD) 1D wnwle—:b.~.xw.iwmccu.uAJ<Z.QJL.UZQJ.J NOl14DUNIQ !Ohbﬁa~u.u.32.!.!.xch.k NOILISO4d z
— -
A IELEN oS
_ Is
et [ MY lisyr | =aan 1 u
oty 9927y 1 280 IVI0L ONYYD ses
gy 99279 1 see  IVIDL IO0VHD eee
NIWZJS X X 930 068 | <=== DNIZIIVHYEON
. sl IN3WLIVIHL 1VIH e
doty 9very oo 2(020) V10l 8RS 8w
. 178696s] <o 19vdn1 19£6965 <> NOISNIL ! DN NIWII3dS o+
14 ¥l e j’s k of ISy ¢ Pt 01850 |3 N 15 ° ¢ Y 728 9709 Mot 2091665050009y 1 00021X0092x1,
2yefelsefelzlel ¥ [Tk [x Jovan [FT wox |, HH/DY 1 TE
B (L I LU (20 LA i e e [T HOA 58 O L Ll on on
-Z..mﬁm.aql_ L Wvauveannanal SL | da b Lonoond  [3ouva-dinn ) pmfeve SNOJISNIHWIQ
b B L
1Ho4g y
0C80IX M) HOIIISOANOD T1v3Imans o b I ,puuw,u.._«:. M asaL 3risnag Tk JsRtn pg e + % * Kk
tedotrx n R . .
vty 1 L A Brwe Moo oo
goonrn . I]J
I‘JI‘Mllid!'iJ ANSSE 40 31va —— - - TTTTT N faane N NOLIYDl 410348
2ecl "0 tavw T TR [ 037011 oW 7T RS L N
CR T T ON Y 4 Ny — " MU R — Al1aonnod
£0-7050-dd-28 0 L g 037011 grwrn S v wonnos
FOHOMT CN0ILY ALY tueNra AHAG NENS & gng % T ON ¥3030
tSHNOn navioa ) ; ) 23015 T b A »
RIS 8 Nowt awvmod TEVOTILLAAD v sad 11y :
([ 14 £ ) o U7 RN e 12YUINDD
Nt 6 sE _< i 2 by B “..._.w 8YZ1vdds Y

A@_m H3a)

146



ot st MDAl UM hOIUCH

£AxI10GE] SoumImesy Aot J1OMRI00 ST NOIVINHOINI SACEY IJHL AMUHID ABIHIH IM

s UM . t

200 am v W.
AL 33 ¢ 1S3. - 35705 17350073

= | SSSIIS WD LSTEZT Wl

9£0£4ESID o com AWy

. AV W

o‘omv- NI lw‘—bﬂcit auy €34 3N N338 SYH J338S d‘_..!
. *99 W2 S8 1066 =.333XJ MI4 AN .

"

........

HWVBS % i dindd fadal) Vo sn3t lowa [ ™

3 ¢ .wm. ssoy)
g=cs

€ne

saoz3

T SNV ITHY 3001323032 S2INC S :u.-. gy u3zovhs ST AcHuSH °T 33 ~38% &5 "§3 o6 iS5 S#sv CWewn
T *7) S99-2ESV NASY “9EWE T 9ENV ~u3 Ssu-1£IV 1SV : 06 YA E-L1VE W3AVW
o909 X STWIIRD | 2505 71 TIVIING | WO W i-mu.c.mnﬂw.l

ZIANGY VHIMWM SN SNV

53381 1WVMEAS I A¥E? 3%°4S LNVR3AS “S TO0E¢ V4 NLST 2SN &N.d
*383 ‘NOS 3 NOSHIAY °i °T =INI “NOS 3 BOSU3AM "1°r *3%1 SNOS 3 NDSH3AY *i°r’
’ ol 0L o<

.—.UMII,— e IO ST ¥

- R 77
-/ /44

w2 )atvoraiiuao 1san R

T100-ECS9 OnHIANO TN
EEe/%0/S0 ve
e2-10-2%69 oOnNITIS
16 J0 IC “0ON 39V

147



APPENDIX F

Photographs of Weld Profiles
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X STEEL = A-36 AMPERAGE = 300 :)/
IT‘ WELD = E71T-1\ Excel-Arc 71 \ C25 TRAVEL = 23.5 (ipm) ;
| 4
24 28
i
TRIAL 2 TRIAL 3
26 30
- 3 ad
TRIAL 1 TRIAL 4
SCALE (MM)
1
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g STEEL = A-36 AMPERAGE = 265 g
I{, WELD = E71T-1 \ Excel-Arc 71 \ CO2 TRAVEL = 19 (ipm) (ipo I{.
26 27
TRIAL 5 TRIAL 6
SCALE (MM)
H+H
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012345



Vi \Y
o | STEEL = A-36 WELD = E71T-1\Excel-Arc 71\CO2  TRAVEL = 23.5 (ipm)| ©
L T
WK WK
ANG AMPS =300 AMPS = 340 ANG]
27 33
450 45
TRIAL 7 TRIAL 18
5 ]
27
i 30
45° ‘
~ 50°
TRIAL 17 TRIAL 19
30
50°
TRIAL 20
SCALE (MM)
-

012345



A _ _ A
M STEEL = A-36 VOLTAGE = 30 M
l; WELD = E71T-1 \ Excel-Arc 71 \ C02 TRAVEL = 23.5 (ipm) IS)
=
300 g 315
/3
310 320
TRIAL 9
vl WREE 5
315 *‘ 325
Wil
TRIAL 10 TRIAL 13
SCALE (MM)
-
012345



- O <L

STEEL = A-36 AMPERAGE = 340

MO

WELD = E71T-1 \ Excel-Arc 71 \ C02 TRAVEL = 23.5 (ipm)

‘

TRIAL 15

(98]
(OS]

TRIAL 16

SCALE (MM)
-
012345



0123

2)/ STEEL = EH-36 WELD = E71T-1 \ Excel-Arc 71 \ CO2 ?)/
L L
T AMPS = 150 AMPS = 200 i &
S TRAVEL = 7.25 (ipm) TRAVEL = 10.5 (ipm) S
20 22,
TRIAL 25 TRIAL 28
23.3
TRIAL 26 TRIAL 29
=
23 25
TRIAL 27 TRIAL 30
SCALE (MM)
b
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g STEEL = EH-36 WELD = E71T-1 \ Excel-Arc 71 \ CO2 :)/
L L
T AMPS = 235 AMPS = 280 T
S TRAVEL = 15 (ipm) TRAVEL = 17.5 (ipm) S
23.5 g 25.5
e
25 27
26.5 29.5
TRIAL 33
SCALE (MM)
-
012343
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STEEL = EH-36

WELD = E71T-1 \ Excel-Arc 71 \ CO2

n=HCO<L

28

AMPS =300
TRAVEL = 21.7 (ipm)

AMPS =330
TRAVEL = 24.5 (ipm)

n-_Q <

TRIAL 37

295

31

S,

293

TRIAL 39

31

e

2 «m‘ﬁ“i

335

|
A Fl i R e 5

TRIAL 42

SCALE (MM)
=t
012345



STEEL=EH-36 WELD=E71T-1\Excel-Arc 71\CO2 TRAVEL = 29.25 (ipm)

AMPS =365 AMPS = 365

- Qo<
= Q0 <

31 359

325 34

TRIAL 52

Trial 52 had the welding electrode located
3mm above the weld joint intersection.
The other welds shown had the welding
electrode located directly at the joint
interface.

34

TRIAL 45

SCALE (MM)

=t
012345



STEEL=EH-36 WELD=E71T-1\Excel-Arc 71\CO2

TRAVEL = 24.5 (ipm)

n-COQ<

AMPS =330

33

29.5

TRIAL 48 (3mm)

2R el e R

33.5

TRIAL 50 (1.5mm)

TRIAL 51 (5mm)

]

335

3335

TRIAL 49 (3mm)

Trials 48 thru 51 had the welding electrode
located above the weld joint intersection

by the amount indicated in brackets.

Trial 47 had the welding electrode located

directly at the joint interface.

SCALE (MM)

1
012345



T
¥ A|R
0 M| A
I plv STEEL=EH-36 WELD=E71T-1 \ Excel-Arc 71 \ CO2
T
S S |E
i HARDNESS VALUES (ROCKWELL A)
23 [170]6.8
ipm
TEST 1
26 | 2394 15
ipm
TEST 2
27 k700175 v . ..
ipm o r
TEST 3

SCALE (MM)

-+
012345




T
Via | r
Olm | a
Lip |v STEEL=EH-36 WELD=E71T-1 \ Excel-Arc 71 \ CO2
s |
1 _JHARDNESS VALUES (ROCKWELL A)
31{300f21.7 i a
ipm 1 4
TEST 4
1 7@ 415
*Rc4e
ol
32|330[25.7 p ° kG 7. 2,
ipm
> 633T™ 1
¥ ; 06,5
= 58 %05 @
TEST 5 TEST 5 ‘
F o @
@ 49
, 67
SHN
331350[29.3 ; 675_
ipm o T 68 "‘ ® 66.2
®y  uqg
®
TEST 6 TEST 6
SCALE (MM)
H—+—+
012345

160



STEEL = EH-36 WELD = E71T-1 \ Excel-Arc 71 \ CO2

i RN ol
RS
rm<»r-

HARDNESS VALUES (ROCKWELL A)

33.5) 330424. e 53
ipm

TEST 7

Test 7 had the welding electrode located
2.5 mm above the weld
joint intersection.

SCALE (MM)

H—++
012345
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rm<>»®-

160

6.9
ipm

27

260

17.5
ipm

33

350

29.3
ipm

STEEL=DH-36

TEST 8

WELD=E71T-1 \ Fabco 802\ CO2

HARDNESS VALUES (ROCKWELL A)

TEST 10

SCALE (MM)

A
012345



APPENDIX G

Subroutine to Reduce Testing Data
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APPENDIX H

Upper Bound to the Weld Limit Load for Test Geometries
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APPENDIX H

UPPER BOUND TO TENSILE STRENGTH FROM PLANAR SLIDING
(APPLIED TO TEST SPECIMENS)

This method is from calculations included in Report 26 by McClintock (1994).
These calculations are used for the comparison of test results to theory shown in Table 5.1.

Upper Bound from Planar Sliding of Homogeneous Welds with Arbitrary Penetration and Weld Angle
A . Assigned Variables

Variable Definition
6,,= weld angle

dx= weld leg length along the x-axis (mm)
Hv= average Vickers hardness (Kg/mmA2)
k= vyield strength in shear (N'mm*2)

x.= x-coordinte of the crack tip (mm)

y.= y-coordinate of the crack tip
0,5= angle to the upper slip line from the x-axis (radians)
angle to the lower slip line from the x-axis (radians)

[[}

fsc
Bagt= angle from the craack tip to the upper toe (radians)

8gce= angle from the crack tip to the lower toe (radians)
Iag= length of the upper slip plane (mm)

Igc= length of the lower slip plane (mm)

b= length of the tested specimen

Assigned Variable Values:

Xe, T b.= Yec ° Oy, = dy = i=1.10
1 1 1 1 1
0-mm .1265-m| [0-mm 785398 rad 5.7-mm
O0-mm 128 m} [0-mm 785398 rad 5.9-mm
1.1-mm 1275-m | [0-mm 785398 rad 7-mm
2.2-mm A125m)| {0-mm 785398 rad 17.2-mm
2.7-mm A25m} |0-mm 800322-rad | 6.6-mm
3.2-mm 24m| [0-mm 763179 -rad 6.9-mm
2.1-mm J126m | (0-mm 1765792 'rad | |7.8-mm
0-mm 124-m) [0-mm 1833904-rad | }4.9-mm
2.2-mm 126m| j0-mm 725767 rad 7.1-mm
3.3-mm 1255 m| [O-mm 844154 rad 5.6-mm
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0 n S ‘:
ABt ° T T atan, - ]
i 2 ld,tan/8 -y . -
i \d’% tan‘\e W, Ve j eABtl 1.571
LYo
1 |
6BCt. ~ratani g
! (Gx TXc )
Lo i
% ABo, % ABt
¥BCo, “¥BCt
f! i /
d - ' |sin \
l Xi+ xci . J sm\()wi/
)‘( [\ wlil '
1 - ‘\ A
BCO. ./ \
: sin(6 y, ~0pco |
VT i/
sinf0, +0pco. | L
1 -1 k i i/ If the upper slip line breaks through to the
ABOi “'BC

o, sm{e w t GABo.\ weld surface.
1 1/

B. Calculations for the Shear Strength of the Fillet Weld

TSm, .= TSh, = ’
! ! Tensile Strength
37400-psi 100000- psi EXCEL-ARC 71(TESTS 1-7)
87400-psi 115000-pst FABCO 802 (TESTS 8-1C)
87400 psi 104000- psi TSm(Values by electrode manufacturer)
87400 psi 116000 psi TSh(Values by Rockwell A)
87400-psi 116300- psi
87400-pst 127000-psi
87400-pst 112000-psi
81700-psi 88000-psi
81700-psi 102000-psi
81700-psi 109000- psi
TSm. TSh. Shear strength of the weld in yield.
Km, = ——;—‘ Kh, =—o - Km= shear strength by manufacturer test
A3 A3 Kh= shear strength by hardness tests
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D. Calculation of the Limit Load of the Web

Limit Load Calculations from Hardness Tests.

TS =58000-psi Ultimate Tensile Stress of EH-36 base plate.

TS =40.778 k;‘fz From Rockwell A test (42.5 value)

mm
¢ =15mm Thickness of the web.(For typical tankers)
PL bp '=t-i-TS The 2/sgrt(3) accounts for the plane strain condition.
3
PLy,, =706.296 <&

mm
Limit Load Calculations from Testing on the Plate (From plate manufacturer)
UTS =82091.4-psi

kef Tensile strength of EH 36 plate

UTS =537.716 - —— from manufacturer tests.
mm2

.2
PLpp =t—="UTS Tensile Strength of web with
typical tanker ship dimensions.

kef
PLy_ =999.67 &
bp mm

E. Calculation of the Limit Load of the Weld in Transverse Loading

Upper Bound Limit Load (Kgf/mm)
2-Km,

Pubm, = '(‘ ABo’ icos(" BCo.:‘.; - 1o, {cos(8 ABo)!\l Manufacturers
! Sm<9 ABo, ~ eBCo.> . v o Vi weld strength.
1 1,
2:Kh, ! Hardness
e l . . \ ! - .
Pubhi " sinf6 -8pc ) <l ABo, !cos<9 BCO;) i ' 1BC°i IC°S<9 ABoim estimates of weld
\ ABo; % strength
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UPPER BOUNDS TO THE LIMIT LOAD FOR THE 10 TEST SPECIMENS

Test Manufacturer Tensile Strength Hardness Estimated Tensile Strength
! Pypm =404.44 ;—i— Pyph, =462746 I‘;__i

2 P ubm, ~ 418.631 % P ubh, =550.83 kﬁ

3 P ubm, =599.26 :fl P ubh, =713.079 r_l;_i

4 P ybm, =762.365 :—;’5 Py, = 1.012:10° I;g;f
5 P ubm, =820-566 %—i Py, =109 10° %
6 P upm, =925.847 Eni—'fn P iph, =1:345° 10° %
7 P upm, =770:564 i—i— Pyph, =987451 %

8 P upm, =38.166 % P b, =385.784 %1

9 p ubm, =684.22 Em% p ubh, =854.228 - km_%tn

10 Pubmm=841.7z.11;_tifl Pubhw=1-123‘103 %
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APPENDIX I
Upper Bound to Weld Limit Load for Test Geometries

(Without Penetration)

170



APPENDIX |

UPPER BOUND TO TENSILE STRENGTH FROM PLANAR SLIDING
(APPLIED TO TEST SPECIMEN GEOMETRY WITHOUT PENETRATION)

This method is from calculations included in Report 26 by McClintock (1994).
These calculations are used for the comparison of test resuits to theory shown in Table 5.1.

Upper Bound from Planar Sliding of Homogeneous Welds with Arbitrary Penetration and Weld Angle

A . Assigned Variables

Variable Definition
6,~ weld angle

dx= weld leg length along the x-axis (mm)
Hv= average Vickers hardness (Kg/mm*2)
k= vyield strength in shear (N/mm*2)

X.= x-coordinte of the crack tip (mm)

y.= y-coordinate of the crack tip

8,p= angle to the upper slip line from the x-axis (radians)
6gc= angle to the lower slip line from the x-axis (radians)
6= angle from the craack tip to the upper toe (radians)
8gc= angle from the crack tip to the lower toe (radians)
lag= length of the upper slip plane (mm)

lgc= length of the lower slip plane (mm)

b= length of the tested specimen

Assigned Variable Values:

Xe, = b= Ye © bw, = dx = i'=1.10
1 1 1 1 1
0-mm .1265-m | (0-mm . 785398-rad { [5.7-mm
0-mm 128 m| (0-mm .785398-rad | |5.9-mm
0-mm .1275-m | {0-mm 785398 rad 7-mm
0-mm 125m| [0-mm .785398-rad | {7.2-mm
0-mm 125m/| [0-mm 1800322 rad | 16.6-mm
0-mm 124m| [0-mm 763179-rad | 16.9-mm
0-mm .126m| [0-mm .765792-rad | [7.8-mm
0-mm 124m| [0-mm 833904-rad| K4.9-mm
0-mm 126m| [0-mm .725767-rad | {7.1-mm
0-mm .1255-m}{ [0-mm 844154.rad | |5.6-mm
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eABt '=E+atan
i 2

Ye. \
i
eBCti :'atan —

i

6A.Boi :BABE

¥BCo, “9BCt,
."’ Ye.
id X, - !
\‘ xl* G tan<9
1\

1 BCoi -

sm(e Wi 1 6 BCOJ

in(8y, +0pco |
1 =1 .Sm< Wi i BCOi/’ If the upper slip line breaks through to the
ABo, =" BCo, sin(G w eABo.\ weld surface.
\ 1 1

B. Calculations for the Shear Strength of the Fillet Weld

5m, = T3h, = Tensile Strength
87400 -psi 100000- psi EXCEL-ARC 71(TESTS 1-7)
87400-psi 115000-psi FABCO 802 (TESTS 8-10)
87400 psi 104000-psi TSm(Values by electrode manufacturer)

87400 psi 116000 psi TSh(Values by Rockwell A)

87400 psi 116300-psi
87400-psi 127000 psi
87400 pst 112000-psi
81700-psi 88000-psi
81700-psi 102000-psi
81700-psi 109000 psi

TSm. TSh. Shear strength of the weld in yield.
Kmi = Khi = ! Km= shear strength by manufacturer test
13 A3 Kh= shear strength by hardness tests
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D. Calculation of the Limit Load of the Web

Limit Load Calculations from Hardness Tests.

TS '=58000-psi Ultimate Tensile Stress of EH-36 base plate.
TS =40.778 el From Rockwell A test (42.5 value)
mm2
¢ =15mm Thickness of the web.(For typical tankers)
PL bp ° t-—z—-TS The 2/sqrt(3) accounts for the plane strain condition.
3
- ket
PL bp 706.296 E

Limit Load Calculations from Testing on the Plate (From plate manufacturer)

UTS '=82091.4-psi
Tensile strength of EH 36 plate

Kef
UTS =57.716 __g% from manufacturer tests.

mm
PL,  =t.-2.UTS
bp " Tensile Strength of web with
N2 typical tanker ship dimensions.
- kgt
PL b, =999.67 -5

E. Calculation of the Limit Load of the Weld in Transverse Loading

Upper Bound Limit Load (Kgf/mm)

2-:Km, ) .
Pubm, == 1 '(1 ABo. cos(eBCo.\!i +IBC0.'i°°S/eABo.\i\} Manufacturers
i Sm(e ABo, eBCoi> ‘ i A Y weld strength.
2:Kh, . : Hardness
= ! A - |cos/ W+ 1nen-icos(8 ann )
Pubh, = . ! ABo, !°°S\QBCOi ) IBCo; 1%05(% ABo, || estimates of weld
sin(® AB, 9Bco, )
k i i strength
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UPPER BOUNDS TO THE LIMIT LOAD FOR THE 10 TEST SPECIMENS (Penetration = 0)
BLOCK SLIDING METHOD

Test Manufacturer Tensile Strength Hardness Estimated Tensile Strength
- kgf - ef
1 Pipm, =404 44—= P ubh =462.746 25
mm 1 mm
= a7 . kef — 230 93 K&
2 Pubm2 =418.631 —=- P ubh. = 550.83 - =
mm 2 mm
ket B} kef
P =496.68 «-=- P =591.016—=
3 ubm, mm ubh, m
4 Py =510871-5& Py =678.044 K&
4 mm 4 mm
_ kef - .kt
5 P ypm. = 482.489 =% P ubh =642.031-=%
) mm S mm
Py = 468208 -5E Py =680.479- 58
6 6 mm 6 mm
; P =532.157 K€ Py =681.94-XE
7 mm 7 mm
8 P b, = 358.166 ket Py =385.784- K8
mm 8 mm
o kef 3 _ kef
P =417.859 «— P =521.685 -
9 ubm9 mimn ubh9 mim
kgf < kgf
P =417.86— P =557.487 ~—=-
10 ubm, mm ubh,, mm

Note: For welds with a weld angle greater than 45 degrees the slip line solution is determined by
the following formula:

TEST PL (kgf/mm)

i

r / 3

I T(\

C=Khdy-1+210, ——|
PL; =K, Xit v 41 5 641.77
8 384.02
10 553.84
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