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Edward T. Gaines, Associate Member, lngalls Shipbuilding, Inc., Pascagoula, MS

ABSTRACT design equations are compared to the
existing U. S. Navy criteria.

This paper reviews development of
weld design equations which can be used 
to analyze beveled partial penetration
tee Joints. The method developed herein
follows closely the development of
equations for design of square edge
partial penetration tee Joints which was
presented at the 1936 Ship Production
Symposium. for U. S. Navy ship design,
technical authority is vested in the
Naval Sea Systems Command (NAVSEA). The
published NAVSEA design criteria for
partial penetration tee joints is so
conservative that it is mathematically
impossible to design a conventional 100
percent efficient partial penetration
beveled tee Joint. The alternate method
for beveled Joints outlined in this
paper might be an acceptable replacement
for the simple, though unduly, conserva-
tive existing design criteria with a
more rigorous engineering analysis.

Partial penetration welds are
preferred to full penetration welds
because they do not require backgouging.
A backgouge is typicallv required for
full penetration tee joints. This
operation removes some of the weld root
deposited on the first side, and gener-
ally cuts away a large amount of the
base material on the second side. The
base material removed must, of course,
be put pack by welding. This raises the
cost to achieve a full penetration Weld
not only for the backgouge operation,
but also by the cost of adding back the
solid material which was removed during
backgouge.

The terminology is in accordance with
American Welding Society and applicable
military standards. The important terms
and abbreviations are explained below.
See figure 1 for further clarification.

The alternate method for bevelled
joints is similar to the alternate
square edge Joint design criteria
presented in reference (1). Again, six
probable conditions for failure are
investigated. These are derived, from
three probable locations (the weld
throat or the intercostal or the contin-
uous neat affected Zone Boundaries)
under two possible load directions
(longitudinal or transverse to the
weld). The corresponding equations used
to design conventional square Joint
fillets are modified to account for the
neat affected zone boundary changes due
to the bevel geometry as well as for the
fillet size.

The modified design equations
developed in this paper are applicable
to Joints with balanced or unbalanced
bevels. A sample implemention of the
design equations using an electronic
spreadsheet program on a Personal
Computer are included. The proposed

CONTINUOUS MEMBER- The member which
continues through the tee joint.

INTERCOSTAL MEMBER- The member which
ends at the tee joint.

AB- Angle of bevel

AH- Angle of HAZB. AH=AB for  geometry

B- bevel depth

E- weld joint Efficiency: weld strength
as a percentage of the strength of the
intercostal member.

HAZB- Heat Affected Zone Boundary

S- Size of fillet leg
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SNC- Ultimate Shear strength of the Con-
tinuous member.

SUI- Ultimate Shear strength of the
Intercostal member.

SWL- Shear strength of the Weld, Longi-
tudinal airection.

SWT- Shear strength of the Weld, Trans-
verse direction,

TC- Thickness of Continuous member

TI- Thickness of Intercostal member

TUC- Ultimate Tensile strength of the
Continuous member.

TUI- Ultimate Tensile strength of the
lntercostal member.

Z- land width; TI minus the right and
left Devel depths

ALTERNATE FILLET SIZING

There are two methods approved by
the U.S. navy for designing  square edge
fillet welds for surface ships, The
original method is documented in refer-
ence 4. The alternate square edge fillet
design method was developed by Charles
Jordan anti Bob Krumpen of Newport News
Shipbuilding (references 2 & 3) during
the 1970's and 80's. NAVSEA autnorized
use of the alternate method for surface
ship construction and repair.

The proposed design method for bev-
el edged tee joints is an extension of
the NAVSEA approved alternate method for
determining minimum fillet sires for
square edge tee Joints reported in ref-
erence 1. At the time of this writing,
use of the Partial penetration beveled
tee Joint design method presented in
this paper is under review by the Naval
Sea Systems Command, U. S. Navy, and has
not implemented at lngalls.

DERIVATION OF METHOD

The derivation of the purposed bev-
eled edge tee Joint design equations
exactly paraliels development of the
approved alternate square edge fillet
sizing method. Two possible conditions
of loading are considered; longitudinal
(shear along the weld and transverse
(tensile) to the weld. Shear across the
weld (in the plane of the continuous
member) is not considered in either
method. The longitudinal shear loading
would be typical of a beam and plate
combination in pure bending. The trans-
verse tensile loading would be typical
of a stancnion or foundation.

Under each condition of loading,
three possible failure locations (sim-
plified fracture surfaces) are consi-
dered. Please see figure 2 for a pic-
toral representation of the three sur-
faces. The strength of each of the three
planes is related to the strength of the
intercostal member by a design equation.
The weld joint design is adequate when
the weld strength equals the weaker mem-
ber strength. A correctly designed 100%
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efficient weld must satisfy ail six pro-
posed design equations and will provide
100% of the strength of the weaker mem-
ber under both loading directions.
Throughout this paper, the intercostal
member is assumed to be the weaker.

LOGITUDINAL SHEAR LOADING

Pacity (weld longitudinal shear strength
times the total throat failure plane
length) is related by the required effi-
ciency to the intercostal member shear
strength using the following equation:

(1) TI < (SWl) (total throat Length)
(Sul) * E

For geometry "A", where the bevel height
is Smaller than the fillet size (B < S /
TAN(AB)),

(1A) throat length = .707 * (S+B)

Condition 2- Relates load capacity
of the intercostal member HAZB (heat
affected zone boundary) to the
intercostal member load capacity under
longitudinal shear loading. The HAZB of
a steel weldment is also a possible
failure location due to embrittlement,
grain growth and thermal residual
stresses. In the case of shipbuilding
steels, the HAZ does not necessariiy
weaken the joint. The HAZB of an alumi-
num weldment is a 1ikely failure loca-
tion due to annealing and residual tner-
ma1 stresses. In the case of aluminum
ship design, the annealing effect is
offset by use of the annealed material
strength for design.

When ML this equation is identical to
equation (1) of reference (1). When B=O,
only geometry “A” is applicable.

The strength of the weld is the
intercostal member ultimate shear
strengtn times the total length of the
intercostal member HAZB. This is related
by the required efficiency to the

FIGURE 2: (CONDITION)

The close parallel relationship of
equations between the Proposed bevelled
joint design method and the approved
alternate Square edge joint design meth-
od shows that the proposed equations are
an extension of the alternate square
edge equations rather than a departure
into radical new design theory. This
factor should simplify and speed aporov-
al of the proposed equations based on
Past approval of the alternate square
edge fillet design equations.

For geometry "B", where the bevel height
is larger than the fillet,

(1B) throat length = SQRT(SA2 + BA2)

LONGITUDINAL SHEAR TRANSVERSE TENSILE
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intercostal member shear strength using
the following equation:

(2) TI < (total intercostal HAZB Length)
E

In developing the equations for
fillet welds loaded in longitudinal
shear in reference (1), the HAZB was
assumed 10% longer than the length of
the fillet leg to account for the pene-
tration of the heat. Based on examina-
tion of macro-etched weld samples this
was reasonably accurate. See figure 3
for an illustration of the HAZB in a
partial penetration joint.

For geometry “A” only, the actual
HAZB length is not easy to calculate. To
permit development of simple equations,
a very conservative assumption is used
to estimate this HAZB length for the
proposed design method. First, the HAZB
is assumed to be the shortest distance
between the top of the fillet leg and
the root edge of the bevel (no credit
for root penetration of fillet oversiz-
ing). Second, the 10% extension for heat
penetration is not used. The 10% exten-
sion was used in references (1) -(3) to
design square edge filiets. It was valid
then, and would be valid for most, but
not all, bevelled joint designs.

Thus for geometry "A" where the
bevel height is smaller than the fillet
(B < S / TAN(AB)),

(2A) HAZB length = SQRT(SA2 + BA2)

When B=O, geometry "A" is applicable and
it can be seen that this equation dif-
fers from equation (2) of reference (1)
only by the 10 percent HAZB length in-
crease which is not used here (due to
conservative approach).

F I G U R E  3 :
MACRO-ETCHED ALUMINUM
WELD SHOWING ACTUAL HAZB

For geometry “d”, the HAZB will
always be longer than the shortest dis-
tance between the root and the fillet
toe. Therefore, the 1O% increase of
references (1) - (3) is used. For geome-
try “B” where the bevel height is larger
than the fillet,

(2B) HAZB length = m

Condition 3- Relates the capacity of the
continuous member HAZB (heat affected
zone boundary) to the intercostal member
capacity under longitudinal shear load-
ing. The HAZB of the continuous member
is also a possible failure location due
to the same reasons as outlined in con-
dition 2. The strength of the HAZB is
the continuous member ultimate shear
strengtn times the total lengtn of the
continuous member HAZB. This is related
by the required efficiency to the
intercostal member shear strength using
the following equation:

(3) TI < (Cont. mem, HAZB Length * SUC)
(SUI   * E)

The HAZB length is assumed 10% greater
than geometric length. This assumption
was used in references (1)-(3) and exam-
ination of macro-etched samples shows
this assumption remains valid. For both
geometry “A” & “B”;

(3A) & (3B) HAZB length = 1.1  * (S + B)

When B=O, this equation is the identical
to equation(3) of reference (1).

TRAKSVERSE TENSILE LOADING

Condition 4- Relates load capacity of
the weld throat to the load capacity of
the intercostal member for transverse
loading across the weld throat. In this
case the lengths of the right and left
throats are calculated assuming a 45
degree angle of the failure plane to
give minimum length. This is conserva-
tive because actual (and theoretical)
failures show a failure Plane of about
60-70 degrees. The strength of the weld
is the weld transverse shear strength
times the total throat failure plane
length. This is related by the required
efficiency to the intercostal member
tensile strength using the following
equation:

(4) TI < (SWT  * total throat Length)
(TUI *  E)



For geometry "A", where the bevel height
is smaller than the fillet height
(B < S / TAN(AB)),
(4A) throat length = 707 *  (S+B)
When B=0, this equation is identical to
equation (4) of reference (1). When B=O,
only geometry “A” is applicable.
For geometry “B’, Where the bevel height
is larger than the fillet,
(4B) throat length = SQRT(SA2 + BA2)

reasons as outlined in condition 2. When
calculating the strength of the inter-
costal HAZB the directionality of the
capacities must be considered. Mohr’s
stress transformation is used to calcu-
late the maximum shear stress along the
HAZB, When the geometry satisfies the
equation below, the maximum shear stress
will be less than the intercostal member
ultimate shear stress. The derivation is
show in figure 4. The intercostal mem-
ber HAZB capacity is related by the
required efficiency to the intercostal
member tensile strength using the fol-
iowing equation:

Condition 5- Relates the load capacity
of the intercostal member HAZB (heat (5) TI< (I’costal HAZB Length *  SUI)
affected zone boundary) to the load E*SQRT((COS(AH)/2)A2~+SIN(AH)A2)
capacity of the intercostal member under
transverse tensile loading. The HAZB of A Mohr’s transformation for princi-
the intercostal member is also a possi- pal tensile stress less than intercostal
ble failure location due to the same member ultimate tensile stress was

FIGURE 4: Development of equation (5) using Mohr’s approach.

P= TUI (TI)   HAZB ANGLE= AH
L H= HAZB LENGTH

S A T I S F A C T O R Y  I F  M A X I M U M  S H E A R, 

REARRANGING GIVES



considered when developing the proposed
design method. In the case of a balanced
joint wih a sixty degree bevel, this.
works out to a minimum bevel depth of
(.29) T. This value is the same as the
American Welding Society recommended
design from page 157 of reference (6).
However. the shear comparison is used
for this paper so that when considering
a square edge (B=O) Joint, equation (5)
in this proposed method will match equa-
tion (5) of reference (1).

For geometry "A", where the bevel height
is smaller than the fillet leg height
(B < S / TAN(AB)),

(5A) HAZB length = 1.1 * SQRT(SA2 + BA2)
HAZB angle = ARCTAN(S/B)

For a fillet where B=O and AB=90, the
proposed equation (5) is identical to
equation (5) of reference (1).

For geometry “B” where the bevel height
is larger than the fillet,

(5B) HAZb length = 1.1 * B / COS(AB)
HAZB angle = AB

Condition 6- Relates load capacity of
the continuous member HAZB to the load
capacity of the intercostal member under
transverse tensile loading. The HAZB of
the continuous member is also a possible
failure location for the same reasons as
outlined in condition 2. The strength of
this HAZB is the continuous member ulti-
mate tensile strength times the total
length of the continuous member HAZB.
This is related by the required effi-
ciency to the intercostal member ulti-
mate tensile strength times it’s thick-
ness using the following equation:

(6) TI < (cont, mem. HAZB Length * TUC)
(TUI* E)

Because the continuous member HAZB is
loaded transversely (tensile), the HAZB
length was assumed as the projected
length. For both geometry "A" & "B";

(6A) & (6B) HAZB length = (S + B)

When B=O, this equation is identical to
equation (6) of reference (1).

EXISTING DESIGN CRITERIA

The existing approved U.S. Navy
method for design of partial penetration
beveled tee weld geometry is published

in section 5.3 of reference (5). That
criteria has several significant short-
comings. It is not as precise or accur-
ate as the proposed method. Also, it
usually requires excessively large welds
in most cases, but could result in inad-
equate joints in other cases. Finally,
the existing calculation method is ap-
plicable only to symmetrically beveled
joints, even though unbalanced joint
designs are permitted.

First, let us see an example show-
ing now conservative the existlng Crite-
ria is. Examine the design requirements
for HS steel (TUI= 75 Ksi) welded with
7018 SMA filler (SWL= 59 ksi). From
section 5.3.1.1 of reference (4) we get
the equation

(7) D = Design Factor =

= (.635) T

When D is less than .707 inch (T less
than 1.112 inch for this material combi-
nation), section 5.3.1.2.1 would control
and require:

(8) B = D / 1.414 = (.449) T

If this equation were applied to a one
inch thick intercostal member, the bevel
depth required would be .449 inches, and
the required fillet would be l/2 inch.
By contrast, the method proposed in this
paper would only require a 3/8 incn
fillet and bevel depth (both sides).

However, the weld calculated in
equation (8) above would not be permit-
ted because the land width above is .105
inches and the minimum land width per-
mitted by note 1 in figure 23 of refer-
ence (5) is 3/16 inch. When the minimum
required land width is substituted into
the land width equation of section
5.3.1.3 of reference (4) as shown in
equation (9), we find the minimum thick-
ness of 1.84 inches is greater than the
maximum thickness (1.112 above) for
which equation (8) is valid.

(9) 3/16 = Z = T - 2 B = (.102) T
Tmin = .1875 / .102 = 1.84

If we were to assume a member
thickness of 1 l/4 inches, then section
5.3.1.2.2 would be govern because D is
greater than .707 inches. B would be
found using the following equation:

(10) B= SQRT ( D*D - 0.25) = .616

This yields a land width of 0.017 inches
which again does not meet the minimum
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land requirement of reference (5). Thus,
there is no valid solution by the pub-
lished U.S. Navy design criteria for a
100% efficient partial penetration
weldment of this material combination
for this range of thicknesses,

However, it is also possible to use
'the published design method to design an
inadequate  joint. Let’s examine the

SELECTION OF MATERIAL PROPERTIES

It can be seen from the previous
discussion that the alternate fillet
sizing method requires material

properties not previously required to
satisfy the standard metnod. The stan-
dard method from reference (4), equa-
tions (7) - (10), required tensile
strengths of the continuous and
intercostal base materials, and the
longitudinal shear strength of the weld
material. The proposed method, equations
(1) through (6), requires, in addition
to the above mentioned properties, the
ultimate shear strengths of the continu-
ous and intercostal base materials, and
the transverse shear strength of the
weld material. Based upon material test
data and application of weld and metal-
lurgical theory, NAVSEA has approved the
use of some ratios to approximate the
additional material properties.

First, the ultimate shear strengths
of the base materials are related to
their ultimate tensile strengths. For
steels, NAVSEA has approved the conser-
vative assumption that the ultimate
shear strength is 75% of the tensile
strength. For aluminum, NAVSEA has ap-
proved the assumption that the ultimate
shear strength is 60% of the tensile
strength. This results in the following
equations:

(lla) SUI = TUI  * (0.75 for steel)
(11b) SUI = TUI * (0.60 for aluminum)

(12a) SUC = TUC  * (0.75 for steel)
(12b) SUC = TUC * (0.60 for aluminum)

Second, the transverse shear
strength of the weld is related to its
longitudinal shear strength. For steels,
NAVSEA has approved a ratio of 1.44. For
aluminum, the approved ratio is 1.58.
This results in the following equations:

(13a) SWT = SWL * (1.44 for steel)
(13b) SWT = SWL * (l..58 for aluminum)

NAVSEA has approved some significant
changes in weld properties for use in
design calculations. These changes are
based upon various  test programs under-
taken since reference (4) was publishes.
A list of the pertinent weld properties
currently in use at Ingalls Shipbuilding
and their sources are shown in table 1.
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TABLE 1

WELD LONGITUDINAL SHEAR STRENGTH (KSI)

FILLER NAVSHIP 0900 MIL-STD APPROVED
-000-1000 1628 AT ISD

------------------------------------

18 58.1 59 59

10018 71 N/A 7 8

11018 75.3 87 87

100S-1 N/A 83 83

56 19.2 20 26; ref

TABLE 2: SPRERDSHEET ANALYSIS BY

7

SPREADSHEET ANALYSIS BY ALTERNATE METHOD

A Printout of a simple spreadsheet
analysis is shown below. This "program"
is a Lotus 123 template that allows the
user to interactively change any of the
variables and instantly see the result.
The user can expand the template to
develop an entire weld table, including
fillets. This template is available from
the author at cost of diskette & mail-
ing. To run it you will need a IBM-PC
compatible with a 5 1/4 inch disk drive
and a Lotus 123 or compatible
spreadsheet program.

LOTUS 123

PROPOSED METHOD FOR PARTIAL PENETRATION JOINT DESIGN

INTERCOSTAL CONTINUOUS WELD
MATERIAL HS M A T E R I A L  H S MATERIAL E7018 User input
‘ENS. ULT 75.00 TENS. ULT 75.00 LGL SHEAR 59.00 material
SHEAR ULT 56.25 SHEAR ULT 56.20 TRANS 04.96 properties.
- - - - - - - - - - - - - - _ - _ _ _ - - - - - - - - - - - - - - - - - - - - - -

IDE A
EV DEPTH 0.3750 0.5000 0.5000 0.6250 0.0000
NGLE(DEG) 45.0000 45.0000 60.0000 45.0000 89.0000
NGLE (RAD) 0.7854 0.7854 1.0472 0.7854 1.5533

FILLET 0.3750 0.5000 0.5000 0.5000 0.5000

User input joint
descriptions

GEAM A=1 1 1 0 0 1     Find geometry type
EQN 1 0 .5562 0.7416 0.7417 0.8395 0.3708
EQN 2 0.5303 0.7071 I.1000 0.9723 0.5000
EQN 3 0.8250 1.1000 1.1000 1.2375 0.5500 Program solves equa-
EQN 4 0.6007 0.8009 0.0010 0.9067 0.4005 tions for the joint
EQN 5 0.5534 0.7373 0.9153 0.9224 0.4125 designs. <inches
EQN 6 0.7500 1.0000 1.0000 1.1250 -0.5000 thickness per side)

- - - - - - - - - - - - - - _ - - _ - - - - - - - - - - - - - - - ~
IDE B
BEV DEPTH 0.3790 0.5000 0.5000 0.0000 0.0000
ANGLE(DEG) 45.0000 45.0000 60.0000 45.0000 45.0000 User input joint
NGLE(RAD) 0.7854 0.7054 1.0472 0.7054 0.7G854 descriptions

FILLET 0.3750 0.5000 0.5000 0.5000 0.5000
GFUM A=1 1 1 0 1 1      Find geometry type

EQN 1 0.5562 0.7416 0.7417 0.3708 0.3708
EQN 2 0.5303 0.7071 1.1000 0.5000 0.5000
EQN 3 0.8250 1.1000 1.1000 0.5500 0.5500 Program solves equa-
EQN 4 0.6007 0.0009 0.8010 0.4004 0.4004 tions for the joint
EQN 5 0.5534 0.7379 0.9153 0.4125 0.4125 designs. (inches
EQN 6 0.7500 1 .0000 1 .0000 0.5000 0.5000 thickness per side)

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
CONTROL 1.0607 1.4142 1.4834 1.2103 0.7416            control is least sum

= _ = = = = = = = = = = = = = = = = = = = = = = = = = =- - - - - - - -  _ _ for each side for
each load direction.

T (MAX) MAXIMUM  ALLOWABLE INTERCOSTAL THICKNESSES

VS FFF FOR ABOVE JOINT DESIGN (VS. EFFICIENCY, Control equation
100.00% 1.0607 I.4142 1.4834 1.2103 determines table of
75.00% 1.4142 1.8056 1.9778 1.6137 maximum intercostal
60.00% 1.7678 2.3570 2.4723 2.0172 thickness vs. joint
50.00% 2.1213 2.8284 2.9667 2.4206 efficiency.

COMMENTS 3/8” BEV. 1/2”BE. 60 DEG. UNBAL- SQUARE
& FILLET & FILLET BEVEL ANCED EDGE



IMPACT FROM USE OF ALTERNATE METHOD

implementation of the alternate
joint design method impacts cost both
directly and innorently. The Savings
directly related to substitution of
partial penetration for fUll penetration
joints are primarily due to deletion of
the backgouge. The real justification
for the use of partial penetration welds
is that circumstances exist where par-
tial penetration welds are more economi-
cal than either fillet or full penetra-
tion welds while still meeting strength
and service requirements.

The weld design changes made at
lngalls initially were part of an effort
to reduce weld caused distortion. Howev-
er, a very beneficial side effect of the
distortion reduction is a significant
cost reduction. Weld savings are passed
on to the Navy by reduced bid estimates,
and benefit the shipyard by increased
competitiveness.

CONCLUSION

The alternate design method for
partial penetration joint designs is a
marked improvement over existing pub-
lished navy design criteria. by compari-
son, it permits a more economical design
for common material and filler combina-
tions. It may also prevent unsatisfac-
tory designs which could result from
application of the existing criteria.
One added benefit is that the alternate
metnod is applicable to unbalanced joint
designs. There is currently no published
Navy design criteria for unbalanced
partial penetration joint designs.
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