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Figure C2.7—Maximum Clear Spacing When Using Intermittent Welds
in Connections Between Rolled Members (see C2.16)

Figure C2.8—I ocal Buckling Under Compression (see C2.17)
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Figure C2.9—Application of Eq. 1 to Fillet Welded Members (see C2.17)
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Figure C2.10—TFillet Welds in Axial Compression (see C2.17)
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In the sketches of Figure C2.11, typical structural ap-
plications are illustrated. The cross-hatched portions rep-
resent the sections being considered.

C2.18 Tension Members

In built-up members, there is no force to be trans-
ferred by intermittent welds, nor is there any buckling
under tensile load. The code does not require any spe-
cific amount of welding; it does specify an arbitrary
maximum clear spacing between welds of 24t, but not to
exceed 12 in. (300 mm), as shown in Figure C2.12.

C2.19 End Returns

In testing of flexible beam-to-column connections in
which the welds were subjected to combined shear and
bending, it was found that boxing (hooking the weld)
around the top of seat angle connections (see Detail B of
Figure C2.13) did not necessarily increase the strength of
the connection. In the case of header angles, as shown in
Detail A, boxing (end returns) tends to delay the initial

/ COVER PLATE
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tearing of welds under ultimate failure conditions. Con-
tinuous fillet welds around the ends of stiffeners may
lead to the initiation of cracks in the web under severe
loading, or cause severe undercut around ends of detail
pieces.

C2.20 Transition of Thicknesses or
Widths

Stress concentrations that occur at changes in material
thickness or width of stressed elements, or both, are de-
pendent upon the abruptness of the transition with stress
concentration factors varying between 1 and 3. In stati-
cally loaded applications, such stress concentrations may
be of structural significance only when the stress is ten-
sion and when the concentration factor times the average
stress exceeds the yield strength of the material. By re-
quiring a transition of 1 in 2-1/2 only in those cases
where the stress exceeds 1/3 the allowable stress, the
usual factor of safety is preserved with economy of con-
struction. Fatigue provisions provide for the effect of
geometric discontinuities in cyclic load applications and
should be adhered to.
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Figure C2.11—TYypical Structural Applications (see C2.17)
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Figure C2.12—Example of the Application of Intermittent Welds in Tension Members
(see C2.18)

(A) BOXING OF HEADER ANGLES (B) BOXING AROUND TOP OF SEAT
ANGLE CONNECTIONS

Figure C2.13—Examples of Boxing (see C2.19)
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(B) TEARING ACTION IN
UNRESTRAINED WELD

Figure C2.14—Single Fillet Welded Lap Joints (see C2.4.8.1)

C2.21.5 Continuzous Welds. The forces (generally
shear) that must be accommodated by the connections
between components are usually established by the ap-
plicable standard specification; welds must be designed
to provide adequate capacity to resist the assigned forces.

C2.23 Combined Stresses

It was the Committee’s intention in this subsection to
alert the designer to the general specification require-
ments for combined bending and axial stresses to assure
that conditions necessary for elastic stability are met by
the design.

C2.24 Cyclic Load Stress Range

The life (cycle life) of a welded structural member
subject to repeated variation of tensile or alternately ten-
sile and compressive stress primarily within the elastic
range of the material is principally dependent on the
stress range and joint geometry. Life is defined as the
number of times a member can be subjected to a specific
load prior to the initiation and growth of a fatigue crack
to sufficient size to result in either failure of the struc-
tural component or collapse of the structure. The stress
range is the absolute magnitude of stress variation caused
by the application and removal of load.

Structural details and joint geometry include the type
of joint, the type of weld, surface finish, and structural
details that effect stress amplification due to mechanical
notches. The differences in stress concentration effects of
joints and structural details are largely responsible for the
variation in life obtained from details and members.
Code approved base metals that have reasonable notch
toughness and are used in customary structural applica-
tions will have approximately equal lives; therefore, the
curves of F in Figure 2.9 are satisfactory for all approved
base metals.
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The stress range-cycle life curves shown in Figure 2.9
and defined in Table 2.4 were developed through re-
search sponsored by the National Cooperative Highway
Research Program.? This research is published as Re-
ports 102 and 147, “Effect of Weldments on the Fatigue
Strength of Steel Beams,” and “Fatigue Strength of Steel
Beams with Welded Stiffeners and Attachments,”
respectively.

C2.27 Prohibited Joints and Welds

Joints and welds prohibited by this article do not per-
form well under cyclic loading. The prohibitions do not
apply to welds in those secondary members which are
not subject to cyclic stresses. A partial joint penetration
groove weld has an unwelded portion at the root of the
weld. This condition may also exist in joints welded
from one side without backing, and, therefore, the code
considers them partial joint penetration groove welds ex-
cept as modified in 3.13.4.

The unwelded portions are no more harmful than
those in fillet welded joints. These unwelded portions
constitute a stress raiser having significance when fa-
tigue loads are applied transversely to the joint. This con-
dition is reflected in the applicable fatigue criteria.

However, when the load is applied longitudinally,
there is no appreciable reduction in fatigue strength. Irre-
spective of the rules governing the service application of
these particular grooves, the eccentricity of shrinkage
forces in relation to the center of gravity of the material
will result in angular distortion on cooling after welding.
This same eccentricity will also tend to cause rotation in
transfer of axial load transversely across the joint. There-
fore, means must be applied to restrain or preclude such
rotation, both during fabrication and in service.

2. Available from Transportation Research Board, National
Academy of Sciences, 2101 Constitution Avenue, Washington,
DC 20418.
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C2.29 Transition of Thicknesses or
Widths

For good welded design, each flange of any given
cross section is a single plate. These flange plates are
usually varied in thickness or width, or both, as more or
less area is required. The required smooth transition can
be made by chamfering the thickness or width, or both,
of the larger flange to correspond to that of the lower
flange. There is a practical limit to the angle of chamfer,
but the code requires that the slope should not be greater
than 1 in 2-1/2 (an angle of about 22°). Transitions may
also be made by sloping the surface of the weld.

C2.29.2 Shear or Compression Butt Joint Thickness.
When the offset is equal to or less than the thickness of
the thinner part connected, the transition shall be made
with the weld surface as shown in Figure C2.15, Detail
A, or to the prepared face of the thicker part as shown in
Detail B, for members that are subject to shear and com-
pressive loads. In no case should the slope be greater
than 1 in 2-1/2.

C2.30 Stiffeners

The code permits (but does not require) the ends of
transverse stiffeners (when used in pairs) to be welded to
the compression flange. When stiffeners are used only on
one side of the web, the code requires ends adjacent to
the compression flange to be welded; without the weld or
a second stiffener on the opposite side of the web, the
compression flange will not have proper support against
rotation.

C2.30.1 Intermittent Fillet Welds. Intermittent fillet
welds may be used to connect stiffeners to beams and

1IN250R
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girders. However, this practice is not recommended in
the design of new cyclically loaded structures. Continu-
ous welds are preferable from a performance and mainte-
nance standpoint. Semiautomatic and automatic fillet
welding equipment can make continuous fillet welds for
about the same labor and material costs as manual inter-
mittent welds.

The application of intermittent fillet welds is illus-
trated in Figure C2.16.

C2.32.1 Longitudinal Fillet Welds. The general com-
mentary for transverse spacing of longitudinal fillet
welds in end connections for statically loaded structures
as given in C2.14.1 is also applicable for cyclically
loaded structures with the following exception: the trans-
verse spacing of welds shall not exceed 16 times the
thickness of the connected thinner part, unless suitable
provision is made to prevent buckling or separation of
the parts. This restriction is illustrated in Figure C2.17.

C2.34 Cover Plates

Normally, the inner end of the terminal development
length will be relocated at the theoretical cutoff point.
However, to meet fatigue design requirements, the cover
plate may be extended farther so that the distance be-
tween the actual and theoretical cutoff point exceeds the
required terminal development length. In this case, the
required terminal development length should be used as
the length of the connecting weld for determining weld
size, rather than the greater length of weld between the
actual and theoretical cutoff point. Commonly, the inner
end of the terminal development length will be at the the-
oretical end of the cover plate, but in the case of a cover
plate extension beyond the theoretical end which is

1IN250OR
FLATTER SLOPE

(B) WELD SLOPED TO PREPARED
FACE OF THICKER MEMBER

Figure C2.15—Transition in Thickness Between Unequal Members (see C2.29.2)
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AT LEAST 25% OF STIFFENER
LENGTH SHALL BE
WELDED ON EACH SIDE

LY

WELD BOTH SIDES
AT EACH END

AN

MMM

MINIMUM LENGTH

OF WELD IS

1-1/2 in. (40 mm) MAXIMUM CLEAR SPACING BETWEEN WELDS
IS 12t BUT NOT MORE THAN 6 in. (150 mm)

t = THICKNESS OF THINNER PART

Figure C2.16—Application of Intermittent Fillet Welds to Stiffeners
in Beams and Girders (see C2.30.1)

=< 161, UNLESS PLUG OR SLOT
WELDED IN CENTRAL AREA

Figure C2.17—Fillet Welds in End Connections
(see C2.32.1)
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greater than the terminal development length, only the
length specified in 2.34.2(1) or 2.34.2(2), whichever is
applicable, may be considered in calculating the size of
the terminal development welds. Failure to recognize
this limitation can result in welds that are too small to
support the flange-to-cover plate transition stresses.

The relationship of terminal development to weld size
is illustrated in Figure C2.18.

C2.35 General (Tubular Connections)

The tubular provisions of this code originally evolved
from a background of practices and experience with
fixed offshore platforms of welded tubular construction.
Like bridges, these are subject to a moderate amount of
cyclic loading. Like conventional building structures,
they are redundant to a degree which keeps isolated joint
failures from being catastrophic. The requirements of
section 2, Part D, are intended to be generally applicable
to a wide variety of tubular structures.

C2.36 Allowable Stresses (Tubular)

This part dealing with allowable stresses for tubular
sections includes requirements for square and rectangu-
lar sections as well as circular tubes.

In commonly used types of tubular connections, the
weld itself may not be the factor limiting the capacity of
the joint. Such limitations as local failure (punching
shear), general collapse of the main member, and lamel-
lar tearing are discussed because they are not adequately
covered in other codes.

C2.36.1 Base Metal Stresses. Limiting diameter/thick-
ness and width/thickness ratios depend on the applica-
tion. Referring to Table C2.1, the left hand side deals
with connection design issues covered by the AWS D1.1
Code. The first three columns delimit stocky members
for which simplified design rules apply; beyond these
limits the more detailed calculations given in the Code
must be performed.

The limits for designing members against local buck-
ling at various degrees of plasticity are shown on the
right-hand side. These are an amalgam of API, AISC and
AISI requirements. Naturally, requirements of the gov-
erning design specification would take precedence here.

C2.36.3 Weld Stresses. The allowable unit stresses in
welds are presented in Table 2.5. This table is a consoli-
dated and condensed version which lists for each type of
weld the allowable unit stress for tubular application and
the kind of stress the weld will experience. The required
weld metal strength level is also specified. This table is
presented in the same format as Table 2.3.
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C2.36.6.2 Fatigue Stress Categories. The basis for
the fatigue stress categories can be found in Reference
1. These were derived from the data on circular sections
and provide only approximate guidance for box
sections.

The stress categories and fatigue curves have been re-
vised in order to be consistent with current cyclically
loaded structure provisions 2.24 and the latest revision of
API RP 2A (Reference 9).

The sloping portion of most of the early curves has
been retained. Following API, curves X and K have been
split into two curves each. The upper curve represents
the small-scale laboratory quality specimens in the his-
torical (pre-1972) data base, while the lower curve repre-
sents recent large scale tests having welds without profile
control. In interpreting the latter, earlier editions of the
American codes emphasized weld profile while proposed
British rules (Reference 12) emphasize thickness effects.
The current hypothesis is that both weld profile and size
effects are important to understanding fatigue perfor-
mance, and that they are interrelated. This is also an area
where design and welding cannot be separated, and
2.36.6.7 makes reference to a consistent set of “standard”
weld profile control practices and fatigue category selec-
tions, as a function of thickness. Improved profiles and
grinding are discussed in 2.36.6.6 along with peening as
an alternative method of fatigue improvement.

The endurance limits on most of the curves have been
delayed beyond the traditional two million cycles. The
historical data base did not provide much guidance in
this area, while more recent data from larger welded
specimens clearly shows that the sloping portion should
be continued. The cutoffs are consistent with those
adopted for cyclically loaded structures and atmospheric
service. For random loading in a sea environment, API
adopted a cutoff of 200 million cycles; however, this
need not apply to AWS applications.

With the revised cutoffs, a single set of curves can be
used for both redundant and nonredundant structures
when the provisions of 2.36.6.5 are taken into account.

For Category K (punching shear for K-connections),
the empirical design curve was derived from tests involv-
ing axial loads in branch members. The punching shear
formula based on gross static considerations (acting V/,
in 2.40.1.1) and geometry (2.39.3) does not always pro-
duce results consistent with what is known about the in-
fluence of various modes of loading on localized hot spot
stress, particularly where bending is involved. Since
some of the relevant parameters (e.g., the gap between
braces) are not included, the following simplified ap-
proximations appear to be more appropriate for typical
connections with 0.3 < § s 0.7.

In these formulae, the nominal branch member
stresses f, , fyy, fy, correspond to the modes of loading
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Figure C2.18—Relationship of Terminal Development to Weld Size (see C2.34)
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Table C2.1
Survey of Diameter/Thickness and Flat Width/Thickness Limits for Tubes (see C2.36.1)
For F, in ksi
For AWS Connection Design For Member Design
General Yield
Collapse Plastic Moment Limit of
at Chord | Cone- Applicability Full | Moments, or Limit Full | Local
Local Failure Sidewall [ Cylinder of Rules Plastic | Limited of Elastic Yield | Buckling
Ult vV, =0.57 Fy, Yield | 1:4 Flare in 2.40 Design | Rotation Behavior | Axial | Formulae
wn ot <
g . 1300 1500 6000 60 300 % g
£ | 16 for K-Connection 3300 F, F, F, 2
g |9 for X y . 2070 8970 3300 | 13 000 9
O Fy F, J;Ty F, <
200 5 | 10 | 210 28 |28
, A I e 5
2| 8forK&N g
S For Gap at < 5
é 22 20 Connections M= S(Fy - 10) No Limit
k
m
7forT & K 190 gy, Overlap 130 238 72
, A, JF <3
For Fy in MPa
For AWS Connection Design For Member Design
General Yield
Collapse Plastic Moment Limit of
at Chord | Cone- Applicability Full | Moments, or Limit Full Local
Local Failure Sidewall | Cylinder of Rules Plastic | Limited of Elastic | Yield | Buckling
Ult V, = 0.57 Fy, Yield | 1:4 Flare in 2.40 Design | Rotation Behavior Axial | Formulae
a Pt <
8 . 9100 10 500 42 000 420 300 % N
& | 112 for K-Connection 23 100 F, F, F, b,
8 |63 for X y . 14 490 62 790 8731 | 91 000 3
o Fy F, ,ﬁ‘:; F, <
556 45 || 503 | 556 630 | 630
F F F [E, =70 F = S
o | 56 for K & N JFy | AR y JFy 3
g For Gap at < év
;3) 15.4 140 Connections M=S(F,~70) No Limit
E
m
49 for T & K 393 For Overlap 397 630 )
_v JF, A, <5

AISI Class A = hot formed

AISI Class B = cold formed and welded
Flat width may be taken as D — 3t for box section member design.
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shown in Figure C2.19. The a factor on the f, has been
introduced to combine the former curves K and T into a
single curve. Other terms are illustrated in Figure C2.25.

r\o

1 At locations 1 & 2
Cyclic Vp =1 sin 8 [a fa = 0.67 fiy]

At locations 3 & 4
Cyclic Vp =t sinf [a fa £1.5 fuy]

At the point of highest stress
Cyclic Vp =7 sin 0 [a fa+ /(0.67 fiy)2 + (1.5 fi)? |

C2.36.6.3 Basic Allowable Stress Limitation. Fa-
tigue data characteristically show a large amount of scat-
ter. The design curves have been drawn to fall on the safe
side of 95 percent of the data points. The AWS design
criteria are appropriate for redundant, fail-safe structures
in which localized fatigue failure of a single connection
does not lead immediately to collapse. For critical mem-
bers whose sole failure would be catastrophic, the cumu-
lative fatigue damage ratio, D, as defined in 2.36.6.4,
must be limited to a fractional value (i.e., 1/3) to provide
an added safety factor. This statement presumes there is
no conservative bias or hidden safety factor in the spec-
trum of applied loads used for fatigue analysis (many
codes include such bias). References 8 and 9 discuss ap-
plication of these criteria to offshore structures, including
modifications that may be appropriate for high-cycle fa-
tigue under random loading and corrosive environments.

C2.36.6.6 Fatigue Behavior Improvement. The fa-
tigue behavior of as-welded joints can be improved by
reducing the notch effect at the toe of the weld, or by re-
ducing the tensile residual stresses, neither of which is
included in the measured hot spot strain range which de-
signers use. Various methods for improving the fatigue
behavior of welded joints, as discussed in Reference 11,
are as follows: improving the as-welded profile (includ-
ing the use of special electrodes designed to give a
smooth transition at the weld toe), full profile grinding,
weld toe grinding, weld toe remelting (GTAW dressing
or plasma arc dressing), hammer peening, and shot
peening.

A long established (but not universally used) offshore
industry practice for improved weld profile is shown in
Figure C2.20. The desired profile is concave, with a mini-
mum radius of one-half the branch member thickness,
and merges smoothly with the adjoining base metal.
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Achieving the desired profile as-welded generally re-
quires the selection of welding materials having good
wetting and profile characteristics, along with the services
of a capping specialist who has mastered the stringer bead
wash pass technique for various positions and geometries
to be encountered. Difficulties in achieving this are often
experienced with high deposition rate processes in the
overhead and vertical positions. Inspection of the finished
weld profile is mostly visual, with the disk test being
applied to resolve borderline cases. Notches relative to
the desired weld profile are considered unacceptable if a
0.04 in. (1 mm) wire can be inserted between the disk of
the specified radius and the weld, either at the toe of the
weld or between passes.

Earlier editions of AWS D1.1 contained a less strin-
gent weld profile requirement. Surprisingly poor weld
profiles could pass this test, with the relative notch effect
becoming increasingly more severe as the thickness of the
members increased. Recent European research has shown
the earlier D1.1 to be inadequate in distinguishing be-
tween welded tubular connections which meet the perfor-
mance of AWS Fatigue Classification X1, and those
which fall short (References 11 and 12).

Notch stress analysis and fracture mechanics consid-
erations, while confirming the inadequacy of the old pro-
file requirements for heavy sections, also indicate that
the tighter requirements of Figure C2.20 are more effec-
tive in maintaining Class X1 fatigue performance over a
wide range of thicknesses (Reference 13). Figure C2.20
also suggests the use of light grinding to correct toe de-
fects, such as excessive notch depth or undercut. Once
grinding starts, note that the permissible notch depth is
reduced to 0.01 in. (0.25 mm); merely flattening the tops
of the individual weld passes, while leaving sharp can-
yons in between, does little to improve the fatigue per-
formance, even though it would meet the letter of the
disk test.

Since the toes of welds frequently contain micro-
scopic cracks and other crack-like defects, magnetic par-
ticle inspection (MPI) is necessary to make certain these
defects have been eliminated. Judicious use of grinding
to resolve MPI indication, often done routinely as part of
the inspection, also enhances the weld profile.

Depending upon circumstances, it may be more cost
effective to grind the entire weld profile smooth. This
would avoid the use of special welding techniques, pro-
file checking, corrective grinding, and MPI, as described
above, for controlling the as-welded profile. For tubular
connections, with multiple concave pass caps, fatigue
cracks may start in the notch between passes; here, weld
toe grinding alone is not as effective as with flat-fillet-
weld profiles that were used in much of the research.

Weld toe remelting techniques can improve the geom-
etry of the notch at the weld toe, and have been shown in
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OUT OF PLANE IN-PLANE AXIAL LOAD
BENDING BENDING

Figure C2.19—Illustrations of Branch Member Stresses
Corresponding to Mode of Loading (see C2.36.6.2)
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Figure C2.20—Improved Weld Profile Requirements (see C2.36.6.6)
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the laboratory to improve the fatigue performance of
welded connections. However, unless carefully con-
trolled, the rapid cycle of heating and cooling tends to
produce unacceptably hard heat-affected zones, with
possible susceptibility to stress corrosion cracking in ag-
gressive environments (e.g., seawater).

Hammer peening with a round-nose tool also im-
proves the weld toe geometry; this additionally induces a
compressive residual stress in the surface layers where
fatigue cracks would otherwise be initiated. Excessive
deformation of the base metal may render it susceptible
to strain embrittlement from subsequent nearby welding.
Also, surface layers may be so smeared as to obscure or
obliterate pre-existing cracks; thus the requirement for
MPI. Shot peening is less radical in its deformation ef-
fects, but also less effective in improving geometry.

It should be emphasized that, for many tubular struc-
ture applications, the performance of fatigue Classifica-
tions X2, K2, and ET will suffice, and the foregoing
measures taken to improve fatigue performance are not
required. Furthermore, the “standard” weld profile prac-
tices described in 3.13.4 can achieve the performance of
fatigue Classifications X1, K1, and DT for all but the
heaviest sections.

C2.36.6.7 Size and Profile Effects. The adverse size
effect in the fatigue of welded connections is well docu-
mented (recent References 11, 12, and 13, as well as
many earlier ones). For welded joints with a sharp notch
at the weld toe, scaling up the size of the weld and the
size of the notch results in a decrease in fatigue perfor-
mance. When the application exceeds the scale of the
data base, size effect should be accounted for in design.
Reference 12 suggests decreasing the fatigue strength in
proportion to

|: (size)

-025
(size limit)J

Other authorities (Reference 14) indicate a milder size
effect, approximating an exponent of -0.10.

The geometric notch effect largely responsible for the
size effect in welds is not present in fully ground profiles
and is relatively minor for those profiles which merge
smoothly with the adjoining base metal (Fatigue Catego-
ries B and C1). The stated size limits (beyond which we
are outside the historical data base) for most of the other
categories are similar to those cited in Reference 12, ex-
cept that the dimensions in inches have been rounded off.
The larger size limits for Categories X2, K2, and DT re-
flect the fact that these S-N curves have already been
drawn to fall below the recent large-scale test data.

Reference 13 discusses the role of size effect relative
to weld profile, at various levels of fatigue performance.
The “standard” weld profile practices for T-, Y-, and
K-connections referred to in 2.36.6.7 vary with thickness
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so as to define two fatigue performance levels which are
size-independent. However, where an inferior profile is
extended beyond its standard range, the size effect (re-
duction in performance) would come into play. “Im-
proved” weld profiles which meet the requirements of
2.36.6.6(1) keep the notch effect constant over a wide
range of thicknesses, thereby mitigating the size effect.
The smooth surface profile of fully ground welds also
exhibit no size effects. Since peening only improves a
relative limited volume of the welded joint, the size ef-
fect would be expected to show up fairly soon if peening
is the only measure taken; however, peening should not
incur a size effect penalty where it is done in addition to
profile control.

The size effect may also exhibit itself in static ulti-
mate strength behavior, since the design rules are based
in part on tests to tensile fracture. For tubular T-, Y-, and
K-connections involving high-strength steels of low or
unknown notch toughness, the Level I profile selections
are recommended in preference to larger notches permit-
ted by Level I1.

C2.40 Limitations of the Strength of
Welded Connections

A number of unique failure modes are possible in tu-
bular connections. In addition to the usual checks on
weld stress provided for in most design codes, the de-
signer should check for the following:

Circular  Box

(1) Local failure* 2.40.1.1 2.40.2.1
(2) General collapse 2.40.1.2 2.40.2.2
(3) Progressive failure (unzipping) 2.40.1.3 2.40.2.3
(4) Materials problems 2.42 24215

*Overlapping connections are covered by 2.40.1.6 and
2.40.2.4 respectively.

C2.40.1.1 Local Failure. The design requirements
are stated in terms of nominal punching shear stress (see
Figure C2.21 for the simplified concept of punching
shear). The actual localized stress situation is more com-
plex than this simple concept suggests, and includes shell
bending and membrane stress as well. Whatever the ac-
tual mode of main member failure, the allowable Vp isa
conservative representation of the average shear stress at
failure in static tests of simple welded tubular connec-
tions, including a safety factor of 1.8. For background
data, the user should consult References 1-6.

Treatment of box sections has been made as consis-
tent as possible with that of circular sections. Derivation
of the basic allowable V, for box sections included a
safety factor of 1.8, based on limit analyses utilizing the
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Figure C2.21—Simplified Concept of
Punching Shear (see C2.40.1.1)
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ultimate tensile strength, which was assumed to be 1.5
times the specified minimum yield. This is why a (alpha)
in Table 2.9 limits F, in the design formula for punching
shear to 2/3 the tensile strength.

A favorable redistribution of load was also assumed
where appropriate. Localized yielding should be ex-
pected to occur within allowable load levels. Fairly gen-
eral yielding with deflection exceeding 0.02D can be
expected at loads exceeding 120-160% of the static
allowable.

Alternatives to the punching shear approach for sizing
tubular connections can be found in the literature (for ex-
ample, Reference 3). However, such empirical rules, par-
ticularly design equations which are not dimensionally
complete, should be limited in application to the tube
configurations and sizes (and units) from which derived.

In the 1984 edition, substantial changes were made in
the punching shear requirements for circular sections, to
bring them up to date. These include:

(1) Elimination of K, and K, from the formula for act-
ing V,,. Although logical from the standpoint of geometry
and statics, these produce inappropriate trends in compar-
ison to test data on the strength of tubular connections.

(2) New expressions for the allowable basic V;, and a
new modifier Q, which give results numerically similar
to those in Reference 2.

(3) Introduction of the chord ovalizing parameter, o,
which matches available results from single-plane joints

and offers a promising extension to multiplanar joints
(Reference 3).

(4) A new expression for Q;, based on the recent tests
of Yura (Reference 4).
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(5) Nonlinear interaction between axial load and
bending in the branch member, based on the fully plastic
behavior of tubular sections (Reference 5).

Figure C2.22 shows the reliability of the new punch-
ing shear criteria based on computed alpha, as a histo-
gram of the ratio of test ultimate strength (P test) to the
allowable. The data base of Reference 6 was used. Inap-
propriate tests have been deleted, and effective F, con-

forming to the 2/3 rule have been estimated, as described
in [IW-doc XV-405-77.

2 (-
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8- 3
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@
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SF = SAFETY FACTOR
DATA BASE: 306 (NON-OVERLAP) JOINTS. SEE REFERENCE 6.

Figure C2.22—Reliability of Punching
Shear Criteria Using Computed Alpha
(see C2.40.1.1)
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The test results cluster tightly just on the safe side of
the nominal ultimate strength safety factor of 1.8. Using
a log-normal safety index format, the median ultimate
strength for joints failing by plastic collapse is 3.45 stan-
dard deviations above the design load, comparable to
safety indices of 3 to 4 for connections in other types of
construction. By discriminating between different joint
types, the new criteria achieve similar overall economy
and greater safety than the less precise criteria they
replace.

The apparently large safety factor and safety index
shown for tension tests is biased by the large number of
small tubes in the data base. If only tubes with t. =
0.25 inches are considered, the mean safety factor drops
to 3.7; for t. = 0.5 inches, the safety factor is only 2.2.
Considering the singularity (sharp notch) at the toe of
typical welds, and the unfavorable size effect in fracture-
controlled failures, no bonus for tension loading has been
allowed.

In the 1992 edition, the code has also included tubular
connection design criteria in ultimate strength format,
subsection 2.40.1.1(2) for circular sections. This was de-
rived from, and intended to be equivalent to, the earlier
punching shear criteria. The thin-wall assumption was
made (i.e., no t,/d,, correction), and the conversion for
bending uses elastic section modulus.

When used in the context of AISC-LRFD, with a re-
sistance factor of 0.8, this is nominally equivalent with
the allowable stress design (ASD) safety factor of 1.8 for
structures having 40% dead load and 60% service loads.
The change of resistance factor on material shearing was
done to maintain this equivalency.

LRFD falls on the safe side of ASD for structures
having a lower proportion of dead load. AISC criteria for
tension and compression members appear to make the
equivalency trade-off at about 25% dead load; thus, the
LRFD criteria given herein are nominally more conser-
vative for a larger part of the population of structures.
However, since the t,/d,, correction to punching shear is
not made acting V,, =t sin 0 f, (1 ~t, /d,)

The ASD punching shear format also contains extra
conservatism.

Figure C2.22 indicates a safety index of 3.45, appro-
priate for selection of the joint-can as a member (safety
index is the safety margin of the design criteria, includ-
ing hidden bias, expressed in standard deviations of total
uncertainty). For further comparison, the ASCE Com-
mittee on Tubular Structures in Reference 2 derived a
resistance factor of 0.81 for similar Yura-based tubular
connection design criteria, targeting a safety index of
3.0.

Since the local failure criteria in 2.40 are used to se-
lect the main member or chord, the choice of safety
index is comparable to that used for designing other
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structural members—rather than the higher values often
cited for connection material such as rivets, bolts, or fil-
let welds, which raise additional reliability issues, e.g.,
local ductility and workmanship.

For offshore structures, typically dominated by envi-
ronmental loading which occurs when they are un-
manned, the 1986 draft of API RP2A-LRFD proposed
more liberal resistance factors of 0.90 to 0.95, corre-
sponding to a reduced target safety index of 2.5 (actually,
as low as 2.1 for tension members). API also adjusted
their allowable stress design criteria to reflect the benefit
typical t,/d,, ratios.

In Canada (Reference 21), using these resistance fac-
tors with slightly different load factors, a 4.2% difference
in overall safety factor results. This is within calibration
accuracy.

C2.40.1.2 General Collapse. In addition to localized
failure of the main member, which occurs in the vicinity
of the welded-on branch, a more widespread mode of
general collapse failure may occur. In cylindrical mem-
bers, this occurs by a general ovalizing plastic failure in
the cylindrical shell of the main member. In box sections,
this may involve web crippling or buckling of the side
walls of the main member (see Reference 15).

C2.40.1.3 Uneven Distribution of Load (Weld Siz-
ing). The initial elastic distribution of load transfer
across the weld in a tubular connection is highly nonuni-
form, with peak line load (kips/inch or MPa/mm) often
being a factor of two or three higher than that indicated
on the basis of nominal sections, geometry, and statics,
as per 2.39.3. Some local yielding is required for tubular
connections to redistribute this and reach their design ca-
pacity. If the weld is a weak link in the system, it may
“unzip” before this re-distribution can happen.

The criteria given in the code are intended to prevent
this unzipping, taking advantage of the higher safety fac-
tors in weld allowable stresses than elsewhere. For ex-
ample, the line load ultimate strength of an 0.7t fillet
weld made with E70XX electrodes is 0.7t (2.67 x 0.3 x
70) = 39t, adequate to match the yield strength of mild
steel branch material.

For another example, if the peak line load is really
twice nominal, designing for 1.35 times the nominal line
load will give a joint safety factor of 1.8, when the weld
strength is 2.67 times its allowable stress. IIW rules, and
LRFD-based strength calculations, suggest larger match-
ing weld sizes are required, e.g., 1.0t or 1.2t (1.07t in the
draft Eurocode). Given this easy way out of the problem,
there has not been much testing to validate the foregoing
AWS logic for smaller welds.

C2.40.2 Box T-, Y-, and K-Connections. In D1.1-90
and earlier editions of the code, treatment of box sections
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had been made as consistent as possible with that of cir-
cular sections. Derivation of the basic allowable punch-
ing shear V, for box sections included a safety factor of
1.8, based on a simple yield line limit analysis, but utiliz-
ing the ultimate tensile strength, which was assumed to
be 1.5 times the specified minimum yield. This is why F,
in the design formula for punching shear was limited to
2/3 times the tensile strength. A favorable redistribution
of load was also assumed where appropriate. Localized
yielding should be expected to occur within allowable
load levels. Fairly general yielding, with connection dis-
tortion exceeding 0.02 D, can be expected at loads ex-
ceeding 120-160% of the static allowable.

A rational approach to the ultimate strength of
stepped box connections can be taken, using the upper
bound theorem of limit analysis (see Figure C2.25) and
yield line patterns (similar to those shown in Figure
C2.26). Various yield patterns for plastic chord face fail-
ure should be assumed in order to find the minimum
computed capacity, which may be equal to or greater
than the true value. Fan corners (as shown for the T-
connection) often produce lower capacities than plain
corners as shown for the other cases. Suggested design
factors, given in Table C2.2, are consistent with the way
we take advantage of strain hardening, load redistribu-
tion, etc., in using tests to failure as the basis for empiri-
cal design criteria. In general, the capacity will be found
to be a function of the dimensionless topology parame-
ters B, M, and E (defined in the figure), as well as the
chord thickness-squared (corresponding to T and ¥ in the
punching shear format).

For very large B (over 0.85) and K-connections with
gap approaching zero, yield line analysis indicates ex-
tremely high and unrealistic connection capacity. In such
cases, other limiting provisions based on material shear
failure of the stiffer regions, and reduced capacity for the
more flexible regions (i.e., effective width) must also be
observed and checked.

Although the old AWS criteria covered these consid-
erations (Reference 18), for bending as well as for axial
load (Reference 19), more authoritative expressions rep-
resenting a much larger data base have been developed
over the years by CIDECT (Commité International pour
le Developpement et I’Etude de la Construction Tubu-
laire) (Reference 20) and by members of IW Subcom-
mittee XV-E (Reference 24). These criteria have been
adapted for limit state design of steel structures in Can-
ada (Packer et al Reference 21). The Canadian code is
similar to the AISC-LRFD format. In the 1992 edition,
these updated criteria were incorporated into the AWS
code, using the thickness-squared ultimate strength for-
mat and Packer’s resistance factors, where applicable.

C2.40.2.1 Local Failure. Load factors vary from
equation to equation to reflect the differing amounts of
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bias and scatter apparent when these equations are com-
pared to test data (Reference 21). For example, the equa-
tion for plastic chord face failure of T-, Y-, and cross
connections is based on yield line analysis, ignoring the
reserve strength which comes from strain hardening; this
bias provides the safety factor with a @ of unity. The sec-
ond equation, for gap K- and N-connections was empiri-
cally derived, had less hidden bias on the safe side, and
draws a lower resistance factor.

In the transition between gap connections and overlap
connections, there is a region for which no criteria are
given. (see Figure C2.23). Offshore structure detailing
practice typically provides a minimum gap “g” of
2 inches (50 mm), or a 3-inch (75 mm) minimum over-
lap “q,” to avoid weld interference. For smaller diameter
box connections, the limitations are stated in relation to
the member proportions. These limitations also serve to
avoid the touching-toes case for stepped box connec-
tions, in which a disproportionately stiff load path is cre-
ated that cannot handle all the load it attracts, possibly
leading to progressive failure.

C2.40.2.2 General Collapse. To avoid a somewhat
awkward adaptation of column buckling allowable to the
box section web crippling problem (e.g., Reference 15),
AISC-LRFD web yielding, crippling, and transverse
buckling criteria have been adapted to tension, one-
sided, and two-sided load cases, respectively. The resis-
tance factors given are those of AISC. Packer (Reference
22) indicates a reasonably good correlation with avail-
able box connection test results, mostly of the two-sided
variety.

C2.40.2.3 Uneven Distribution of Load (Effective
Width). For box sections, this problem is now treated in
terms of effective width concepts, in which load delivery
to more flexible portions of the chord is ignored. Criteria
for branch member checks are given in 2.40.2.3(1),
based empirically on IW/CIDECT work. Criteria for
load calculation in welds (2.39.5) are based upon the
testing of Packer (Reference 23) for gap K- and
N-connections; and upon extrapolation and simplification
of the [IW effective width concepts for T-, Y-, and cross
connections.

C2.40.2.4 Overlapping Connections. By providing
direct transfer of load from one branch member to the
other in K- and N-connections, overlapping joints reduce
the punching demands on the main member, permitting
the use of thinner chord members in trusses. These are
particularly advantageous in box sections, in that the
member end preparations are not as complex as for circu-
lar tubes.

Fully overlapped connections, in which the overlap-
ping brace is welded entirely to the through brace, with
no chord contact whatsoever, have the advantage of even
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Figure C2.23—Transition Between Gap and Overlap Connections

(see C2.40.2.1)
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Figure C2.24—Partial Length Groove Weld (see 2.12)
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Figure C2.25—Upper Bound Theorem
(see C2.36.6.2, C2.40.2, and C2.42)

simpler end preparations. However, the punching prob-
lem that was in the chord for gap connections, is now
transferred to the thru brace, which also has high beam
shear and bending loads in carrying these loads to the
chord.

Most of the testing of overlapped connections has
been for perfectly balanced load cases, in which com-
pressive transverse load of one branch is offset by the
tension load of the other. In such overlapped connec-
tions, subjected to balanced and predominantly axial
static loading, tests have shown that it is not necessary to
complete the “hidden” weld at the toe of the through
member. In real world design situations, however, local-
ized chord shear loading or purlin loads delivered to the
panel points of a truss result in unbalanced loads. In
these unbalanced situations, the most heavily loaded
member should be the through brace, with its full cir-
cumference welded to the chord, and additional checks
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of net load on the combined footprint of all braces are
required.

C2.40.2.5 Bending. Since international criteria for
bending capacity of tubular connections are not as well
developed as for axial loads, the effects of primary bend-
ing moments are approximated as an additional axial
load. In the design expression, JD represents half the
moment arm between stress blocks creating the moment,
analogous to concrete design—half, because only half
the axial capacity lies on each side of the neutral axis.
Various ultimate limit states are used in deriving the ex-
pressions for JD in Table C2.3. For chord face plastifica-
tion, a uniform punching shear or line load capacity is
assumed. For the material shear strength limit, the effec-
tive width is used. General collapse reflects a side wall
failure mechanism. Finally, a simplified expression for
JD is given, which may conservatively be used for any of
the governing failure modes.

Caution should be exercised where deflections due to
joint rotations could be important, e.g., sidesway of por-
tal frames in architectural applications. Previous editions
of the code provided a 1/3 decrease in allowable connec-
tion capacity for this situation.

C2.40.2.6 Other Configurations. The equivalence
of box and circular branch members on box chords is
based on their respective perimeters (0.785 is nt/4). This
in effect applies the concept of punching shear to the
problem, even though these international criteria are al-
ways given in ultimate strength format. The results are
on the safe side of available test results.

C2.42 Material Limitations

A rational approach to the uitimate strength of stepped
box connections can be taken, using the upper bound
theorem of limit analysis (see Figure C2.25) and yield line
patterns similar to those shown in Figure C2.26. Various
yield line patterns should be assumed in order to find the
minimum computed capacity, which may be equal to or
greater than the true value. Fan corners (as shown for the
T-joint) often produce lower capacity than plain corners
shown for the other cases. Suggested design factors are
given in Table C2.2; these are intended to be consistent
with those used in the body of the code. For T- and Y-
connections, the geometry modifier is found to be a
function of n as well as B, in contrast to the simpler
expression given in 2.40.1. For K-connections, the gap
parameter § also should be taken into account. The
dimensionless geometry parameters, 1, §, and § are
defined in Figure C2.26.

For gaps approaching 0 and for very large f§ approach-
ing unity, yield line analysis indicates extremely and
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Figure C2.26—Yield Line Patterns (see C2.42 and C2.40.2)

Table C2.2
Suggested Design Factors (see C2.40.2)
Assumed SF for SF Where 1/3
Value for K Static Loads Increase Applies

Where the uitimate breaking strength of the connection—includes
effects of strain hardening, etc.—can be utilized;

Redundant fail-safe structures and designs consistent with 2.40.1 1.5* 1.8 1.4

Critical members whose sole failure would be catastrophic 1.5* 2.7 2.0
Architectural applications where localized deformation would be

- 1.0 1.7 13
objectionable

*Applicable where main member, Fy, is not taken to exceed 2/3 the specified minimum tensile strength.
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Table C2.3

Values of JD (see C2.40.2.5)

Governing Failure Mode

In-Plane Bending

Out-of-Plane Bending

Plastic Chord Wall Failure

nD (B +n/2)

2(B+m)

BD (n +B/2)
2(m+B)

Chord Material Shear Strength

ND (Beop +M/2)

BD [ + Boop(1 = Beop/2P)]

2(Beop +M) 2(n + Beop)
D + 5t
General Collapse 7_'__4__6 _122

Branch Member Effective Width

nD (Bcoi + "l/z)

BD [7] + BL:ni(1 - bcoi/2|3)]

4 2(n + Beoi)
Conservative Approximation for Any Mode I4Q 542

unrealistically high joint capacity. The limiting provi-
sions of 2.40.1.1 and 2.40.1.3 should also be checked.

C2.42.1.5 Box T-, Y-, or K-Connections. Tubular
connections are subject to stress concentrations which
may lead to local yielding and plastic strains. Sharp
notches and flaws at the toe of the welds, and fatigue
cracks which initiate under cyclic loading, place addi-
tional demands on the ductility and notch toughness of
the steel, particularly under cyclic loads. These demands
are particularly severe in the main member of tubular T-,
Y-, and K-connections. Cold-formed box tubing (e.g.,
ASTM A 500 and tubing fabricated from bent plates) is
susceptible to degraded toughness due to strain aging in
the corners, when these severely deformed regions are
subjected to even moderate heat of nearby welding. Suit-
ability of such tubing for the intended service should be
evaluated using tests representing their final condition
(i.e., strained and aged, if the tubing is not normalized
after forming). See C2.42.2.2 for a discussion of impact
testing requirements.

C2.42.2 Tubular Base-Metal Notch Toughness. Some
steels are listed by strength group (Groups I, II, I11, IV,
and V) and toughness class (Classes A, B, and C) in
Tables C2.4—C2.6. These listings are for guidance to de-
signers, and follow long-established practice for offshore
structures, as described in Reference 9 and the following:
Strength Groups. Steels may be grouped according to
strength level and welding characteristics as follows
(also see 3.3 and 3.5):
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(1) Group I designates mild structural carbon steels with
specified minimum yield strengths of 40 ksi (280 MPa) or
less. Carbon equivalent (defined in Annex XI, XI6.1.1) is
generally 0.40% or less, and these steels may be welded
by any of the welding processes as described in the code.

(2) Group II designates intermediate strength low
alloy steels with specified minimum yield strengths of
over 40 ksi through 52 ksi (280 through 360 MPa). Car-
bon equivalent ranges up to 0.45% and higher, and these
steels require the use of low-hydrogen welding processes.

(3) Group I designates high-strength low-alloy
steels with specified minimum yield strengths in excess
of 52 ksi through 75 ksi (360 through 515 MPa). Such
steels may be used, provided that each application is in-
vestigated with regard to the following:

(a) Weldability and special WPSs which may be
required. Low-hydrogen welding procedures would gen-
erally be presumed.

(b) Fatigue problems which may result from the
use of higher working stresses, and

(c) Notch toughness in relation to other elements
of fracture control, such as fabrication, inspection proce-
dures, service stress, and temperature environment.

(4) Groups 1V and V include higher strength con-
structional steels in the range of over 75 ksi through
100 ksi yield (515 through 690 MPa). Extreme care
should be exercised with regard to hydrogen control to
avoid cracking and heat input to avoid loss of strength
due to over-tempering.



COMMENTARY AWS D1.1:2000

Table C2.4
Structural Steel Plates (see C2.42.2)
Strength  Toughness Yield Strength Tensile Strength
Group Class Specification and Grade ksi MPa ksi MPa
I C ASTM A 36 (to 2 in. [S0 mm] thick) 36 250 58-80 400-550
ASTM A 131 Grade A (to 1/2 in. [12 mm] thick) 34 235 58-71 440-490
ASTM A 131 Grades B, D 34 235 58-71 400-490
I B ASTM A 573 Grade 65 35 240 65-77 450-550
ASTM A 709 Grade 3672 36 250 58-80 400-550
I A ASTM A 131 Grades CS, E 34 235 58-71 400-490
ASTM A 242 (to 1/2 in. [12 mm] thick) 50 345 70 480
I C ASTM A 572 Grade 42 (to 2 in. [SO mm] thick) 42 290 60 415
ASTM A 572 Grade 50 (to 1/2 in. [12 mm)] thick)* 50 345 65 450
ASTM A 588 (4 in. [100 mm] and under) 50 345 70 min 485 min
ASTM A 709 Grades 50T2, 50T3 50 345 65 450
ASTM A 131 Grade AH32 45.5 315 68-85 470-585
1 B ASTM A 131 Grade AH36 51 350 71-90 490-620
ASTM A 808 (strength varies with thickness) 42-50 290-345 60-65 415-450
ASTM A 516 Grade 65 35 240 65-85 450-585
API Spec 2H Grade 42 42 290 62-80 430-550
Grade 50 (to 2-1/2 in. [65 mm] thick) 50 345 70-90 483-620
(over 2-1/2 in. [65 mm] thick) 47 325 70-90 483-620
API Spec 2W Grade 42 (to 1 in. [25 mm] thick) 42-67 290-462 62 427
(over 1 in. [25 mm)] thick) 42-62 290-427 62 427
Grade 50 (to 1 in. [25 mm] thick) 50-75 345-517 65 448
(over 1 in. [25 mm)] thick) 50-70  345-483 65 448
Grade 50T (to 1 in. [25 mm] thick) 50-80 345-522 70 483
(over 1 in. {25 mm] thick) 50-75 345-517 70 483
API Spec 2Y Grade 42  (to 1 in. [25 mm] thick) 42-67 290-462 62 427
11 A (over 1 in. [25 mm] thick) 42-62 290-462 62 427
Grade 50 ~ (to 1 in. [25 mm)] thick) 50-75 345-517 65 448
(over 1 in. [25 mm] thick) 50-70 345-483 65 448
Grade 50T (to 1 in. [25 mm] thick) 50-80 345-572 70 483
(over 1 in. [25 mm] thick) 50-75 345-517 70 483
ASTM A 131 Grades DH32, EH32 45.5 315 68-85 470-585
Grades DH36, EH36 51 350 71-90 490-620
ASTM A 537 Class I (to 2-1/2 in. [65 mm] thick) 50 345 70-90 485-620
ASTM A 633 Grade A 42 290 63-83 435-570
Grades C, D 50 345 70-90 485-620
ASTM A 678 Grade A 50 345 70-90 485-620
11 C ASTM A 633 Grade E 60 415 80-100  550-690
ASTM A537Class Il (to 2-1/2 in. [65 mm] thick) 60 415 80-100  550-690
ASTM A 678 Grade B 60 415 80-100  550-690
API Spec 2W Grade 60  (to 1 in. [25 mm] thick) 60-90 414-621 75 517
(over 1 in. [25 mm] thick) 60--85 414-586 75 517
API Spec 2Y Grade 60 (to 1 in. [25 mm] thick) 60-90 414-621 75 517
I A (over 1 in. [25 mm] thick) 60-85  414-586 75 517
ASTM A 710 Grade A Class 3
(quenched and precipitation heat treated)
thru 2 in. (50 mm) 75 515 85 585
2 in. (50 mm) to 4 in. (100 mm) 65 450 75 515
over 4 in. (100 mm) 60 415 70 485
v C ASTM A 514 (over 2-1/2 in. [65 mm] thick) 90 620 110-130 760890
ASTM A 517 (over 2-1/2 in. [65 mm] thick) 90 620 110-130  760-896
v c ASTM A 514 (to 2-1/2 in. [65 mm] thick) 100 690 110-130  760-895
ASTM A 517 (to 2-1/2 in. [65 mm] thick) 100 690 110-130  760-895

*To 2 in. (50 mm) Thick for Type 1 or 2 Killed, Fine Grain Practice
Note: See list of Referenced Specifications for full titles of the above.
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Table C2.5
Structural Steel Pipe and Tubular Shapes (see C2.42.2)
Yield Strength Tensile Strength
Group Class Specification and Grade ksi MPa ksi MPa
API Spec 5L Grade B* 35 240 60 415
ASTM A 53 Grade B 35 240 60 415
ASTM A 139 Grade B 35 240 60 415
ASTM A 500 Grade A (round) 33 230 45 310
I C (shaped) 39 270 45 310
ASTM A 500Grade B (round) 42 290 58 400
(shaped 46 320 58 400
ASTM A 501 (round and shaped) 36 250 58 400
API Spec 5L Grade X42 (2% max. cold expansion) 42 290 60 415
ASTM A 106 Grade B (normalized) 35 240 60 415
I B ASTM A 524 Grade I (through 3/8 in. [10 mm] w.t.) 35 240 60 415
Grade Il (over 3/8 in. [10 mm] w.t.) 30 205 55-80 380-550
I A ASTM A 333 Grade 6 35 240 60 415
ASTM A 334 Grade 6 35 240 60 415
1 C API Spec 5L, Grade X42 (2% max. cold expansion) 52 360 66 455
ASTM A 618 50 345 70 485
il B API Spec SL Grade X52 with SR5, SR6, or SR8 52 360 66 455
m C ASTM A 595 Grade A (tapered shapes) 55 380 65 450
ASTM A 595 Grades B and C (tapered shapes) 60 410 70 480

*Seamless or with longitudinal scam welds

Notes:

1. See list of Referenced Specifications for full titles of the above.

2. Structural pipe may also be fabricated in accordance with API Spec 2B, ASTM A 139+, ASTM A 252+, or ASTM A 671 using grades of structural
plate listed in Exhibit 1 except that hydrostatic testing may be omitted.

+ with longitudinal welds and circumferential butt weids.

Table C2.6
Structural Steel Shapes (see C2.42.2)

Yield Strength Tensile Strength

Group Class Specification and Grade ksi MPa ksi MPa
I c ASTM A 36 (to 2 in. [SO mm] thick) 36 250 58-80 400-550
ASTM A 131 Grade A (to 1/2 in. [12 mm] thick) 34 235 58-80 400-550
I B ASTM A 709 Grade 36T2 36 250 58-80 400-550

ASTM A 572Grade 42 (to 2 in. [50 mm)] thick) 42 290 60 415

I C ASTM A 572 Grade 50 (to 1/2 in. [12 mm)] thick) 50 345 65 480

ASTM A 588 (to 2 in. [SO mm] thick) 50 345 70 485

ASTM A 709 Grades 50T2, 50T3 50 345 65 450
1 B ASTM A 131 Grade AH32 46 320 68-85 470-585
ASTM A 131 Grade AH36 51 360 71-90 490-620

*To 2 in. (50 mm) Thick for Type 1 or 2 Killed, Fine Grain Practice

Note: This table is part of the commentary on toughness considerations for tubular structures (or composites of tubulars and other shapes), e.g., used
for offshore platforms. It is not intended to imply that untisted shapes are unsuitable for other applications.
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Toughress Class. Toughness classifications A, B, and
C may be used to cover various degrees of criticality
shown in the matrix of Table C2.7, and as described
below:

Primary (or fracture critical) structure covers ele-
ments whose sole failure would be catastrophic.

Secondary structure covers elements whose failure
would not lead to catastrophic collapse, under conditions
for which the structure could be occupied or capable of
major off-site damages (e.g., pollution), or both.

For highly redundant tubular space-frame structures,
fracture of a single brace or its end connection is not
likely to lead to collapse under normal or even moder-
ately severe loads. The strength is reduced somewhat,
however, and the risk of collapse under extreme overload
increases correspondingly.

(1) Class C steels are those which have a history of
successful application in welded structures at service
temperatures above freezing, but for which impact tests
are not specified. Such steels are applicable to structural
members involving limited thickness, moderate forming,
low restraint, modest stress concentration, quasi-static
loading (rise time 1 second or longer) and structural
redundancy such that an isolated fracture would not
be catastrophic. Examples of such applications are
piling, braces in redundant space frames, floor beams,
and columns.

AWS D1.1:2000

(2) Class B steels are suitable for use where thickness,
cold work, restraint, stress concentration, and impact
loading or lack of redundancy, or both, indicate the need
for improved notch toughness. Where impact tests are
specified, Class B steels should exhibit Charpy V-notch
energy of 15 ft-1b (20J) for Group I, 25 ft-1b (34]) for
Group 11, and 35 ft-1b (48]) for Group III, at the lowest
anticipated service temperature. Steels listed herein as
Class B can generally meet these Charpy requirements at
temperatures ranging from 50° to 32°F (10° to 0°C).

Examples of such applications are connections in sec-
ondary structure, and bracing in primary structure. When
impact tests are specified for Class B steel, heat-lot test-
ing in accordance with ASTM A 673, Frequency H, is
normally used. However, there is no positive assurance
that Class B toughness will be present in pieces of steel
that are not tested.

(3) Class A steels are suitable for use at subfreezing
temperatures and for critical applications involving ad-
verse combinations of the factors cited above. Critical
applications may warrant Charpy testing at 36—-54°F
(20-30°C) below the lowest anticipated service tempera-
ture. This extra margin of notch toughness prevents the
propagation of brittle fractures from large flaws, and pro-
vides for crack arrest in thicknesses of several inches.
Steels enumerated herein as Class A can generally meet
the Charpy requirements stated above at temperatures
ranging from —4°F to —40°F (-20°C to —40°C). Impact

Table C2.7
Classification Matrix for Applications (see C2.42.2)
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testing frequency for Class A steels should be in accor-
dance with the specification under which the steel is or-
dered; in the absence of other requirements, heat-lot
testing may be used.

C2.42.2.1 Charpy V-Notch Requirements, These
minimal notch toughness requirements for heavy-section
tension members follow the provisions recently proposed
by AISC. They rely to a considerable extent on the
temperature-shift phenomenon described by Barsom
(Reference 16). The temperature-shift effect is that stati-
cally loaded materials exhibit similar levels of ductility
as cyclically loaded impact specimens tested at a higher
temperature. For higher strength steels, Groups I1I, 1V,
and V, the temperature-shift is less effective; also frac-
ture mechanics strain energy release considerations
would suggest higher required energy values. Testing as-
rolled steels on a heat-lot basis leaves one exposed to
considerable variation within the heat, with impacts
showing more scatter than strength properties. However,
it is better than no testing at all.

C2.42.2.2 LAST Requirements. The main members
in tubular connections are subject to local stress concen-
trations which may lead to local yielding and plastic
strains at the design load. During the service life, cyclic
loading may initiate fatigue cracks, making additional
demands on the ductility of the steel, These demands are
particularly severe in heavy-wall joint-cans designed for
punching shear.

(1) Underwater Connections. For underwater por-
tions of redundant template-type offshore platforms, API
recommends that steel for joint cans (such as jacket leg
joint cans, chords in major X and K joints, and through
members in connections designed as overlapping) meet
one of the following notch toughness criteria at the tem-
perature given in the Table below.

(a) NRL Drop-Weight Test no-break performance.
(preferred)
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(b) Charpy V-notch energy: 15 ft-lb (20J) for
Group I steels, 25 ft-1b (34]) for Group II steels, and
35 ft-Ib (48]) for Group IlI steels (transverse test).

The preferred NRL crack arrest criteria follow from
use of the Fracture Analysis Diagram (Reference 17),
and from failures of heavy connections meeting tempera-
ture-shifted Charpy initiation criteria. For service tem-
peratures at 40°F (4°C) or higher, these requirements
may normally be met by using any of the Class A steels.

(2) Atmospheric Service. For connections exposed
to lower temperatures and possible impact, or for critical
connections at any location in which it is desired to pre-
vent all brittle fractures, the tougher Class A steels
should be considered, e.g., API Spec. 2H, Gr. 42 or
Gr. 50. For 50 ksi (345 MPa) yield and higher strength
steels, special attention should be given to welding pro-
cedures, in order to avoid degradation of the heat-
affected zones. Even for the less demanding service of
ordinary structures, the following group/class base met-
als are NOT recommended for use as the main members
in tubular connections: I1IC, IIIB, IIIC, IV, and V.

(3) Critical Connections. For critical connections
involving high restraint (including adverse geometry,
high yield strength, thick sections, or any combination of
these conditions), and through-thickness tensile loads in
service, consideration should be given to the use of steel
having improved through-thickness (Z-direction) proper-
ties, e.g., APl Spec. 2H, Supplements S4 and S5, or
ASTM A 770.

(4) Brace Ends. Although the brace ends at tubular
connections are also subject to stress concentration, the
conditions of service are not quite as severe as the main
member (or joint-can). For critical braces, for which brit-
tle fracture would be catastrophic, consideration should
be given to the use of stub-ends in the braces having the
same class as the joint-can, or one class lower. This pro-
vision need not apply to the body of braces (between
connections).
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C3. Prequalification of WPSs

C3.2.1 Prequalified Processes. Certain shielded metal
arc, submerged arc, gas metal arc (excluding the short
circuiting mode of metal transfer across the arc), and flux
cored arc WPSs in conjunction with certain related types
of joints have been thoroughly tested and have a long
record of proven satisfactory performance. These WPSs
and joints are designated as prequalified and may be used
without tests or qualification (see section 4).

Prequalified provisions are given in section 3, which
includes WPSs, with specific reference to preheat, filler
metals, electrode size, and other pertinent requirements.
Additional requirements for prequalified joints in tubular
construction are given in section 3.

The use of prequalified joints and procedures does not
necessarily guarantee sound welds. Fabrication capabil-
ity is still required, together with effective and knowi-
edgeable welding supervision to consistently produce
sound welds.

The code does not prohibit the use of any welding
process. It also imposes no limitation on the use of any
other type of joint; nor does it impose any procedural re-
strictions on any of the welding processes. It provides for
the acceptance of such joints, welding processes, and
WPSs on the basis of a successful qualification by the
contractor conducted in accordance with the require-
ments of the code (see section 4).

C3.3 Base Metal/Filler Metal
Combinations

Filler metals with designators listed in note 7 of Table
3.1 obtain their classification tensile strength by PWHT
at 1275°F or 1350°F (690°C or 730°C). In the as-welded
condition their tensile strengths may exceed 100 ksi
(690 MPa).

The electrodes and electrode-flux combinations
matching the approved base metals for use in prequali-
fied joints are listed in Table 3.1, matching filler metal
requirements. In this table, groups of steel specifications
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are matched with filler metal classifications having simi-
lar tensile strengths. In joints involving base metals that
differ in tensile strengths, electrodes applicable to the
lower strength material may be used provided they are of
the low-hydrogen type if the higher strength base metal
requires the use of such electrodes.

C3.5 Minimum Preheat and Interpass
Temperature Requirements

The principle of applying heat until a certain tempera-
ture is reached and then maintaining that temperature as
a minimum is used to control the cooling rate of weld
metal and adjacent base metal. The higher temperature
permits more rapid hydrogen diffusion and reduces the
tendency for cold cracking. The entire part or only the
metal in the vicinity of the joint to be welded may be pre-
heated (see Table 3.2). For a given set of welding condi-
tions, cooling rates will be faster for a weld made
without preheat than for a weld made with preheat. The
higher preheat temperatures result in slower cooling
rates. When cooling is sufficiently slow, it will effec-
tively reduce hardening and cracking,.

For quenched and tempered steels, slow cooling is not
desirable and is not recommended by the steel producer.

It should be emphasized that temperatures in Table
3.2 are minimum temperatures, and preheat and interpass
temperatures must be sufficiently high to ensure sound
welds. The amount of preheat required to slow down
cooling rates so as to produce crack-free, ductile joints
will depend on:

(1) The ambient temperature

(2) Heat from the arc

(3) Heat dissipation of the joint

(4) Chemistry of the steel (weldability)

(5) Hydrogen content of deposited weld metal

(6) Degree of restraint in the joint

Point 1 is considered above.

Point 2 is not presently considered in the code.
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Point 3 is partly expressed in the thickness of material.

Point 4 is expressed indirectly in grouping of steel
designations.

Point 5 is presently expressed either as non-low hydro-
gen welding process or a low hydrogen welding process.

Point 6 is least tangible and only the general condition
is recognized in the provisions of Table 3.2.

Based on these factors, the requirements of Table 3.2
should not be considered all-encompassing, and the em-
phasis on preheat and interpass temperatures as being
minimum temperatures assumes added validity.

Caution should be used in preheating quenched and
tempered steel, and the heat input must not exceed the
steel producer’s recommendation (see 5.7).

C3.6 Limitation of WPS Variables

Although prequalified WPSs are exempt from tests,
the code does require that the contractor prepare a writ-
ten WPS to be used in fabrication. This is a record of the
materials and the welding variables which shows that the
WPS meets the requirements for prequalified status.

It is the intent of the code that welders, welding oper-
ators, tack welders, and inspection personnel have access
to the written prequalified WPS. The code requires that
four critical variables be specified on the written prequal-
ified WPS within limits that will insure that it provides
meaningful guidance to those who implement its provi-
sions. The allowable ranges for amperage, voltage, travel
speed, and shielding gas, as applicable, are the same as
those allowed for qualified WPSs in 4.7 of the code. The
limitation imposed on these four variables are suffi-
ciently conservative to permit rounding off.

C3.7.2 Width/Depth Pass Limitation. The weld nug-
get or bead shape is an important factor affecting weld

WIDTH
OF FACE

DEPTH OF
FUSION

COMMENTARY

cracking. Solidification of molten weld metal due to the
quenching effect of the base metal starts along the sides
of the weld metal and progresses inward until completed.
The last liquid metal to solidify lies in a plane through
the centerline of the weld. If the weld depth is greater
than the width of the face, the weld surface may solidify
prior to center solidification. When this occurs, the
shrinkage forces acting on the still hot, semi-liquid cen-
ter or core of the weld may cause a centerline crack to
develop, as shown in Figure C3.1 (A) and (B). This crack
may extend throughout the longitudinal length of the
weld and may or may not be visible at the weld surface.
This condition may also be obtained when fillet welds
are made simultaneously on both sides of a joint with the
arcs directly opposite each other, as shown in Figure
C3.1 (C).

In view of the above, Table 3.7 requires that neither
the depth nor the maximum width in the cross section of
the weld metal deposited in each weld pass shall exceed
the width at the surface of the weld pass. This is also il-
lustrated in Figure 3.1. Weld bead dimensions may best
be measured by sectioning and etching a sample weld.

C3.7.3 Weathering Steel Requirements. The require-
ments in this paragraph are for exposed, bare, unpainted
applications of ASTM A 588 steel where atmospheric
corrosion resistance and coloring characteristics similar
to those of the base metal are required. The filler metals
specified in Table 3.3 are to be used to meet this require-
ment. When welding these steels for other applications,
the electrode, the electrode-flux combination, or grade of
weld metal specified in Table 3.1 is satisfactory.

The use of filler metals other than those listed in Table
3.3 for welding ASTM A 588 steel (used in bare, exposed
applications) is permitted for certain size single-pass fil-
lets (related to welding process), as shown in 3.7.3. Here,
the amount of weld metal-base metal admixture results in

WIDTH
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FUSION

&4

a1

(A)
GROOVE WELD

FILLET WELD

(B) (C)
WELD IN T-JOINT

Figure C3.1—Examples of Centerline Cracking (see C3.7.2)
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weld metal coloring and atmospheric corrosion charac-
teristics similar to the base metal.

In multiple-pass welds, a filler metal from Table 3.1
may be used to fill the joint except for the last two layers.
Filler metal as specified in Table 3.3 must be used for the
last two surface layers and ends of welds.

C Table 3.7 Electrical Limitations. Tests have demon-
strated that an empirical relation appears to exist between
the angle at the root of the groove and the maximum cur-
rent that can be used without producing weld profiles
prone to cracking, as shown in Figure C3.1. Under these
circumstances, only prequalified bevel and V-grooves
without backing are effective.

J- and U-grooves have a greater angle at the root than
the groove angle and, in their case, the probability of an
undesirable crack-prone weld nugget is very small. How-
ever, the code makes no distinction between V-grooves
and J- and U-grooves in this regard. It makes the require-
ments of Table 3.7 applicable to all grooves. Since the
use of J-and U-grooves is less frequent, this requirement
does not appear to be unreasonable.

The empirical relation defines the acceptable amount
of current, in amperes, as approximately ten times the
included groove angle. This applies primarily to prequal-
ified joints welded without backing using bevel and
V-grooves. Since the included angle for such prequali-
fied joints is 60°, the maximum amperage permitted by
the code is 600 A; for a 90° fillet weld, the maximum
current permitted is 1000 A. This limitation applies only
to passes fusing both faces of the joint, except for the
cover pass.

C Table 3.7 Requirement for Multiple Electrode
SAW. When using gas metal arc plus submerged arc in
tandem (see Table 3.7), the maximum 15 in. (380 mm)
spacing between the gas metal arc and the leading sub-
merged arc is required to preserve the preheating effects
of the first arc for the subsequent main weld deposited by
the remaining two high deposition rate submerged arcs.
The short spacing also provides a better condition for re-
melting the first pass.

C Table 3.7 Requirements for GMAW/FCAW. This
section provides the requirements for gas metal arc weld-
ing and flux cored arc welding procedures when prequal-
ified WPSs are used.

The gas shielding at the point of welding is to be
protected from the wind to prevent interruption in shield-
ing and resulting contamination of the weld by the
atmosphere.

The prequalified provisions apply only to gas metal
arc welding using spray and globular transfer modes of
metal deposition. Gas metal arc welding in the short cir-
cuiting transfer mode is not prequalified and must be
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qualified in accordance with section 4. Experience has
shown frequent cases of lack of penetration and fusion
with this mode of metal transfer. A common reason for
this unreliability is the low-heat input per unit of depos-
ited weld metal resulting in a tendency toward little or no
melting of the base metal. Therefore, each user is re-
quired to demonstrate the ability of the selected WPS to
produce sound welds when using short circuiting transfer
gas metal arc welding.

C3.10 Plug and Slot Weld
Requirements

Plug and slot welds conforming to the dimensional re-
quirements of 2.5, welded by techniques prescribed in
5.25 and using materials listed in Table 3.1 or Annex M
are considered prequalified and may be used without per-
forming joint welding procedure qualification tests.

C3.11.2 Corner Joint Preparation. The code permits
an alternative option for preparation of the groove in one
or both members for all bevel- and J-groove welds in
corner joints as shown in Figure C3.2.

This provision was prompted by lamellar tearing con-
siderations permitting all or part of the preparation in the
vertical member of the joint. Such groove preparation re-
duces the residual tensile stresses, arising from shrinkage
of welds on cooling, that act in the through-thickness di-
rection in a single vertical plane, as shown in prequali-
fied corner joints diagrammed in Figures 3.3, 3.4, and
3.11. Therefore, the probability of lamellar tearing can be
reduced for these joints by the groove preparation now
permitted by the code. However, some unprepared thick-
ness, “a,” as shown in Figure C3.2, must be maintained
to prevent meiting of the top part of the vertical plate.
This can easily be done by preparing the groove in both
members (angle §).

C3.13.1 Joint Dimensions. After preparation, the sec-
ond side of double welded joints may not exactly match
the sketches shown for prequalified welded joints in
Figure 3.3 due to inherent limitations of the back
gouging process. U- and J-shapes may appear to be com-
bined with V- and bevel shapes. This is an acceptable
condition.

C Figure 3.3—Effective Weld Size of Flare-Bevel-
Groove Welded Joints. Tests have been performed on
cold formed ASTM A 500 material exhibiting a “c”
dimension as small as T; with a nominal radius of 2t. As
the radius increases, the “c” dimension also increases.

The corner curvature may not be a quadrant of a circle
tangent to the sides. The corner dimension, “c,” may be
less than the radius of the corner.
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 INVOLVES PREPARATION IN
BOTH PLATES IN THE CORNER
JOINT. USED WHEN, FOR A
MINIMUM “a” THICKNESS, THE
VERTICAL PLATE CANNOT
ACCOMMODATE o GROOVE ANGLE. ]

Figure C3.2—Details of Alternative Groove Preparations for Prequalified Corner Joints
(see C3.11.2)
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C4. Qualification

Part A
General Requirements

C4.1.1.1 Qualification Responsibility. All contrac-
tors are responsible for their final product. Therefore, it
is their responsibility to comply with the qualification
requirements of the code relative to WPSs. Properly doc-
umented WPSs and personnel qualification tests con-
ducted by the contractor in accordance with this code are
generally acceptable to the Engineer for the contract.

C4.1.2 Performance Qualification of Welding Per-
sonnel. The qualification tests are especially designed to
determine the ability of the welders, welding operators,
and tack welders to produce sound welds by following a
WPS. The code does not imply that anyone who satisfac-
torily completes qualification tests can do the welding
for which they are qualified for all conditions that might
be encountered during production welding. It is essential
that welders, welding operators, and tack welders have
some degree of training for these differences.

Ideally, welders, welding operators and tack welders
welding quenched and tempered high-strength steels
should have experience welding such base metals. In lieu
of such experience, the contractor should ensure that the
contractor’s personnel receive instruction and training in
the welding of such steels. It is further recommended that
other personnel, such as fitters and thermal cutters (burn-
ers) involved in fabrication utilizing quenched and tem-
pered high-strength steel be experienced or receive
instruction and training prior to the start of thermal cut-
ting operations.

*

C4.1.3.1 Period of Effectiveness—Welders and
Welding Operators. This subsection controls the expi-
ration date of a welder’s qualification. The qualification
remains in effect (1) for six months beyond the date that

*(C4.1.2.1 has been deleted.

393

the welder last used the welding process, or (2) until
there is a specific reason to question the welder’s ability.
For (1), the requalification test need be made only in
3/8 in. (10 mm) thickness using plate or pipe or both. If
the welder fails this test, then requalification shall follow
the requirements of section 4, Part C, Welding Personnel
Performance Qualification. For (2), the type of test
should be mutually agreed upon between the contractor
and the Engineer and shall be within the requirements
of section 4, Part C, Performance Qualification.

C4.2.4 Positions of Test Welds. This subsection defines
welding positions for qualification test welds and pro-
duction welds. Position is an essential variable for all of
the WPSs, except for the electrogas and electroslag
processes which are made in only one position. Each
procedure shall be qualified for each position for which it
will be used in fabrication. Relationships between the
position and configuration of the qualification test weld
and the type of weld and positions qualified are shown in
Table 4.1. It is essential to perform testing and evaluation
of the welds to be encountered in construction prior to
their actual use on the job. This will assure that all the
necessary positions are tested as part of the qualification
process.

Part B
WPS Qualification

C4.4 Type of Qualification Tests

Table 4.2 summarizes the requirements for the num-
ber and type of test specimens and the range of thick-
nesses qualified. A test plate thickness of 1 in. (25 mm)
or over qualifies a procedure for unlimited thickness.
The 1 in. (25 mm) thickness has been shown to generally
reflect the influence of weld metal chemistry, heat input,
and preheat temperature on the weld metal and heat-
affected zone. The term direction of rolling was made
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optional in the 1988 edition, although the mechanical
properties of steel plate may vary significantly with the
direction of rolling and may affect the test results. For
example, tensile strength and impact toughness are often
greater in the longitudinal direction than in the transverse
direction unless cross rolling is used. Similarly, the roll-
ing direction shown in the sketches often gives better re-
sults in the bend tests. For some applications, toughness
results are required and the direction of rolling should be
referenced on the test results.

Table 4.2 WPS Qualification—Complete Joint Pene-
tration Groove Welds; Number and Type of Test
Specimens and Range of Thickness and Diameter
Qualified. The WPS qualification for pipe includes con-
ditions for large diameter job size pipe. This is intended
for WPS qualification of large diameter pipe by auto-
matic welding processes, such as submerged arc weld-
ing, and may be applied to any welding process that can
be used on large diameter pipe, but not on 8 in. (200 mm)
Sch. 120 pipe.

C4.7 Essential Variables

This code allows some degree of departure from the
variables used to qualify a WPS. However, departure
from variables which affect the mechanical or chemical
composition of material properties, or soundness of the
weldment are not allowed without requalification. These
latter variables are referred to as essential variables. The
base metal essential variables are listed in 4.7.3. The
welding process essential variables are listed in 4.7.1.
The positions of test welds are listed in 4.2.4. Changes in
these variables beyond the variation allowed by the sub-
ject subsections require requalification of the WPS. Sim-
ilarly, changes beyond those shown in 4.7.2 require
requalification using radiographic or ultrasonic testing
only.

These essential variables are to be specific in the WPS
document and followed in welding fabrication.

C4.7.1 SMAW, SAW, GMAW, GTAW, and FCAW,.
Travel speed affects heat input, weld cooling rates, and
weld metallurgy, which are important for the heat-
affected zone (HAZ), for fracture toughness control, and
for welding quenched and tempered steels. Proper selec-
tion of travel speed is also necessary to avoid incomplete
fusion and slag entrapment.

C Table C4.6 Electrode extension or contact tube to
work distance is an important welding variable which af-
fects the amperage as well as the transfer mode. At a set
wire feed speed, using a constant-voltage power source,
longer electrode extensions cause the welding current to
decrease. This may reduce weld penetration and heat
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input and cause fusion discontinuities. Shorter extension
causes an increase in welding current. A variation in
electrode extension may cause a spray transfer to change
to globular or short circuiting modes. It is important to
control electrode extension as well as other welding
variables.

Semiautomatic welding processes may be controlled
by using wire feed speed, electrode extension and arc
length, or voltage. For machine operation, electrode ex-
tension may be premeasured; for manual welding, it is
visually estimated. Welding on pipe (or tubing) material
product forms does not necessarily mean that pipe weld-
ing is being performed. There is obviously a difference
between welding around a pipe as opposed to welding
along a pipe parallel to the pipe axis (centerline). A girth
weld in a butt joint is completely different from a longi-
tudinal groove weld that joins rolled plate to make a
pipe; a socket joint with a fillet weld is completely differ-
ent from a fillet weld along the pipe length attaching a
plate plug. Obviously, the skills for straight line progres-
sion parallel to the pipe axis are no different from the
skills for welding plate wrought shapes using a straight
line progression; therefore, the pipe product form limita-
tion does not apply in these straight line cases. Refer to
Figure C4.1.

C4.8.2 Nondestructive Testing. All WPS qualification
test plates or test pipes are required to be radiographed or
ultrasonically tested to demonstrate soundness before
mechanical testing, regardless of the welding process
used. Additionally, nondestructive testing reduces the ex-
pense and delays that result from machining and testing
welds having discontinuities prohibited by the code.

C4.8.3.2 Longitudinal Bend Specimens. Provision
has been made in this subsection for longitudinal bend
tests when material combinations differ markedly in
mechanical bending properties.

C4.8.3.3 Acceptance Criteria for Bend Tests. The
new, more definitive wording for bend test acceptance
was added to aid the interpretation of the test results. The
purpose of the bend test is to prove the soundness of the
weld. The statement regarding the total quantity of indi-
cations was added to restrict the accumulative amount of
discontinuities.

A maximum limit on tears originating at the corners
was added to prevent the case where the corner cracks
might extend halfway across the specimen, and under the
previous criteria, would be judged acceptable.

C4.10.1 Type and Number of Specimens to be Tested.
This subsection addresses the requirements for qualifica-
tion of partial joint penetration groove welds that require
qualification by the contractor because the joint design
and WPS to be used in construction do not meet prequal-
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ified status as described in 3.1, or a WPS qualified to
produce complete penetration welds utilizing a specific
joint design is proposed for use as a partial penetration
weld. The intent is to establish the weld size that will be
produced using the joint design and welding procedure
proposed for construction. Certain joint designs in com-
bination with a specific welding process and position
may show that the groove preparation planned will not
give the desired weld size (E).

Macroetch test specimens only are required for WPS
qualifications that meet the requirements of 4.10.2 or
4.10.3. Additional testing is required for those WPS that
fall under the criteria of 4.10.4. These test requirements
are shown in Table 4.3.

C4.11.1 Type and Number of Specimens—Fillet
Welds. When single-pass fillet welds are to be used, one
test weld is required as shown in Figures 4.19 and 4.23
using the maximum size single-pass fillet weld. If
multiple-pass fillet welds only are used, then one test
weld is required, as shown in Figures 4.19 and 4.23,
using the minimum size multiple-pass fillet weld to be
used. Each of these tests is presumed to evaluate the
most critical situation.

C4.12 Complete Joint Penetration
Groove Welds for Tubular
Connections

Welding on tubular members differs from that in con-
ventional plate and wide flange construction in several
important aspects. Position often changes continuously
in going around the joint; in T-, Y-, and K-connections,
the joint geometry also changes. Often there is no access
to the root side of the weld; and circumstances may pre-
clude the use of backing (e.g., the use of tubes as a
conduit, or the complicated geometry of T-, Y-, and
K-connections). Yet, for many structures, the conditions
of service demand that these welds meet the strength and
fatigue performance qualities conventionally associated
with complete joint penetration groove welds. To meet
these needs, a specialized set of practices regarding WPS
and welder qualifications, as well as prequalified joint
details, has evolved for tubular structures. These provi-
sions supplement those given elsewhere in the code.

Several specialized tubular applications are defined
in which complete joint penetration groove welds are
permitted to be welded from the outside only, without
backing:

(1) Pipe Butt Joints. In butt joints, complete joint
penetration groove welds made from one side are prohib-
ited under the conventional provisions for cyclically
loaded structures and statically loaded structures, yet
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they are widely used in pressure piping applications.
They are now permitted for tubular structures, but only
when all the special provisions of 4.12.2 are followed.

@) T-, Y-, and K-Connections. Prequalified joint
details for both circular and box tube connections are de-
scribed in 3.13.4. The situations under which these may
be applied are described in Table 4.2, along with the re-
quired WPS and welder tests. These requirements are
discussed further below.

Because of the special skills required to successfully
execute a complete joint penetration groove weld in tu-
bular T-, Y-, and K-connections, the 6GR level of welder
qualification for the process being used is always re-
quired (see 4.26). Also, where groove angles less than
30° are to be used, the acute angle sample joint test of
4,12.4.2 is also required for each welder.

Where groove details in T-, Y-, and K-connections
differ from the prequalified details of 3.13.4, or there is
some question as to the suitability of the joint details for
WPS, then a mock-up or sample joint in accordance with
4.12.4.1 is required, in order to validate the procedure.

Additional WPS qualification tests may be required
on account of some essential variable other than joint de-
sign, These circumstances include (but are not limited to)
the following:

(a) The use of a process outside the prequalified
range (e.g., short-circuiting GMAW),

(b) The use of base metal or welding materials outside
the prequalified range (e.g., the use of proprietary steels
or a non-low hydrogen root pass on thick material).

(¢) The use of welding conditions outside the
prequalified range (e.g., amps, volts, preheat, speed, and
direction of travel).

(d) The need to satisfy special owner testing require-
ments (e.g., impact tests).

Qualification for complete joint penetration welds
using tubular box sections detailed with single-welded
T-, Y-, and K-connections requires additional tests as
stated in Table 4.1 and shown in Figure 4.28. In this test,
the welder demonstrates the skill and technique to de-
posit sound weld metal around the corners of a box tube
member. This macroetch test is not required for fillet
or partial penetration groove welds. See Commentary
C4.26 for further discussion.

For these tests, the joint configurations of Figures
4.27 and 4.28 are used in order to simulate the root con-
dition and limited access of T-, Y-, and K-connections.
Conventional specimens for mechanical testing are then
prepared in accordance with Table 4.2.

Partial joint penetration T-, Y-, and K-connections are
also provided for. They can be executed by welders hav-
ing the common pipe qualifications 2G plus 5G. This
could be advantageous in areas where 6GR qualified
welders are not readily available. Although lower fatigue
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allowables apply, the static strength of such joints is al-
most the same as for complete penetration, particularly
where mild steel is used with E70 filler metal.

Fillet welded T-, Y-, and K-connections can be exe-
cuted by welders having even lower levels of qualifica-
tion. However, these can not be presumed to match the
strength of members joined, but must be checked by the
designer for the specific applied loads, in accordance
with 2.40.2.3, 2.36.6, 2.39.1, as well as 2.40.1 and
2.40.2.

C4.12.4 T-, Y-, and K-Connections without Backing
Welded from One Side Only. Under carefully pre-
scribed conditions (see Figures 3.6 and Figures
3.8-3.10), the code permits complete joint penetration
groove welds in tubular T-, Y-, and K-connections to be
made from one side without backing. Lack of access and
complex geometry preclude more conventional tech-
niques. A very high level of welder skill (as demon-
strated by the 6GR test) is required. When matching
materials (see Table 3.1) are used, such joints may be
presumed to equal the strength of the sections joined sub-
ject to the limitations of 2.40 and 2.36.6.

In making the weld in a T-, Y-, or K-connection, the
geometry and position vary continuously as one
progresses around the joint. The details shown in Figures
3.6, and Figures 3.8 through 3.10 were developed from
experience with all-position shielded metal arc welding
(SMAW) and fast-freezing short circuiting transfer gas
metal arc welding (GMAW-S). These details are also ap-
plicable to flux cored arc welding processes with similar
fast-freezing characteristics. The wider grooves (and
wider root openings) shown for GMAW were found nec-
essary to accommodate the shrouded tip of the welding
gun. Although the later process is not prequalified for
short circuiting transfer, the joint details are still applica-
ble to such GMAW procedures.

In many applications, particularly with small tubes,
the partial penetration joint of 3.12.4 will be entirely ade-
quate. Although requiring additional strength checks by
the designer, the less stringent requirements for fit-up
and welder’s skill result in significant economies on the
job. For very large tubes in which inside access is possi-
ble, the conventional complete joint penetration groove
welds made from both sides are applicable.

For applications where increased fatigue performance
associated with complete joint penetration groove welds
is needed for T-, Y-, and K-connections, the code refers
to a consistent set of “standard” weld profiles, as de-
scribed earlier in C2.36.6.7. Once learned, these should
become a natural progression with thickness for the
welders to follow. They have evolved from the following
experience.

For very thin tubular connections, flat profiles (Figure
3.8) represent those commonly obtained on small tubular
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connections used for onshore applications. They also are
similar to the profiles obtained on some of the scale mod-
els used to develop the historical fatigue data base. Here
the entire weld cap is made in one pass, with weaving as
required. Using E6010 electrodes, the more artistic cap-
ping specialist could make this a concave profile, merg-
ing smoothly with the adjoining base metal. With the
advent of higher strength steels and heavier sections, re-
quiring low-hydrogen electrodes, and with the introduc-
tion of high deposition rates, semiautomatic welding
processes, this seems to have become a lost art.

For heavier thicknesses, a definite fillet is added at the
weld toe as required to limit the weld toe notch effect to
that of a 45° fillet weld (see Figure 3.9). These fillet
welds are scaled to the branch member thickness so as to
approximate a concave weld shape. However, we are
also constrained by the need to maintain minimum fillet
weld sizes to avoid creating dangerously high hardnesses
in the heat-affected zone at the weld toe (this is also the
location of the “hot spot” which may experience local-
ized yielding at the design load levels). This alternative
“standard” profile is easier to communicate to the weld-
ers, and easier for them to achieve out of position than
the idealized concave weld profile shown in earlier edi-
tions of the code. The resulting weld profile is much like
that observed on early Gulf of Mexico offshore plat-
forms, whose fatigue performance over several decades
of service has been consistent with Categories X1, K1,
and DT.

For branch member thicknesses in excess of 0.625 in.
(16 mm) (typically associated with chord thicknesses in
excess of 1.25 in. [32 mm]) designers are going beyond
the historical fatigue data base and the experience of
early Gulf of Mexico platforms.

The size effect begins to manifest itself, and fatigue
performance would begin to decline toward the lower
level defined by fatigue Categories X2 and K2, unless
the profile is further improved. Branch members of
1.5 in. (38 mm) and chord thicknesses of 3 in. (75 mm),
represent the limits of the recent large-scale European
tests, and further adverse size effects (performance
below X2 and K2) would be expected if sharply notched
weld profiles were to be scaled up even further. Figure
3.10 describes a concave weld profile which merges
smoothly with the adjoining base metal, mitigating the
notch effect and providing an improved level of fatigue
performance for heavier sections.

The standardized pipe butt joint test specimens, speci-
fied in Part B of section 4 for WPS qualification, are sat-
isfactory for establishing metallurgical soundness of
WPSs and materials. They cannot cover the full range of
continuously varying geometry and position encountered
in structural T-, Y-, and K-connections.
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The prequalified joint details given in 3.13.4 are
based on experience with full scale mock-ups of such
connections that often reveal practical problems that do
not show up in the standard test specimen. Qualification
of processes not prequalified and of WPSs with essential
variables outside prequalified ranges are required to meet
the provisions of 4.12.4.1. This subsection provides for
sample joint or tubular mock-up tests. WPS for box sec-
tions may be based on either plate or pipe tests for posi-
tion and compatibility. When mock-up tests for box
sections for T-, Y-, and K-connections are considered,
box tubes should be used.

Additional tests are required for connections with
groove angles less than 30° as outlined in 4.12.4.2.

C4.12.4.4 Weldments Requiring Notch Toughness.
Weld metal and heat-affected zone toughness should be
based on the same engineering considerations as used to
establish the base metal toughness requirements. How-
ever, fracture avoidance, by increasing toughness alone,
is not cost effective. Fatigue cracking, hydrogen-induced
cold cracking, and solidification hot cracking must also
be dealt with. Other parts of the code address these other
problems, via design, qualification, technique, and in-
spection requirements. Notch toughness just helps us live
with imperfect solutions.

Weld Metal. Notch tough base metals should be
joined with filler metals possessing compatible proper-
ties. The test temperatures and minimum energy values
in Table C4.1 are recommended for matching the perfor-

Table C4.1
Weld Notch Toughness (see C4.12.4.4)

Weld Metal Avg.

Steel Steel Impact Test
Group  Class Temperature ft-lb  (Joules)
I C 0°F (-18°C) 20 @27
I B 0°F (~18°C) 20 @7
I A ~20°F (-29°C) 20 o))
1 C 0°F (-18°C) 20 @27
I B —20°F (-29°C) 20 27)
1 A —40°F (-40°C) 25 (34)
I C —20°F (-29°C) 20 @27
1l B —40°F (-40°C) 20 @7
1 A —40°F (=40°C) 30 (40)
IVand V Special Investigation

Note: Code requirements represent the lowest common denominator
from the foregoing table.
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mance of the various steel grades as listed in Tables
C2.4—-C2.6. When WPS qualification by test is required
(i.e., when the procedure is not prequalified, when com-
parable impact performance has not been previously
demonstrated, or when the welding consumables are
to be employed outside the range of essential variables
covered by prior testing), qualification should include
Charpy V-notch testing of the as-deposited weld metal.
Specimens should be removed from the test weld, and
impact tested, in accordance with Annex III, Require-
ments for Impact Testing. Single specimen energy values
(one of three) may be S ft-1b (7)) lower without requiring
retest.

Since AWS WPS requirements are concerned pri-
marily with tensile strength and soundness (with minor
emphasis on fracture toughness), it is appropriate to
consider additional essential variables which have an in-
fluence on fracture toughness—e.g., specific brand
wire/flux combinations, and the restriction of SAW con-
sumables to the limits actually tested for AWS classifica-
tion. Note that, for Class A steels, specified energy levels
higher than the AWS classifications will require that all
WPSs be qualified by test, rather than having prequali-
fied status.

Charpy impact testing is a method for qualitative as-
sessment of material toughness. Although lacking the
fracture mechanics basis of crack tip opening displace-
ment (CTOD) testing, the method has been and continues
to be a reasonable measure of fracture safety, when
employed with a definitive program of nondestructive
examination to eliminate weld area defects. The recom-
mendations contained herein are based on practices
which have generally provided satisfactory fracture expe-
rience in structures located in moderate temperature envi-
ronments (e.g., 40°F [4°C] sea water and 14°F [-10°C]
air exposure). For environments which are either more or
less hostile, impact testing temperatures should be recon-
sidered, based on local temperature exposures.

For critical welded connections, the more technical
CTOD test is appropriate. CTOD tests are run at realistic
temperatures and strain rates, representing those of the
engineering application, using specimens having the full
prototype thickness. This yields quantitative information
useful for engineering fracture mechanics analysis and
defect assessment, in which the required CTOD is related
to anticipated stress levels (including residual stress) and
flaw sizes.

Representative CTOD requirements range from
0.004 inch at 40°F (0.10 mm at 4°C) to 0.015 inch at
14°F (0.38 mm at —10°C). Achieving the higher levels of
toughness may require some difficult trade-offs against
other desirable attributes of the welding process—for
example, the deep penetration and relative freedom from
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trapped slag of uphill passes, versus the lower heat input
and highly refined weld layers of downhill passes.

Heat-Affected Zone. In addition to weld metal
toughness, consideration should be given to controlling
the properties of the heat-affected zone (HAZ). Although
the heat cycle of welding sometimes improves as-rolled
base metals of low toughness, this region will often have
degraded toughness properties. The HAZ is often the site
of hydrogen-induced underbead cracking. A number of
early failures in welded tubular joints involved fractures
which either initiated in or propagated through the HAZ,
often before significant fatigue loading.

Annex lII gives requirements for sampling both weld
metal and HAZ, with Charpy energy and temperature to
be specified in contract documents. The average HAZ
values in Table C4.2 have been found by experience to
be reasonably attainable, where single-specimen energy
values (one of three) 5 ft-Ib (7)) lower are allowed with-
out requiring retest.

As criticality of the component’s performance in-
creases, lower testing temperatures (implying more re-
strictive WPSs) would provide HAZs which more
closely match the performance of the adjoining weld
metal and parent material, rather than being a potential
weak link in the system. The owner may also wish to
consider more extensive sampling of the HAZ than the
single set of Charpy tests required by Annex III, e.g.,
sampling at 0.4 mm, 2 mm, and 5 mm from the fusion
line. (These dimensions may change with heat input.)
More extensive sampling increases the likelihood of
finding local brittle zones with low toughness values.

Since HAZ toughness is as much dependent on the
steel as on the welding parameters, a preferable alterna-
tive for addressing this issue is through weldability
prequalification of the steel. Reference 25 of section C2
spells out such a prequalification procedure, using CTOD
as well as Charpy testing. This prequalification testing is
presently being applied as a supplementary requirement

Table C4.2

HAZ Notch Toughness (see C4.12.4.4)
Steel Steel Impact Heat-Affected Zone
Group  Class Temperature ft-1b (Joules)

I C S0°F (10°C) For information only

I B 40°F (4°C) 15 (20)

I A 14°F (-10°C) 15 (20)

1l C SO°F (10°C) For information only

11 B 40°F (4°C) 15 (20)

I A 14°F (-10°C) 25 (34)

11 A 14°F (-10°C) 30 (40)
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for high-performance steels such as APl Specs 2W and
2Y, and is accepted as a requirement by some producers.

Caution: Section 4 of this code permits testing one 50 ksi
(345 MPa) steel to qualify all other grades of 50 ksi
(345 MPa) and below. Consequently, selection of API-
2H-50-Z (very low sulfur, 200 ft-1b (270 J) upper shelf
Charpies) for qualification test plates will virtually as-
sure satisfying a HAZ impact requirement of 25 ft-lb
(34 J), even when welded with high-heat inputs and high
interpass temperatures. There is no reasonable way to
extrapolate this test to ordinary A572 Grade 50 with the
expectation of reproducing either the HAZ impact ener-
gies or the 8:1 degradation of the test on API-2H-50-Z.
Thus, separate Charpy testing of different steel grades,
thickness ranges, and processing routes should be con-
sidered, if HAZ toughness is being addressed via WPS
testing.

Local Brittle Zones (LBZ). Within the weld heat-
affected zones (HAZ) there may exist locally embrittled
regions. Under certain conditions, those LBZs may be
detrimental. The engineer should consider the risk of
LBZs and determine if counter measures should be em-
ployed to limit the extent of LBZs and their influence on
structural performance. Some counter measures and miti-
gating circumstances in offshore practice are listed below:

(1) The use of steels with moderate crack-arrest capa-
bilities, as demonstrated by no-break in the NRL drop-
weight test (small flaw)

(2) Overmatch and strain hardening in conventional
normalized 42 to 50 ksi (290 to 345 MPa) carbon-
manganese steels in which the weld metal and HAZ have
higher yield strength than adjacent base metal, forcing
plastic strains to go elsewhere

(3) The tendency for fatigue cracks in welded tubular
joints to grow out of the HAZ before they reach appre-
ciable size (assuming one avoids unfavorable tangency
of joining can weld seam with the brace footprint)

(4) Prequalified limits on weld layer thickness in
welding procedures, which along with observing limits
on heat input, promote grain refinement in the HAZ and
minimize the extent LBZ

(5) Composition changes, e.g., reduced limits on va-
nadium and nitrogen, and increased titanium

C4.15 Welding Processes Requiring
Qualification

The code does not restrict welding to the prequalified
WPSs described in 3.1. As other WPSs and new ideas
become available, their use is permitted, provided they
are qualified by the requirements prescribed in section 4,
Part B. Where a contractor has previously qualified a
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WPS meeting all the requirements prescribed in Part B of
this section, the code recommends that the Engineer ac-
cept properly documented evidence of a previous test
and not require the test be performed again. Proper docu-
mentation means that the contractor has complied with
the requirements of section 4, Part B, and the results of
the qualification tests are recorded on appropriate forms
such as those found in Annex E. When used, the form in
Annex E should provide appropriate information listing
all essential variables and the results of qualification tests
performed.

There are general stipulations applicable to any situa-
tion. The acceptability of qualification to other standards
is the Engineer’s responsibility to be exercised based on
the specific structures and service conditions. The Struc-
tural Welding Committee does not address qualification
to any other welding standard.

C4.17 WPS Requirements
(ESW/EGW)

The welding processes, procedures, and joint details
for electroslag and electrogas welding are not accorded
prequalified status in the code. The WPSs must comply
with the requirements of section 4, and must be estab-
lished in accordance with section 4. Welding of quenched
and tempered steels with either of these processes is pro-
hibited since the high-heat input associated with them
causes serious deterioration of the mechanical properties
of the heat-affected zone.

C4.17.2 All-Weld-Metal Tension Test Requirements.
Testing of each procedure is necessary to demonstrate
that the weld metal will have properties corresponding
with those of the base metal. All-weld-metal tension test
specimens must meet the mechanical property require-
ments specified in the latest edition of AWS A5.25,
Specification for Carbon and Low Alloy Steel Electrodes
and Fluxes for Electroslag Welding, or the latest edition
of AWS AS.26, Specification for Carbon and Low Alloy
Steel Electrodes Welding for Electrogas Welding, as
applicable.

Part C
Performance Qualification

C4.18 General

The welder qualification test is specifically designed
to determine a welder’s ability to produce sound welds in
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any given test joint. After successfully completing the
welder qualification tests, the welder should be consid-
ered to have minimum acceptable qualifications.

Knowledge of the material to be welded is beneficial
to the welder in producing a sound weldment; therefore,
it is recommended that before welding quenched and
tempered steels, welders should be given instructions rel-
ative to the properties of this material or have had prior
experience in welding the particular steel.

From time to time, the contractor may upgrade or add
new control equipment. The previously qualified weld-
ing operator may need training to become familiar with
this new equipment. The emphasis is placed on the word
“training” rather than “requalification” since several
beads on a plate or a tube, as appropriate, may be suffi-
cient. The intention is that the contractor would train the
welding operator to weld using the new equipment.

C4.22 Essential Variables

The ability of a welder to produce a sound weld is
considered by the code to be dependent upon certain es-
sential variables, and these are listed in Table 4.10.

C Table 4.11 Electrodes for shiclded metal arc welding
(SMAW) are grouped relative to the skill required of the
welder. The F Group designation permits a welder quali-
fied with an electrode of one group designation to use
other electrodes listed in a numerically lower designa-
tion. For example, a welder qualified with an E6010
electrode will also be qualified to weld an E6011 elec-
trode, group designation F3 and is permitted to weld with
electrodes having group designation F2 and F1; the
welder is not qualified to weld with electrodes having a
group designation F4.

C Table 4.8 Welding on pipe (or tubing) material prod-
uct forms does not necessarily mean that pipe welding is
being performed. There is obviously a difference be-
tween welding around a pipe as opposed to welding
along a pipe parallel to the pipe axis (centerline). A girth
weld in a butt joint is completely different from a longi-
tudinal groove weld that joins rolled plate to make a
pipe; a socket joint with a fillet weld is completely differ-
ent from a fillet weld along the pipe length attaching a
plate plug. Obviously, the skills for straight line progres-
sion parallel to the pipe axis are no different from the
skills for welding plate wrought shapes using a straight
line progression; therefore, the pipe product form limita-
tion does not apply in these straight line cases. Refer to
Figure C5.1.

Qualification of welders using job size pipe or tubing
is permitted because pipe sizes specified in Table 4.9 for
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welder qualification are not always available to the
contractor.

C4.26 CJP Groove Welds for Tubular
Connections

When box sections are used in performance quali-
fication, bend tests taken from the faces do not evaluate
the welder’s ability to carry sound weld metal around the
relatively abrupt corners. These bend tests do not fulfill
the needs of complete joint penetration groove welds
in T-, Y-, and K-connections because the corners in
these connections may be highly stressed. Due to the
concerns for welders to demonstrate their skill to weld
the corners of box tubes when complete joint penetration
is required, the corner macroetch test of Figure 4.28 was
developed.

The corner macroetch test shown in Figure 4.28 is an
additional performance test required for welders ex-
pected to make complete joint penetration groove welds
in box tube T-, Y-, and K-connections.

For this case, qualified 6GR welders tested on round
tubes or pipe per Figure 4.27 would only be required to
pass the additional corner macroetch test per Figure 4.28,
provided all the requirements of Table 4.8 and 4.12.4.2
are met.

If the contractor wishes to qualify a welder without
existing 6GR status for complete joint penetration
groove welds in T-, Y-, and K-connections using box
tubes, the welder must weld the 6GR test assembly of
Figure 4.27 using either a round or box tube in accor-
dance with the limitations of Table 4.9. In addition, the
welder must successfully pass the corner macroetch test
using Figure 4.28 or, as an option, if box sections were
used for Figure 4.27, remove and macroetch the corner
sections from the test weldment.

Qualification on 2G plus 5G or 6G pipe tests also
qualifies for butt joints in box sections (with applicability
based on thickness, neglecting diameter) but not vice
versa. For these butt joints, the macroetch corner test of
Figure 4.28 is not necessary because all production joints
require nondestructive examination per 6.11.1.

Table 4.9 does not differentiate between pipe (circular
tubing) and box sections. For this reason, the following
interpretation is appropriate:
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(1) Qualification on the 6GR pipe test also qualifies
for T-, Y-, and K-connections and groove welds in box
sections.

(2) Qualification on 5G and 2G pipe tests also quali-
fies for box sections (with applicability based on thick-
ness, neglecting diameter), but not vice versa.

(3) Qualification for groove welds in box sections
also qualifies for plate (and vice versa if within the limi-
tation of Table 4.8 and 4.22 of the code).

(4) When box sections are used in qualification, bend
tests taken from the faces do not evaluate the welder’s
ability to carry sound welding around corners. These
bend tests do not fulfill the needs of T-, Y-, and K-
connections, because the corners in these connections are
highly stressed. Where a 6GR test utilizes box sections,
radiography is recommended to evaluate the corners.

PIPE QUALIFICATION IS NOT REQUIRED AND PLATE
QUALIFICATION IS ACCEPTABLE FOR 3G, 3F, 4G, 4F
AND FOR 1F, 1G, 2F AND 2G.

Figure C4.1—Type of Welding on Pipe That
Does Not Require Pipe Qualification
(see Table 4.8)
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CS. Fabrication

CS5.1 Scope

The criteria contained in section 5, are intended to
provide definition to the producer, supervisor, engineer
and welder of what constitutes good workmanship dur-
ing fabrication and erection. Compliance with the criteria
is achievable and expected. If the workmanship criteria
are not generally met, it constitutes a signal for correc-
tive action.

C5.2 Base Metal

The ASTM A 6 and A 20 specifications govern the
delivery requirements for steels, provide for dimensional
tolerances, delineate the quality requirements, and out-
line the type of mill conditioning.

Material used for structural applications is usually
furnished in the as-rolled condition. The Engineer should
recognize that surface imperfections (seams, scabs, etc.)
acceptable under A6 and A20 may be present on the ma-
terial received at the fabricating shop. Special surface
finish quality, when needed in as-rolled products, should
be specified in the information furnished to the bidders.

The steels listed as approved in Table 3.1 and Annex
M of the code include those considered suitable for
welded cyclically loaded structures and statically loaded
structures as well as tubular structures. Also listed are
other ASTM specifications, American Bureau of Ship-
ping (ABS) specifications, and American Petroleum In-
stitute (API) specifications that cover types of materials
that have been used in tubular structures. All of the steels
approved are considered weldable by the procedures that
may be qualified or prequalified to this code. Every Code
approved steel is listed in Table 3.1 and Annex M.

The ASTM specifications for grades of structural
steel used in building construction for which welding
procedures are well established are listed in Table 3.1
and Annex M together with other ASTM specifications
covering other types of material having infrequent appli-
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cation but which are suitable for use in statically loaded
structures. The ASTM A 588, A 514, and A 517 speci-
fications contain grades with chemistries that are con-
sidered suitable for use in the unpainted or weathered
condition. ASTM A 618 is available with enhanced cor-
rosion resistance.

Structural steels that are generally considered applica-
ble for use in welded steel cyclically loaded structures
are listed in Table 3.1 and Annex M as approved steels.
Other ASTM specifications for other types of steel hav-
ing infrequent applications, but suitable for use in cycli-
cally loaded structures, are also listed as approved steels.
Steels conforming to these additional ASTM specifica-
tions, A 500, A 501, and A 618, covering structural tub-
ing, and A 516 and A 517 pressure vessel plates are
considered weldable and are included in the list of ap-
proved steels for cyclically loaded structures.

The complete listing of approved steels in Table 3.1
and Annex M provides the designer with a group of
weldable steels having a minimum specified yield
strength range from 30 ksi to 100 ksi (210 MPa to
690 MPa), and in the case of some of the materials, notch
toughness characteristics which make them suitable for
low-temperature application.

Other steels may be used when their weldability has
been established according to the qualification procedure
required by section 4.

The code restricts the use of steels to those whose
specified minimum yield strength does not exceed
100 ksi (690 MPa). Some provisions of 2.40.1 rely upon
the ability of steel to strain harden.

C5.3.1.3 Dew Point/Manufacturer’s Certification.
From information supplied by the manufacturers of
shielding gas, it has been determined that a dew point of
—40°F (-40°C) is a practical upper limit providing ade-
quate moisture protection. A dew point of —40°F
(-40°C) converts to approximately 128 parts per million
(ppm) by volume of water vapor or about 0.01% avail-
able moisture. This moisture content appears very low
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but, when dissociated at welding temperatures, would
contribute hydrogen to that already associated with the
electrode. Therefore, it is mandatory to have —40°F
(—40°C) or lower dew point in shielding gas.

(C5.3.2 SMAW Electrodes. The ability of low-hydrogen
electrodes to prevent underbead cracking is dependent on
the moisture content in the coating. During welding, the
moisture dissociates into hydrogen and oxygen; hydro-
gen is absorbed in the molten metal, and porosity and
cracks may appear in the weld after the weld metal solid-
ifies. The provisions of the code for handling, storage,
drying, and use of low-hydrogen electrodes should be
strictly adhered to in order to prevent moisture absorp-
tion by the coating material.

C5.3.2.1 Low-Hydrogen Electrode Storage Condi-
tion. For carbon steel low-hydrogen electrodes, AWS
AS5.1, Specification for Carbon Steel Electrodes for
Shielded Metal Arc Welding, specifies no moisture limit
for the low-hydrogen coating.

However, the appendix to AWS A5.1 states it should
be less than 0.6%. Alloy steel low-hydrogen electrodes
covered in AWS AS5.5, Specification for Low-Alloy Steel
FElectrodes for Shielded Metal Arc Welding, have a speci-
fied maximum moisture content in the as manufactured
condition. For the E70XX-X class electrodes, it is 0.4%;
for EROXX-X electrodes, it is 0.2%; for the E90XX-X,
E100XX-X, E110XX-X, and E120XX-X class elec-
trodes, it is 0.15%.

Experience has shown that the limits specified above
for moisture contents in electrode coverings are not al-
ways sufficiently restrictive for some applications using
the E90XX-X and lower classes. Electrodes of classifica-
tions lower than E100XX-X are subject to more stringent
moisture level requirements when used for welding the
high-strength quenched and tempered steels, ASTM
A 514 and A 517. All such electrodes are required to be
dried between 700 and 800°F (370 and 430°C) before
use. Electrodes of classification below E90XX-X are not
required by AWS AS5.5 to have a moisture content less
than 0.15%, and the required drying will achieve at least
this moisture level. This precaution was necessary be-
cause of the sensitivity of high-strength steels and weld
metal to hydrogen cracking.

Tests have shown there can be a wide variation in the
moisture absorption rate of various brands of electrodes
representing a given AWS classification. Some elec-
trodes absorb very little moisture during standard expo-
sure times while others absorb moisture very rapidly.
The moisture control requirements of 5.3.2.1 are neces-
sarily conservative to cover this condition and ensure
that sound welds can be produced.

The time restrictions on the use of electrodes after re-
moval from a storage oven may seem overly restrictive
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to some users. The rate of moisture absorption in areas of
low humidity is lower than that encountered in areas
of high humidity. The code covers the most restrictive
situations.

C5.3.3.1 Electrode-Flux Combinations. AWS A5.23,
Specification for Low Alloy Steel Electrodes and Fluxes
for Submerged Arc Welding, was published in 1976 and
revised in 1980. Electrodes and fluxes conforming to the
classification designation of this specification may be
used as prequalified, provided the provisions of 3.3 and
Table 3.1 are observed. The contractor should follow the
supplier’s recommendations for the proper use of fluxes.

C5.3.3.2 Condition of Flux. The requirements of
this section are necessary to assure that the flux is not a
medium for introduction of hydrogen into the weld be-
cause of absorbed moisture in the flux. Whenever there
is a question about the suitability of the flux due to im-
proper storage or package damage, the flux should be
discarded or dried in accordance with the manufacturer’s
recommendations.

(C5.3.3.3 Flux Reclamation. For recovery of the un-
fused flux through the vacuum recovery system, a dis-
tinction has to be made between fused and bonded
fluxes. Fused fluxes, in general, tend to become more
coarse as they are recycled (especially where particles
are less than 200 mesh). In this case, the vacuum system
generally filters out some of the fines—and hence at
least 25% virgin material should be added to replenish
the fines before it is reused. Bonded fluxes on the other
hand, because of their method of manufacture, tend to
break up in the flux recovery system giving rise to a
greater proportion of smaller particles. In order to com-
pensate for the flux break-up, at least 25% virgin mate-
rial (although 50% is more common among users) needs
to be added to the recycled flux before it is reused. For
both categories of fluxes, it is essential to separate out
any possible metallics (from plate rust or mill scale) be-
fore recycling the flux.

The quality of recovered flux from manual collection
systems is dependent on the consistency of that collec-
tion technique. Extraneous material and moisture con-
tamination must be controlled. In addition, the welding
fabricator should follow a procedure that assures that a
consistent ratio of virgin flux is added and mixed with
the recovered flux.

(C5.3.3.4 Crushed Slag. The slag formed during sub-
merged arc welding (SAW) may not have the same
chemical composition as unused (virgin) flux. Its compo-
sition is affected by the composition of the original flux,
the base metal plate and electrode composition, and the
welding parameters.
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Although it may be possible to crush and reuse some
SAW slag as a welding flux, the crushed slag, regardless
of any addition of virgin flux to it, may be a new chemi-
cally different flux. It can be classified under the AWS
AS5.17 or A5.23 specification, but should not be consid-
ered to be the same as virgin flux.

C5.3.4 GMAW/FCAW Electrodes. AWS filler metal
specifications are now available for low-alloy weld metal
for both gas metal arc welding (GMAW) and flux cored
arc welding (FCAW). The use of low alloy electrodes is
permitted with prequalified procedures when the elec-
trodes conform to either AWS AS5.28, Specification for
Low Alloy Steel Filler Metals for Gas Shielded Arc Weld-
ing or AWS AS5.29, Specification for Low Alloy Steel
Electrodes for Flux Cored Arc Welding.

C5.4 Electroslag and Electrogas
Welding Processes

The procedures to be used for electroslag and electro-
gas welding are detailed in 5.4, and the essential vari-
ables for these procedures are given in 4.7.2.

The code requires the qualification of WPSs since
welding variables influence the operation of the process
with respect to adequate penetration, complete fusion of
the joint area, and ability to produce a sound weld.

These are relatively new processes, and insufficient
experience is the justification for not according a
prequalified status to them.

C5.5 Welding Variables

It is the intent of the code that welders, welding oper-
ators, and tack welders be able to properly use the WPS.
This may be accomplished through experience, training,
or instruction, as necessary.

C5.7 Heat Input Control for
Quenched and Tempered Steel

The strength and toughness of the heat-affected zone
(HAZ) of welds in quenched and tempered steels are re-
lated to the cooling rate. Contrary to principles applica-
ble to other steels, the fairly rapid dissipation of welding
heat is needed to retain adequate strength and toughness.
The cooling rate of the austenitized HAZ must be suffi-
ciently rapid to ensure the formation of the hardening
constituents in the steel microstructure. Overheating of
quenched and tempered steel followed by slow cooling
prevents the formation of a hardened microstructure.
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The deposition of many small weld beads improves
the notch toughness of the weld by grain refining and the
tempering action of ensuing passes. A weave bead, with
its slower travel speed, increases heat input and is there-
fore not recommended. Because the maximum heat input
for various quenched and tempered steels varies over a
wide range, heat input as developed and recommended
by the steel producers should be strictly observed.

C5.8 Stress Relief Heat Treatment

This paragraph provides for two postweld heat treat-
ment methods for stress relief of a welded assembly. The
first method requires the assembly to be heated to
1100°F (600°C) max for quenched and tempered steels,
and between 1100 and 1200°F (600 to 650°C) for other
steels. The assembly is held at this temperature for the
time specified in Table 5.2. In 5.8.2, an alternative
method permits a decrease in temperature below the min-
imum specified in the first method, when the holding
time is increased. The alternative method is used when it
is impractical to postweld heat treat the welded assembly
at higher temperatures. These temperatures are suffi-
ciently below the critical temperature to preclude any
change in properties.

If the purpose of the postweld heat treatment is to
stress relieve the weld, the holding time is based on the
weld metal thickness even though some material in the
weldment is thicker than the weld. If the purpose of the
postweld heat treatment is to maintain dimensional sta-
bility during subsequent machining, the holding time is
based on the thickest component in the weldment. Cer-
tain quenched and tempered steels, if stress relieved as a
carbon or low-alloy steel, may undergo undesirable
changes in microstructure, causing a deterioration of me-
chanical properties or cracking, or both. Such steels
should only be stress relieved after consultation with the
steel producer and in strict accordance with the pro-
ducer’s recommendations.

Precautionary Note: Consideration must be given to pos-
sible distortion due to stress relief.

C5.10 Backing

All prequalified complete joint penetration groove
welds made from one side only, except as permitted for
tubular structures, are required to have complete fusion
of the weld metal with a steel backing. Other backing,
such as listed in 5.22.1, may be used, if qualified in ac-
cordance with section 4. When steel backing is used, it
shall be continuous for the entire length of the weld (see
5.10.2). When not continuous, the unwelded butt joint of
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the backing will act as a stress raiser that may initiate
cracking.

C5.10.2 Full-Length Backing. It is imperative that
steel backing be continuous for the full length of the
weld. Experience has shown that a tightly fitted, but un-
welded square butt joint in steel backing constitutes a se-
vere notch that potentially leads to transverse cracks in
the weld. Such cracks will, in most cases, propagate into
the base metal.

C5.10.4 Cyclically Loaded Nontubular Connections.
Steel backing transverse to applied stress forms a point
of stress concentration and may be a source of fatigue
crack initiation in cyclically loaded structures. Therefore,
the provisions of 5.10.4 require the removal of backing
that is transverse to the direction of computed stress in
cyclically loaded structures.

C5.12.2 Minimum Ambient Temperature. Experience
has shown that welding personnel cannot produce opti-
mum results when working in an environment where the
temperature is lower than 0°F (-20°C). Reference is
made in 5.12.2 relative to the use of a heated structure or
shelter to protect the welder, and the area being welded,
from inclement weather conditions. If the temperature in
this structure or shelter provides an environment at 0°F
(=20°C), or above, the prohibition of 5.12.2 is not appli-
cable. The environmental conditions inside the structure
or shelter do not alter the preheat or interpass tempera-
ture requirements for base metals stated elsewhere in the
code.

C5.13 Compliance with Design

Either or both legs of fillet welds may be oversized
without correction, provided the excess does not inter-
fere with satisfactory end use of a member. Attempts to
remove excess material from oversized welds serve no
purpose. Adequacy of throat dimension and conform-
ance to the weld profiles of 5.4 should be the only accep-
tance criteria.

(C5.14 Minimum Fillet Weld Sizes

The code specifies minimum fillet weld sizes based
upon two independent considerations.

(1) For non-low-hydrogen processes, the minimum
size specified is intended to ensure sufficient heat input
to reduce the possibility of cracking in either the heat-
affected zone or weld metal.

(2) When possibility of cracking is reduced by use of
low-hydrogen processes or by non-low-hydrogen pro-
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cesses using a procedure established in accordance with
3.5.2, the specified minimum is intended to maintain rea-
sonable proportionality with the thinner connected parts.

In both cases, the minimum size applies if it is larger
than the size required to satisfy design requirements.

The intent of Table 5.8 is further clarified as follows:
Base metal thickness of 3/4 in. (20 mm) and under are
exempt from preheat in accordance with Table 3.2.
Should fillet weld sizes greater than the minimum sizes
be required for these thicknesses, then each individual
pass of multiple-pass welds must represent the same heat
input per inch of weld length as provided by the mini-
mum fillet size required by Table 5.8.

C5.15 Preparation of Base Metal

Girder web-to-flange welds are usually minimum size
fillet welds deposited at relatively high speeds; these
welds may exhibit piping porosity when welded over
heavy mill scale often found on thick flange plates. It is
only for these flange-to-web welds in girders that the
mandatory requirement to completely remove mill scale
applies.

In stiffener-to-web welds, light mill scale on the thin
members forming the joints reduces the probability of
piping porosity. In columns, the web-to-flange welds are
usually large, the multiple-pass welds are made at com-
paratively slow speeds, and, under these conditions,
gases formed may have time to escape before the molten
metal solidifies.

When discontinuities that would adversely affect weld
quality are present at locations to be welded, the con-
tractor is expected to repair them in accordance with
5.15.1.2.

C5.15.1.2 Repair. Mill induced defects observed on
cut surfaces are caused by entrapped slag or refractory
inclusions, deoxidation products, or blow holes. The re-
pair procedures for discontinuities of cut surfaces may
not be adequate where tension is applied in the through-
thickness direction of the material. For other directions
of loading, this article permits some lamination-type dis-
continuities in the material. Experience and tests have
shown that laminations parallel to the direction of tensile
stresses do not generally adversely affect the load-carry-
ing capacity of a structural member. The user should note
that the repair procedures of 5.15.1.2 are only intended
for correction of material with sheared or thermal cut
edges.

C5.15.2 Joint Preparation. Oxygen gouging on
quenched and tempered or normalized steel is prohibited
because of the high-heat input of the process (see C5.7).



COMMENTARY

C5.15.4.3 Roughness Requirements. Corrections
are permitted for thermal cut surfaces that exceed the
maximum permissible surface roughness values. Occa-
sional notches or gouges of limited depth may be cor-
rected, the deeper ones only with approval. Depth
limitations represent the collective judgment of the Com-
mittee and reflect on the structural requirements and typ-
ical workmanship capability of the contractor.

By referring to “occasional notches and gouges,” the
Committee refrained from assigning any numerical
values on the assumption that the Engineer—being the
one most familiar with the specific conditions of the
structure—will be a better judge of what is acceptable.
The Engineer may choose to establish the acceptance cri-
teria for occasional notches and gouges.

C5.16 Reentrant Corners

Statically loaded and tubular structures permit, and
generally require, a smaller reentrant corner radius than
is permitted for cyclically loaded structures. The smaller

POINT OF TANGENCY
MIN RADIUS FOR
PLATES 1 in. (25.4 mm)
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radius is necessary for some standard bolted or riveted
connections.

See Figure C5.1 for examples of unacceptable reen-
trant corners.

C5.17 Beam Copes and Weld Access
Holes

The code does not specify a minimum radius for cor-
ners of beam copes and weld access holes of hot rolled
beams or welded built-up cross sections because any
arbitrarily selected minimum radius would extend up
into the beam fillet or the bottom of the flange, in some
cases, making the radius extremely difficult or impossi-
ble to provide. Further, the peak stress can be accommo-
dated only by localized yielding, and the magnitude of
the elastic stress concentration factors is not significantly
affected by the differences in radii of any practical size.
Figure C5.2 shows examples of good practice for form-
ing copes and weld access holes.

/ POINT OF TANGENCY

\— CUTTING BEYOND POINT OF TANGENCY ——&

Figure C5.1—Examples of Unacceptable Reentrant Corners (see C5.16)

ACCEPTABLE PROFILE

g

BEVEL FLANGE CUT FIRST
TO PLACE POTENTIAL NOTCH
IN WASTE MATERIAL

/\/ | I

Figure C5.2—Examples of Good Practice for Cutting Copes (see C5.17)
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C5.17.1 Weld Access Hole Dimensions. Solidified but
still hot weld metal contracts significantly as it cools to
ambient temperature. Shrinkage of large welds between
elements which are not free to move to accommodate the
shrinkage induced strains in the material adjacent to the
weld can exceed the yield point strain. In thick material,
the weld shrinkage is restrained in the thickness di-
rections as well as in the width and length directions,
causing triaxial stresses to develop that may inhibit the
ability of ductile steel to deform in a ductile manner.
Under these conditions, the possibility of brittle fracture
increases.

Generously sized weld access holes, Figure 5.2, are
required to provide increased relief from concentrated
weld shrinkage strains, to avoid close juncture of welds
in orthogonal directions, and to provide adequate clear-
ance for the exercise of high-quality workmanship in
hole preparation, welding, and ease of inspection.

Welded closure of weld access holes is not recommended.

When weld access holes must be closed for cosmetic
or corrosion protection reasons, sealing by use of mastic
materials is preferable to welding.

C5.18.2 General Requirements for Tack Welds. Tack
welds must comply with the same workmanship, preheat,
etc., and quality criteria required for finished welds, un-
less remelted and incorporated in final submerged arc
welds.

C5.19 Camber in Built-Up Members

Heat upsetting (also referred to as flame shrinking) is
deformation of a member by application of localized
heat. It is permitted for the correction of moderate varia-
tions from specified dimensions. The upsetting is accom-
plished by careful application of heat with the resulting
temperature not exceeding the maximum temperature
specified in 5.26.2.

C5.22.1 Fillet Weld Assembly. Except for the separa-
tion of faying surfaces in lap joints and backing bars, a
gap of 3/16 in. (5 mm) maximum is permitted for fillet
welding material not exceeding 3 in. (75 mm) in thick-
ness. For material over 3 in. (75 mm), the maximum per-
missible gap is 5/16 in. (8 mm).

These gaps are necessitated by the allowable mill tol-
erances and inability to bring thick parts into closer
alignment. The code presupposes straightening of mate-
rial prior to assembly or an application of external load
mechanism to force and keep the material in alignment
during assembly.

These gaps may require sealing either with a weld or
other material capable of supporting molten weld metal.
It should be realized that upon release of any external
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jacking loads, additional stresses may act upon the
welds. Any gap 1/16 in. (2 mm) or greater in size
requires an increase in size of fillet by the amount of
separation.

C5.22.2 Partial Joint Penetration Groove Weld As-
sembly. See C5.22.1.

C5.22.3 Butt Joint Alignment. Typical sketches of the
application of the alignment requirements for abutting
parts to be joined in welds in butt joints are shown in Fig-
ures C5.3 and C5.4.

C5.22.4.2 Tubular Cross-Sectional Variations. In
comparison with the static and cyclic nontubular require-
ments of section 2 stricter tolerances are required for
complete joint penetration groove welds made from one
side only without backing.

C5.22,4.3 Correction. Root openings wider than
those permitted by Table 5.5 may be corrected by build-
ing up one or both sides of the groove faces by welding.
In correcting root openings, the user is cautioned to ob-
tain the necessary approvals from the Engineer where re-
quired. The final weld is to be made only after the joint
has been corrected to conform to the specified root open-
ing tolerance, thus keeping shrinkage to a minimum.

C5.23.2 and C5.23.3 Beam and Girder Straightness.
Permissible variation in straightness of welded built-up
members are the same as those specified in ASTM A 6
for hot rolled shapes.

C5.23.4 Beam and Girder Camber (without De-
signed Concrete Haunch). The cambering of welded
beams or girders is used to eliminate the appearance of
sagging or to match elevation of adjacent building com-
ponents when the member is fully loaded.

Although the tolerance on camber is of less impor-
tance than camber per se, for consistency, allowable
variation in camber is based upon the typical loading
case of distributed load which causes a parabolic de-
flected shape.

The tolerances shown are to be measured when mem-
bers are assembled to drill holes for field splices or to
prepare field welded splices (see Figure C5.6).

When the deck is designed with a concrete haunch,
the 1-1/2 in. (40 mm) tolerance at mid-span is based
upon an assumed 2 in. (50 mm) design haunch. The
1/2 in. (12 mm) difference is for field deviations and
other contingencies.

When the contractor checks individual members, care
should be exercised to assure that the tolerances of the
assembly will be met.

There are two sets of tolerances for permissible varia-
tion from specified camber. The first set of tolerances ap-
plies to all welded beams and girders, except members
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whose top flange is embedded in concrete without a de-
signed concrete haunch. Here the camber tolerance is
positive with no minus tolerance permitted.

The second set of tolerances applies to welded mem-
bers where the top flange is embedded in concrete with-
out a designed haunch; the variation permitted has both a
plus and minus tolerance.

(C5.23.6.1 Measurements. Permissible tolerances for
variations from flatness of dynamically loaded girder
webs are given in the code separately for interior and fas-
cia girders. The stricter tolerance for fascia girders is
based only on appearance as there are no structural re-
quirements for the difference. Even fascia girder distor-
tion permitted will be somewhat noticeable, particularly
when members are painted with a glossy finish. The fas-
cia tolerances are considered satisfactory for most re-
quirements. If more stringent tolerances are needed for
appearance, they should be included in contract docu-
ments as stated in 5.23.6.1, but some degree of distortion
is unavoidable.

Variations from flatness in girder webs are determined
by measuring offset from the nominal web centerline to a
straight edge whose length is greater than the least panel
dimension and placed on a plane parallel to the nominal
web plane. Measurements shall be made prior to erec-
tion. Determining the offset can be measured as shown in
Figure CS5.5.

C5.23.6.2 Statically Loaded Nontubular Struc-
tures. The flatness tolerances for webs with intermediate
stiffeners on both sides and subject to dynamic loading is
the same as that for interior bridge girders (see 5.23.6.3).
When subject to static loading only, the tolerance is
somewhat more liberal. The tolerance given for inter-
mediate stiffeners, placed only on one side of the web, is
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the same for either cyclic or static loading and is the
same as that for interior bridge girders.

Note: The AISC Specification for Design, Fabrication,
and Erection of Structural Steel for Buildings states that
the tolerances for flatness of girder webs given in
5.23.6.2 need not apply for statically loaded girders.

(C5.23.6.4 Excessive Distortion. Web distortions of
twice the amount permitted for interior or fascia girder
panels are permitted in end panels of girders if the instal-
lation of field bolted splice plates will reduce the dis-
tortion to the level otherwise permitted. To avoid the
possibility of costly field correction, the contractor
should determine by a shop assembly that the bolted
splice plate will reduce the distortion to acceptable
limits.

C5.23.8 Flange Warpage and Tilt. The combined
warpage and tilt A of the flange of welded beams and
girders is measured as shown in Figure C5.7. In the
Committee’s judgment, this tolerance is easier to use
than the ASTM A 6 specification criteria, although both
sets of tolerances are in reasonable agreement.

Tolerance on twist is not specified because the tor-
sional stiffness of open (nonbox) shapes is very low, such
that twist is readily eliminated by interconnection with
other members during erection. Members of box cross
sections are approximately 1000 times as stiff in torsion
as an open I or W shape with equivalent bending and
area section properties. Once a closed box section has
been welded, it is extremely difficult to correct any twist
that may have been built in without cutting one corner
apart and rewelding. Because twist resulting from weld-
ing is not entirely predictable and extremely difficult to
correct in closed box members, the following apply.

PARALLEL TO CENTERLINE OF WEB

/MAY BE FLANGE

OR STIFFENER

VARIATION FROM FLATNESS
DETERMINED BY MEASUREMENTS

/CIENTEHUNE

OF WEB

TO STRAIGHT EDGE

Figure C5.5—Typical Method to Determine Variations in Girder Web Flatness (see C5.23.6.1)
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Figure C5.7—Measurement of Flange Warpage and Tilt (see C5.23.8)

(1) Appropriate provisions should be incorporated in
design to ensure reliable service performance of such
members with some arbitrary measure of twist.

(2) Due cognizance should be taken of the size of the
element, of the effect of the twist when placing cement
on the structure, and the use of such connection details
that will satisfactorily accommodate the twist.

(C5.23.10 Bearing at Points of Loading. Figure C5.8
illustrates application of the code requirement.

C5.23.11.4 Other Dimensional Tolerances. Toler-
ances specified in 5.23 are limited to routinely encoun-
tered cases. Dimensional tolerances not covered in 5.23
should be established to reflect construction or suitability
for service requirements.

C5.24 Weld Profiles

The 1982 edition changed the fillet weld convexity re-
quirements in such a way that the maximum convexity
formula applies not only to the total face width of the
weld, but also to the width of an individual bead on the
face of a multiple-pass weld. This was done to eliminate
the possibility of accepting a narrow “ropey” bead on the
face of an otherwise acceptable weld. The new formula,
which is based on the “width of face,” provides the same
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convexity requirement as the previous formula which
was based on “leg size.”

When a fillet weld is started, the weld metal, due to its
surface tension, is rounded at the end. Sometimes this is
such that there is a slight curve inward. Also, at both the
start and finishing ends, this curve prevents the weld from
being full size to the very end. Therefore, these portions
are not included as part of the effective weld length. If the
designer has any concern relative to the notch effects of
the ends, a continuous fillet weld should be specified
which would generally reduce the required weld size.

C5.26.1 Contractor Option (Repair). The code per-
mits the contractors, at their option, to either repair or re-
move and replace an unacceptable weld. It is not the
intent of the code to give the Inspector authority to spec-
ify the mode of correction.

C5.26.2 Localized Heat Repair Temperature Limita-
tions. Application of localized heat is permitted for
straightening members; however, this must be done care-
fully so as not to exceed temperature limitations that
would adversely affect the properties of the steel.
Quenched and tempered steels should not be heated
above 1100°F (600°C) because deterioration of mechani-
cal properties may possibly result from the formation of
an undesirable microstructure when cooled to room tem-
perature. Other steels should not be heated above 1200°F
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BEARING OF STIFFENER
ON FLANGE-CONTACT OVER
75% OF SHADED AREA.

MAXIMUM CLEARANCE BETWEEN
FLANGE AND BASE PLATE OR
SEAT -0.01 in. (0.25 mm) OVER
75% OF PROJECTED AREA AND
NOT MORE THAN 1/32 in. (1 mm)
OVER REMAINING 25% OF
PROJECTED AREA.

PROJECTED
AREA OF WEB
AND STIFFENERS

GIRDER WITH BEARING STIFFENERS

ANGLE BETWEEN FACE OF WEB
AND FLANGE SURFACE - NOT
MORE THAN 90° THROUGHOUT
BEARING LENGTH.

I MAXIMUM CLEARANCE BETWEEN
FLANGE AND BASE PLATE OR

SEAT —0.01 in. (0.25 mm) OVER

75% OF PROJECTED AREA AND

NOT MORE THAN 1/32 in. (1 mm)

OVER REMAINING LENGTH OF BEARING.

PROJECTED
AREA OF WEB

GIRDER WITHOUT BEARING STIFFENERS

Figure C5.8—Tolerances Bearing Points (see C5.23.10)
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(650°C) to avoid the possibility of undesirable transfor-
mation products or grain coarsening, or both. However,
these maximums are sufficiently below the metal lower
transformation temperature to allow some tolerance in
temperature measurement method.

C5.26.5 Welded Restoration of Base Metal with Mis-
located Holes. The technique for making plug welds set
forth in 5.25.1 of this code is not satisfactory for restor-
ing the entire cross section of the base metal at mis-
located holes. Plug welds are intended to transmit shear
from one plane surface to another and not to develop the
full cross section of the hole. One method of restoring
unacceptable holes is to fill one-half the depth or less
with steel backing of the same material specification as
the base metal, gouge an elongated boat-shaped cavity
down to the backing, then fill the cavity by welding
using the stringer bead technique. After the first side is
welded, gouge another elongated boat-shaped cavity
completely removing the temporary backing on the sec-
ond side, and complete by welding using the stringer
bead technique.

(C5.27 Peening

Except as provided in 2.36.6.6(3), peening of the sur-
face layer of the weld is prohibited because mechanical
working of the surface may mask otherwise rejectable
surface discontinuities. For similar reasons, the use of
lightweight vibrating tools for slag removal should be
used with discretion.

(C5.28 Caulking

The code has historically prohibited any plastic defor-
mation of the weld or base metal surfaces for the purpose
of obscuring or sealing discontinuities. However, since
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some minor discontinuities may interfere with the integ-
rity of the coating system, limited caulking may now be
used for the softer welds and base metals when approved
by the Engineer.

There are no prohibitions against the use of mastic or
nonmetallic fillers for cosmetic reasons provided that all
required inspections of the weld and base metal have
been completed and accepted prior to application.

C5.29 Arc Strikes

Arc strikes result in heating and very rapid cooling.
When located outside the intended weld area, they may
result in hardening or localized cracking, and may serve
as potential sites for initiating fracture.

C5.30 Weld Cleaning

The removal of slag from a deposited weld bead is
mandatory to prevent the inclusion of the slag in any fol-
lowing bead and to allow for visual inspection.

C5.31 Weld Tabs

The termination, start or stop, of a groove weld tends
to have more discontinuities than are generally found
elsewhere in the weld. This is due to the mechanism of
starting and stopping the arc. Hence, weld tabs should be
used to place these zones outside the finished, functional
weld where they can be removed as required by 5.31.2 or
5.31.3. Weld tabs will also help maintain the full cross
section of the weld throughout its specified length. It is
important that they be installed in a manner that will pre-
vent cracks from forming in the area where the weld tab
is joined to the member.
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C6. Inspection

C6.1 Scope

This section of the code has been the subject of exten-
sive revisions, which appeared for the first time in the
1980 code. The revisions are designed to clarify the sep-
arate responsibilities of the contractor/fabricator/erector,
as opposed to the owner/Building Commissioner/Engi-
neer, etc.

The revisions clarify the basic premise of contractual
obligations when providing product and services. Those
who submit competitive bids or otherwise enter into a
contract to provide materials and workmanship for struc-
tural weldments in accordance with the provisions of the
code assume an obligation to furnish the products as
specified in the contract documents and are fully respon-
sible for product quality.

In this section, the term fabrication/erection inspec-
tion is separated from verification inspection. In the orig-
inal draft of this section, these separate functions were
designated as quality control and quality assurance, re-
spectively. These terms were replaced with the broader
terms now contained in the code to avoid confusion with
the usage in some industries (e.g., nuclear). Quality as-
surance means specific tasks and documentation proce-
dures to some users of the code. It was advantageous to
use more general terms that place greater emphasis on
timely inspection. The contractor is solely responsible
for the ordering of materials, and assembly and welding
of the structural weldments. Inspection by the owner
must be planned and timely if it is to improve the quality
of the construction.

C6.1.1 Information Furnished to Bidders. It is essential
that the contractor know in advance which welds are sub-
ject to nondestructive tests and which testing procedures
will be used. Unless otherwise provided in the contract
documents, the quality criteria for acceptance of welds are
stated in section 6, Part C. It is not necessary to write in the
contract documents exactly which weld or what portions
of specific welds will be examined by a specific test
method. A general description of weld test requirements
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may be specified (e.g., “10% of the length of all fillet
welds shall be inspected by magnetic particle testing,” or
“All complete joint penetration butt joint welds in tension
flanges of girders shall be radiographed”).

If the location of tension flange butt joint welds is not
obvious, their location should be designated on the plans.

When spot checking is specified (e.g., 10% of all fillet
welds), it should not be taken to imply that the contractor
be notified prior to welding which specific welds or por-
tion of welds shall be tested. It is a basic premise of the
specifications that if random tests or spot tests are made,
there should be a sufficient number of random tests to
give a reliable indication of weld quality.

There are different acceptance criteria for statically
loaded structures, cyclically loaded structures, and tubu-
lar structures. The basic difference in acceptance criteria
for each of these structures is based upon the difference
between static, and fatigue loading.

When fatigue crack growth is anticipated, acceptable
initial weld flaw sizes must of necessity be smaller.
All criteria are established in an attempt to preclude
weld failure during the anticipated service life of the
weldment.

C6.1.2 Inspection and Contract Stipulations. This
subsection describes the responsibility of the contractor
for fabrication/erection inspection and testing, which is
basically the quality control responsibility described in
other contract documents. The owner has the right, but
generally not the responsibility, to provide independent
inspection to verify that the product meets specified re-
quirements. This quality assurance function may be done
independently by the owner or their representative or,
when provided in the contract, verification inspection
may be waived or it may be stipulated that the contractor
shall perform both the inspection and the verification.
When this is done, quality control and quality assurance
remain separate functions. Verification inspection should
be performed independently by personnel whose primary
responsibility is quality assurance and not production.
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C6.1.3 Definition of Inspector Categories. This sub-
section describes the difference between the Inspector
representing the owner and the Inspector representing the
contractor.

C6.1.5 Inspector Responsibility. This subsection re-
quires that the Inspector verify that all fabrication and
erection by welding is performed in accordance with the
requirements of the contract documents. This includes
not only welding but also materials, assembly, preheat-
ing, nondestructive testing, and all other requirements of
the code and provisions of the contract documents.

C6.1.6 Items to be Furnished to the Inspector. Inspec-
tors need a complete set of approved drawings to enable
them to properly do their work. They need be furnished
only the portion of the contract documents describing the
requirements of products that they will inspect. Much of
the contract documents deal with matters that are not the
responsibility of the Inspector; these portions need not be
furnished.

C6.1.7 Inspector Notification. If the Inspectors are not
notified in advance of the start of operations, they cannot
properly perform the functions required of them by the
code.

C6.2 Inspection of Materials

This code provision is all-encompassing. It requires
inspection of materials and review of materials certifica-
tion and mill test reports. It is important that this work be
done in a timely manner so that unacceptable materials
are not incorporated in the work.

C6.3 Inspection of WPS Qualification
and Equipment

The requirements of 6.3.1 and 6.3.2, including any
qualification testing required by section 4, should be
completed before any welding is begun on any weld-
ments required by the contract documents. Qualification
should always be done before work is started, but all
qualification does not have to be completed before any
work can be started.

C6.4 Inspection of Welder, Welding
Operator, and Tack Welder
Qualifications

C6.4.1 Determination of Qualification. It is important

that the Inspector determine that all welders are qualified
before work is begun on the project. If discovered after
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welding has begun, lack of welder qualification docu-
mentation may cause serious delays in the acceptance of
weldments.

C6.4.2 Retesting Based on Quality of Work. The in-
spector must regularly appraise the quality of welds pro-
duced by welders, welding operators, and tack welders.
Individuals producing unacceptable welds should be re-
quired to produce satisfactory test welds of the type caus-
ing difficulties. Complete requalification may not always
be necessary. Only qualified welders producing accept-
able welds may be employed in the work.

C6.4.3 Retesting Based on Certification Expiration.
Welders who cannot provide evidence that they have
used, without interruption, the welding process for which
they were qualified, for a period exceeding six months,
shall be requalified by appropriate tests. Since active
welders can maintain their certification as long as they
continue to do good work, it is essential that Inspectors
regularly evaluate the quality of the welds produced by
each welder, welding operator, and tack welder.

C6.5 Inspection of Work and Records

Except for final visual inspection, which is required

for every weld, the Inspector shall inspect the work at
suitable intervals to make certain that the requirements of
the applicable sections of the code are met. Such inspec-
tions, on a sampling basis, shall be prior to assembly,
during assembly, and during welding. The inspector shall
identify final acceptance or rejection of the work either
by marking on the work or with other recording methods.
The method of identification should not be destructive to
the weldment. Die stamping of welds is not recom-
mended since die stamp marks may form sites for crack
initiation.
C6.6.1 Contractor Responsibilities. Contractors are
responsible for the acceptability of their products. They
shall conduct inspection to the extent necessary to ensure
conformance with the code, except as provided in 6.6.5.

C6.6.2 Imspector Requests. If the Inspector(s) find de-
ficiencies in the materials and workmanship, regardless
of whether the Inspector(s) is a representative of the
owner or an employee of the contractor, the contractor
shall be responsible for all necessary corrections.

C6.6.4 Specified Nondestructive Testing Other Than
Visual. When nondestructive testing is specified in the
information furnished to bidders, the contractor shall
take necessary steps to ensure that the nondestructive
testing acceptance criteria prescribed by the code are
met. When nondestructive testing other than visual in-
spection is not specified, the owner shall be responsible
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for all associated costs of testing and surface preparation
plus the repair of discontinuities not reasonably expected
to be discovered during visual inspection. Since there is a
limit to the defects that might reasonably be expected to
be found in welds, welds that contain defects which are
considered beyond reasonable weld quality standards
and which appear to result from gross nonconformance
to this code shall be repaired or replaced at the contrac-
tor’s expense in accordance with 5.26.1.

Part C
Acceptance Criteria

C6.7 Scope

Visual and radiographic weld quality requirements for
tubular structures are essentially the same as for statically
loaded structures (see section 6, Part C, and the Commen-
tary). Radiography can generally not be applied success-
fully to inspection of tubular T-, Y-, and K-connections.

C6.8 Engineer’s Approval for
Alternate Acceptance Criteria

The criteria provided in section 5, Fabrication, are
based upon knowledgeable judgment of what is achiev-
able by a qualified welder. The criteria in section 5
should not be considered as a boundary of suitability for
service. Suitability for service analysis would lead to
widely varying workmanship criteria unsuitable for a
standard code. Furthermore, in some cases, the criteria
would be more liberal than what is desirable and produc-
ible by a qualified welder. In general, the appropriate
quality acceptance criteria and whether a deviation pro-
duces a harmful product should be the Engineer’s deci-
sion. When modifications are approved, evaluation of
suitability for service using modern fracture mechanics
techniques, a history of satisfactory service in similar
structures, or experimental evidence is recognized as a
suitable basis for alternate acceptance criteria for welds.

C Table 6.1 Item 8—Piping Porosity. Table 6.1 con-
tains visual acceptance criteria for surface-breaking pip-
ing porosity, since this is visually detectable, and may
significantly reduce the cross sectional areas of the weld
available to resist applied loads. Other forms of surface-
breaking porosity do not reduce the cross sectional area
as significantly. See Annex B for a definition of piping

porosity.
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C6.9 Visual Inspection

This article makes visual inspection of welds manda-
tory and contains the acceptance criteria for it. The work-
manship requirements of section 5, are also subject to
visual inspection. Permissible depth of undercut was re-
vised in the 1980 edition of the code to more accurately
reflect an acceptable percentage reduction of cross-
sectional area for three categories of stress. The undercut
values are for structures and individual members that are
essentially statically loaded.

Undercut values for cyclically loaded structures or
tubular structures (6.9) have not been changed and
should be specified for structures and individual mem-
bers subject to cyclic loading.

C6.10 Liquid Penetrant and Magnetic
Particle Inspection

The magnetic-particle acceptance criteria included in
the code are based on the size of the actual discontinuity,
and not the size of the discontinuity as indicated by the
magnetic particle indicating medium. When surface dis-
continuities are revealed by magnetic-particle means, ac-
ceptance shall be based on a direct visual measurement
of the actual discontinuity. Where the discontinuity can-
not be visually seen (with magnification if required) after
removal of the indicating medium, evaluation shall be
based on the size and nature of the magnetic-particle in-
dication. For subsurface discontinuities, the evaluation
must be based on the size of the discontinuity indication
because the discontinuity is not accessible.

The code does not include acceptance criteria for lig-
uid penetrant testing based on bleedout of the dye. When
liquid penetrant testing is used, the acceptance of any
discontinuity shall be based on a visual evaluation of the
discontinuity after the removal of the indicating medium.
Where the discontinuity cannot be seen (with magnifica-
tion if required) after removal of the indicating medium,
evaluation shall be based on the size and nature of the
liquid penetrant indication. Observation of the penetrant
as it bleeds out will provide useful information concern-
ing the nature of the discontinuity.

C6.11 Nondestructive Testing

The weld quality requirements for nondestructive
testing are not a part of the contract unless nondestruc-
tive testing is specified in information furnished to the
bidders or is subsequently made a part of the contract.
Both the owner and contractor should give careful atten-
tion to the provisions of 6.6.5 and 6.14.1. When, in
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addition to the requirement for visual inspection, non-
destructive testing is specified, the acceptance criteria of
6.11, 6.12, or 6.13 apply. The acceptance criteria for
ASTM A 514 and A 517 high-strength quenched and
tempered steels are based on inspection, visual or non-
destructive, conducted at least 48 hours after completion
of the weld. Since high-strength steels, when welded,
and weld metals are susceptible to delayed cracking
caused by hydrogen embrittlement, stress rupture, etc., it
has been necessary to impose this time restriction to as-
sure that any delayed cracking has a reasonable chance
of being discovered during inspection.

C6.12.2 Acceptance Criteria for Cyclically Loaded
Nontubular Connections. Except for ultrasonic testing,
the nondestructive test acceptance criteria are divided
into three categories as follows:

(1) Discontinuities 1/16 in. (2 mm) or larger in
groove welds subject to tensile stress under any condi-
tion of loading are specified in 6.12.2.1 and Figure 6.4. It
should be noted that Figure 6.4 includes both a permissi-
ble size and spacing for discontinuities.

(2) Discontinuities 1/8 in. (3 mm) or larger in groove
welds subject to compressive stress only and which are
specifically indicated as such on shop drawings have
their quality requirements specified in 6.12.2.2 and Fig-
ure 6.5. Discontinuity sizes constitute the only difference
in relation to Figure 6.4. Further restrictions are specified
in the note (*) in Figure 6.5.

(3) Discontinuities less than 1/16 in. (2 mm) may co-
exist with larger discontinuities in members subject to
tension with no restriction on their location or spacing
except the sum of their greatest dimensions shall not ex-
ceed 3/8 in. (10 mm) in any linear inch of weld. These
quality requirements are specified in 6.12.2.3.

C6.13.1 Acceptance Criteria for Statically Loaded
Nontubular Connections. In Note (2) of Table 6.2, the
key words that are most often misinterpreted are “...from
weld ends carrying primary tensile stress.” This phrase
generally refers to the ends of groove welds subject to
applied tensile stress by the design loads. The tensile
stress must be normal to the weld throat. When box col-
umns are used with moment connection members welded
to the outside surface and diaphragm plates welded on
the inside to transfer the primary stress through the box
column member, the ends of the moment plate-to-box
column plate welds are subject to the 2L distance from
the end of the weld clause, but the welds on diaphragm
plates on the inside of the box are not subject to this re-
striction. The weld ends of the diaphragm plates do not
carry primary tensile stress because this stress is carried
through the width of the adjacent box member plates.
Note (4) of Table 6.2 was added because experience
with ultrasonic acceptance level provisions previously
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required by the code resulted in acceptance of some
rather large gas pockets and piping porosity that can
occur in electroslag and electrogas welds. The shape of
these gas defects, which are peculiar to electroslag and
electrogas welds, is such that they reflect less ultrasound
than the usual weld discontinuities. Testing at 6 dB more
sensitive than standard testing amplitudes will not guar-
antee accurate evaluation of gas defects in electroslag or
electrogas welds. This type of discontinuity is easily
evaluated by RT, which is recommended if indications of
pipe or other gas discontinuities are seen at scanning
levels.

For example, the application of these acceptance cri-
teria for evaluation of a 2 in. (50 mm) thick weld, using a
70° probe, is shown in Table C6.1.

C6.13.2 Acceptance Criteria for Cyclically Loaded
Nontubular Connections. See section C6, Part F. The
code provides acceptance criteria for welds subject to
tensile stresses that differ from those subject only to
compressive stresses. Groove welds subject to compres-
sive stresses only and which are indicated on design or

Table C6.1
Ultrasonic Acceptance Criteria for
2 in. (50 mm) Welding, Using a 70° Probe

(see C6.13.1)
Indication
Rating* Discontinuity Severity Class
2 or less Class A (large discontinuities)
Unconditionally rejectable regardless of length
Class B (medium discontinuities)**
—1lor0 Accept if length is < 3/4 in. (20 mm)
Reject if length > 3/4 in. (20 mm)
Class C (small discontinuities)**
+1 or +2 Accept if length is < 2 in. (50 mm)

Reject if length > 2 in. (50 mm)

Class D (minor discontinuities)

+3 or Greater . .. .
Accept without limits on length or location

Note: For cyclically loaded structures, Table 6.3 requires that disconti-
nuities more serious than Class D discontinuities and which exceed
3/4 in. (20 mm) in length be permitted only in the middle half of the
weld thickness. This is not a requirement of Part C, section 2.

*See 6.26.6.5 and Annex D, Form D11, Report of Ultrasonic Exami-
nation of Welds.
**The separation between Class B and C discontinuities or between
Class B and C discontinuities and the end of a weld must be a distance
of at least 2L except where the end of a weld does not carry primary
tensile stress, as in the corners of diaphragm plates in box sections. (L =
The length of the longer two discontinuities or the length of a disconti-
nuity which is being evaluated in relationship to the end of a weld.) The
combined length of adjacent discontinuilies may be required to be mea-
sured as a single discontinuity. See Note 1 in Table 6.2.
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shop drawings are required to conform to the acceptance
criteria of Table 6.2. Groove welds subject to tensile
stresses under any condition of loading and welds subject
only to compressive stresses but not specifically desig-
nated as such on design or shop drawings are required to
conform to the acceptance criteria of Table 6.3, which
are up to 6 dB higher than those in Table 6.2.

C6.13.3 Ultrasonic Acceptance Criteria for Tubular
Connections. The ultrasonic testing procedures and
acceptance criteria set forth in section 6, i.e., 6.13.1 and
6.13.2, are not applicable to tubular T-, Y-, and K-
connections. Acceptance criteria for the latter are set forth
in 6.13.3. Contract documents should state the extent of
testing, which of the acceptance criteria apply (Class R or
Class X), and where applicable. Because of the complex
geometry of tubular T-, Y-, and K-connections, standard-
ized step-by-step ultrasonic testing procedures, such as
those given in section 6, do not apply. Any variety of
equipment and techniques may be satisfactory providing
the following general principles are recognized.

The inspection technique should fully consider the ge-
ometry of the joint. This can be simplified by idealizing
localized portions of welds as joining two flat plates, in
which case the principal variables are local dihedral an-
gles, material thickness, and bevel preparation; curvature
effects may then be reintroduced as minor corrections.
Plotting cards superimposing the sound beam on a cross-
sectional view of the weld are helpful. Inspections
should be referenced to the local weld axis rather than to
the brace axis. Every effort should be made to orient the
sound beams perpendicular to the weld fusion line; in
some cases this will mean multiple inspection with a
variety of transducer angles.

The use of amplitude calibrations to estimate flaw
size should consider sound path attenuation, transfer
mechanism (to correct differences in surface roughness
and curvature), and discontinuity orientation (e.g., a sur-
face discontinuity may produce a larger echo than an in-
terior discontinuity of the same size). Transfer correction
is described in section 3.6.5 of Reference 10 of C2.

Amplitude calibration becomes increasingly difficult
for small diameter (under 12 in. (300 mm]) or with thin
wall (under 1/2 in. [12 mm}]), or both. In the root area of
tubular T-, Y-, and K-connections, prominent corner re-
flectors are often present which cannot be evaluated
solety on the basis of amplitude; in this case, beam
boundary techniques are useful for determining the size
of the larger discontinuities of real concern. Beam
boundary techniques are described in section 3.8.3.2 of
Reference 10 of C2.

The ultrasonic acceptance criteria should be applied
with the judgment of the Engineer, considering the fol-
lowing factors:
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(1) For tubular T-, Y-, and K-connections having
complete joint penetration groove welds made from the
outside only (see Figures 3.6 and Figures 3.8-3.10), root
discontinuities are less detrimental and more difficult to
repair than those elsewhere in the weld.

(2) It should be recognized that both false alarms (ul-
trasonic testing discontinuities that are not subsequently
verified during the repair) and occasionally missed dis-
continuities may occur. The former are a part of the cost
of the inspection, while the latter emphasize the need for
structural redundancy and notch-tough steel.

Part D
Nondestructive Testing

C6.14 Procedures

In addition to visual inspection, which is always nec-
essary to achieve compliance with code requirements,
four nondestructive testing (NDT) methods are provided
for in the code: (1) radiographic testing (RT), (2) ultra-
sonic testing (UT), (3) magnetic-particle testing (MT),
and (4) dye penetrant testing (PT).

Radiographic and ultrasonic testing are used to detect
both surface and internal discontinuities. Magnetic-
particle testing is used to detect surface and near surface
discontinuities. Dye penetrant testing is used to detect
discontinuities open to the surface. Other NDT methods
may be used upon agreement between owner and
contractor.

C6.14.6 Personnel Qualification. Only individuals that
qualify to SNT-TC-1A NDT Level II may perform non-
destructive tests without supervision. Level II individ-
uals may also perform NDT tests provided they meet the
requirements of NDT Level II. NDT Level III engineers
and technicians are generally supervisors and may not be
actively engaged in the actual work of testing. Since
there is no performance qualification test for individuals
qualified to NDT Level IIl, all individuals providing
testing services under the code must be qualified to
Level II, which has specific performance qualification
requirements.

C6.15 Extent of Testing

It is important that joints to be nondestructively exam-
ined be clearly described in the information furnished to
bidders as explained in Part A of this Commentary.

C6.15.3 Spot Testing. It is assumed that if rejectable
discontinuities are found in one spot and again in either
of the additional required spot radiographs, the remain-
der of the weld shall be tested to determine the extent of
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remaining defects, if any. This subsection has been added
for clarification of partial testing coverage. Prior to the
1980 edition of the code, no specific procedure was out-
lined for follow through of procedure requirements for
additional testing requirements due to flaw detection in
the first spot tested.

Part E
Radiographic Testing

C6.16.1 Procedures and Standards (Radiographic
Testing). The procedures and standards set forth in this
section are primarily designed for the radiographic in-
spection of complete joint penetration groove welds in
cyclically loaded structures and statically loaded struc-
tures. Typical geometries for structural connections and
design requirements for these structures were taken into
account in the preparation of the specification. An effort
was made to incorporate the methodology of ASTM and
to utilize procedures described in the ASME Boiler and
Pressure Vessel Code whenever possible.

C6.16.2 Variations. Since this section does not provide
for the radiographic testing of welds in tubular struc-
tures, variations are permitted based upon agreement be-
tween the contractor and the owner. The provisions of
6.12.3, shall apply when radiographic testing welds in
tubular structures.

C6.17 Radiographic Procedure

The single source of inspecting radiation is specified
to avoid confusion or blurring of the radiographic image.
Elsewhere in the code, limits are placed on the size of the
source to limit geometric unsharpness. Radiographic
sensitivity is judged solely on the quality of the image
quality indicator (IQI) [penetrameter] image(s), as in
both ASTM and ASME.

C6.17.2 Safety Requirements. lonizing radiation and
chemicals used in radiographic inspection can present se-
rious health hazards. All safety regulations must be com-
plied with.

C6.17.3 Removal of Reinforcement. When the owner
wishes weld surfaces to be ground flush or otherwise
smoothed in preparation for radiographic testing, it
should be stated in the contract documents. The owner
and the contractor should attempt to agree in advance on
which weld surface irregularities will not be ground un-
less surface irregularities interfere with interpretation of
the radiograph. It is extremely difficult and often impos-
sible to separate internal discontinuities from surface dis-
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continuities when reviewing radiographs in the absence
of information describing the weld surface. When agree-
ment can be reached on weld surface preparation prior to
radiography, rejections and delays will generally be
reduced.

C6.17.3.1 Tabs. Weld tabs are generally removed
prior to radiographic inspection so that the radiograph
will represent the weld as finished and placed in service.
Contraction cracks are commonly found in the weld at
the interface between weld tabs and the edge of the plate
or shape joined by the weld. These cracks are hard to
identify in the radiograph under the best conditions. It is
considered necessary to remove the weld tabs before at-
tempting to radiograph the boundaries of the welded
joint (see also C6.17.8).

C6.17.3.3 Reinforcement. When weld reinforce-
ment, or backing, or both, is not removed, shims placed
under the image quality indicators (1Qls) are required so
that the 1QI image may be evaluated on the average total
thickness of steel (weld metal, backing, reinforcement)
exposed to the inspecting radiation.

C6.17.4 Radiographic Film. Provisions of this section
are to provide fine-grain film and to avoid coarseness in
the image that may result from the use of fluorescent
screens.

C6.17.5 Technique. The source of radiation is centered
with respect to the portion of the weld being examined to
avoid as much geometric distortion as possible.

C6.17.5.1 Geometric Unsharpness. This subsec-
tion is provided to limit geometric unsharpness, which
causes distortion and blurring of the radiographic image.

C6.17.5.2, C6.17.53 Source-to-Subject Distance
and Limitations. These sections are intended to limit
geometric distortion of the object as shown in the radio-
graph. An exception is made for panoramic exposures in
tubular structures, which are covered by 6.18 of the code.

C6.17.6 Sources. This subsection intends that x-ray
units, 600 kvp maximum, and iridium 192 sources may
be used for all radiographic inspection, provided they
have adequate penetrating ability and can produce ac-
ceptable radiographic sensitivity based upon IQI image
as provided in 6.17.7. Since cobalt 60 produces poor ra-
diographic contrast in materials of limited thickness, it is
not approved as a radiographic source when the thick-
ness of steel being radiographed is equal to, or less than,
2-1/2 in. (65 mm). When the thickness of steel being ra-
diographed exceeds 2-1/2 inches (65 mm), cobalt 60 is
often preferred for its penetrating ability. Care should be
taken to ensure that the effective size of the radiograph
source is small enough to preclude excessive geometric
unsharpness.
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C6.17.7 IQI Selection and Placement. Since radio-
graphic sensitivity and the acceptability of radiographs
are based upon the image of the required 1Qls, care is
taken in describing the manufacture and use of the re-
quired IQIs. [QIs are placed at the extremities of weld
joints where geometric distortion is anticipated to con-
tribute to lack of sensitivity in the radiograph as shown in
Figures 6.11 through 6.14.

IQIs may only be placed on the source side unless
otherwise approved by the Engineer. Failure to place the
IQIs on the source side during the radiographic exposure,
without prior approval of the Engineer, shall be cause for
rejection of the radiographs.

C6.17.8.3 Backscatter. Backscattered radiation can
cause general fogging and produce artifacts in the radio-
graph. The method described in this section will identify
backscattered radiation so that corrective steps can be
taken.

C6.17.9 Film Width. Radiographic inspection is de-
signed to inspect all of the weld zone. Defects in the
weld metal or the adjacent heat-affected zones can pro-
duce weld failure. Film widths shall be sufficient to in-
spect all portions of the weld joint and have sufficient
room for weld identification.

C6.17.10 Quality of Radiographs. Quality radiographs
with the appropriate [QI sensitivity are the only indica-
tors of proper radiographic inspection. Defective radio-
graphs will not be accepted.

C6.17.11.1 H & D Density. It is the intent of the
specification to use radiographic films within the full
limits of the useful film density. An effort is made in this
code to avoid the necessity of making multiple exposures
or using films of more than one exposure speed when ex-
amining welded joints routinely expected to be encoun-
tered in cyclically loaded structures and statically loaded
structures.

C6.17.11.2 Transitions. The weld transitions in
thickness provided for in this section are expected to be

gradual with a maximum slope of 1 on 2-1/2 as shown in
Figures 2.6 and 2.7.

C6.17.12 Identification Marks. This section describes
all information required to identify the radiograph and
also provides methods for matching the radiograph to the
weld joint, so that weld repairs, when necessary, may be
made without repetitive or unnecessarily large excava-
tions. Radiograph identification marks and location iden-
tification marks shall be used to locate discontinuities
requiring repair and to verify that unacceptable disconti-
nuities have been repaired as demonstrated by the subse-
quent repair radiograph.
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C6.17.13 Edge Blocks. Flange-to-flange welded butt
joints that join segments of thick flanges in beams and
girders are particularly difficult to radiograph due to geo-
metric distortion and undercut from scattered radiation at
the ends of the weld that represent the flange edges. Weld
defects at these critical locations are limited under the
provisions of 6.12.

On weldments over 1/2 in. (12 mm) in thickness, it
was demonstrated by using drilled holes and lead indica-
tors near the top edge of a weldment that a substantial
portion of this edge was over exposed and could not be
shown, which left the possibility of not showing defects.
By using edge blocks and a standard source alignment,
lead indicators and drilled holes could be shown on a ra-
diograph at the plate edge.

C6.19 Examination, Report, and
Disposition of Radiographs

C6.19.1 Equipment Provided by Contractor. A suit-
able, variable intensity illuminator with spot review or
masked spot review capability is required since more ac-
curate film viewing is possible when the viewers’ eyes
are not subjected to light from portions of the radiograph
not under examination. The ability to adjust the light in-
tensity reduces eye discomfort and enhances visibility of
film discontinuities. Subdued light in the viewing area
allows the reviewer’s eyes to adjust so that small discon-
tinuities in the radiographic image can be seen. Film re-
view in complete darkness is not advisable since the
contrast between darkness and the intense light from por-
tions of the radiograph with low density cause discom-
fort and loss of accuracy. Film densities within the range
of 2.5 to 3.5 are preferred as described in 6.17.11.1. The
viewer must have sufficient capacity to properly illumi-
nate radiographs with densities up to 4.0. In general,
within the limits of density approved by the code, the
greater the film density, the greater the radiographic
sensitivity.

C6.19.2, C6.19.3 Reports and Retention. After the ra-
diographic inspection technician and the fabrica-
tion/erection Inspector have reviewed and approved both
the radiographs and the report interpreting them, the ra-
diographic examination report shall be submitted to the
Verification Inspector for a separate review on behalf of
the owner. All radiographs, including those showing un-
acceptable quality prior to repair, shall, unless otherwise
provided in the contract documents, become the property
of the owner. The contractor shall not discard radio-
graphs or reports under the provisions of the code until
the owner has been given, and generally has acknowl-
edged, prior notice in writing.
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The term a full set of radiographs as used in 6.19.3
means one radiograph of acceptable quality from each ra-
diographic exposure required for complete radiographic
inspection. If contractors elect to load more than one film
in each cassette to produce an extra radiograph for their
own use or to avoid possible delays, extra exposures due
to film artifacts, or both, the extra radiographs, unless
otherwise specified, are the property of the contractor.

Part F
Ultrasonic Testing of Groove Welds

C6.20.1 UT Procedures and Standards. The ultrasonic
testing (UT) provisions are written as a precise, direct
method of testing weldments. These provisions were de-
signed to ensure reproducibility of test results when ex-
amining specific reflectors. Most groove welds may be
satisfactorily tested using the provisions of section 6,
Part E.

Provisions for ultrasonic testing of welds in T-, Y-,
and K-tubular connections can be found in 6.13.3 and
6.27. Detailed procedures have not been included in this
section of the code because of the complex geometry as-
sociated with these welds. Ultrasonic testing procedures
for these welded joints should be approved by both the
Engineer and Contractor.

The ultrasonic testing of fillet welds was not included
in the code because of the inability to formulate a simple
procedure giving satisfactory results. Considerable infor-
mation can be obtained about the location of a disconti-
nuity in a fillet weld, as well as its size and orientation,
when using special techniques. The complexity and limi-
tations of ultrasonic testing increase as the size of the fil-
let weld decreases. Fillet weld sizes less than 3/4 in.
(20 mm) usually require the use of miniature search units
for complete evaluation. The frequency for miniature
search units should be higher than the 2.25 MHz nominal
frequency normally required, in order to control the
sound beam divergence. This frequency change would
also affect the 2 decibels per inch (25 mm) attenuation
factor used for indication evaluation. Variations from the
code provisions for UT are permitted upon agreement
from the Engineer. It is recommended that details of such
agreements be in writing so that all parties know how the
welds are to be inspected.

C6.20.2 Variations. Ultrasonic testing through paint
layers on painted surfaces has been changed to an essen-
tial variable requiring approval by the Engineer. Al-
though the code prohibits routine ultrasonic testing
through paint layers, it does not necessarily mean that a
good, tight, uniform coat of paint will interfere with the
application of ultrasonic testing procedure. When paint is
present, it should be measured and reported.

420

COMMENTARY

During routine fabrication of structural steel, all welds
should be inspected and accepted prior to being painted.
Most testing where painted surfaces are involved is on
members that have been in service, and the condition of
that test surface should be considered before routine test-
ing is done.

C6.20.3 Piping Porosity. The code recommends that
spot radiography be used as a supplement to UT when
examining electroslag and electrogas welds in materials
over 2 in. (50 mm) thick. This is based on the inability of
UT to evaluate porosity on an amplitude basis. Piping
porosity in this type of weld, although appearing cylin-
drical, has usually a series of cascaded surfaces through-
out its length. The sound reflectivity of these cascaded
surfaces does not generally respond ultrasonically as a
straight line reflector as would be expected from a side
drilled hole, which is in itself a difficult discontinuity to
quantify. Piping porosity often responds to ultrasonic
tests as a series of single point reflectors as if received
from a series of spherical reflectors in line. This results
in a low amplitude-response reflecting surface, reflecting
sound that has no reliable relationship to diameter and
length of this particular type of discontinuity.

In addition to this problem, the general nature of pip-
ing porosity in electroslag and electrogas welds is usu-
ally such that holes in the central portion of the weld may
be masked by other surrounding holes. The branches or
tunnels of piping porosity have a tendency to tail out to-
ward the edges of the weld nugget. UT can only effec-
tively evaluate the first major reflector intercepted by the
sound path. Some discontinuities may be masked in this
manner; this is true for all ultrasonic testing.

Radiographic testing should be used to evaluate sus-
pected piping porosity in electroslag and electrogas welds
used in building construction (see Note 4 of Table 6.2). No
mention of additional radiographic testing is presently
made with reference to testing electroslag and electrogas
welds in Table 6.3 since these processes are not presently
accepted for tension welds. Ultrasonic testing of electro-
slag and electrogas welds at higher scanning levels will
give intermittent responses from piping porosity. This in-
dicates RT should be used as described above.

The pitch-and-catch technique for evaluating incom-
plete fusion by UT in electroslag and electrogas welds is
intended to be used only as a secondary test to be con-
ducted in an area along the original groove face in the
middle half of the plate thickness. This test is specified to
further evaluate an ultrasonic indication in this area
which appears on the display at scanning level but is not
rejectable by indication rating. The expected pitch-catch
amplitude response from such a reflector is very high,
making it unnecessary to use the applicable amplitude
acceptance levels. However, since no alternative is pro-
vided, these decibel ratings must be used. Since only a
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specific location is being evaluated, predetermined posi-
tioning of the probe can be made. Probe-holding fixtures
are most helpful in this operation.

The use of the 70° probe in the primary application is
adequate in testing electroslag and electrogas weld fu-
sion surfaces of material 2-1/2 in. (65 mm) and less in
thickness because acceptance levels are such that proper
evaluation can be expected.

C6.22 Ultrasonic Equipment

Standards are established for ultrasonic flaw detectors
to ensure adequate mechanical and electrical perfor-
mance when used in conformance with the requirements
of the code.

Subsections 6.22.1 through 6.22.5 cover the specific
equipment features that must be considered for equip-
ment qualification; 6.23.1 covers the reference standards;
subsections 6.24.1 through 6.24.4 cover the time interval
requirements and references to the applicable 6.29 refer-
ence block usage; and 6.30 presents detailed qualifica-
tion procedures. Examples of these applications are
included in Annex D, Form D8.

C6.22.6 Straight Beam (Longitudinal Wave) Search
Unit. The size limitations of the active areas of straight
beam transducers have not been changed; however, the
sizes being given as 1/2 in.2 (160 mm?) and 1 in.?
(645 mm?) have been misinterpreted as being 1/2 in.
(12.7 mm) square and 1 in. (25.4 mm) square, instead of
the intended 1/2 square in. and 1 square in., respectively.

These active area requirements are now written out to
eliminate the confusion.

C6.22.7.2 Transducer Dimensions. In the 1980
code, transducer size and shape limitations were changed
in an effort to reduce the scatter in the results of disconti-
nuity evaluation, which is thought to be attributed solely
to transducer size.

The Structural Welding Committee for the 1988 code
has withdrawn approval of the 1/2 in. x 1 in. (12 mm x
25 mm) transducer. This size transducer is not acceptable.

C6.23.1 IIW Standard. All of the blocks used for cali-
bration and certification of equipment have now been
called reference blocks and are detailed in one figure.
Note: The DS block has been added in Annex X.

C Figure 6.22 All of the notes shown herewith pertain
to all of the reference blocks in both Figure 6.22 and
Annex X.

C6.23.2 Prohibited Reflectors. The code prohibits the
use of square corners for calibration purposes because of
the inability of acquiring amplitude standardization from
various corners that are called “square.” Factors that can
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affect amplitude standardization are the size of the fillet
or chamfer on the corner, if any; the amount the corner is
out of square (variation from 90°); and surface finish of
the material. When a 60° probe is used, it is very difficult
to identify the indication from the corner due to high am-
plitude wave mode conversions occurring at the corner.

C6.24.1 Horizontal Linearity. The use of ASTM E 317
for horizontal linearity qualification has been eliminated,
and a step-by-step procedure outlined in 6.30.1 is used
for certification.

C6.24.2 Gain Control. The vertical linearity of the ul-
trasonic unit must be calibrated every two months by the
procedure described in 6.30.2 to verify continued accu-
racy. Certification must be maintained with use of infor-
mation tabulated on a form similar to Annex D, Form D8
(example information is also shown). Caution must be
used in the application of alternate methods for vertical
linearity certification. Normal ways of translating volt-
age ratios to dB graduations generally cannot be used
due to potentiometer loading and capacitance problems
created by the high-frequency current transfer. A high
degree of shielding must also be maintained in all wiring.

C6.24.4 Calibration of Angie Beam Search Units.
Since the contact surfaces of search units wear and cause
loss of indication location accuracy, the code requires ac-
curacy checks of the search unit after a maximum of
eight hours use. The responsibility for checking the accu-
racy of the search unit after this time interval is placed on
the individual performing the work.

C6.25.4.1 Sweep. Indications of at least two plate
thicknesses must be displayed in order to ensure proper
distance calibration because the initial pulse location
may be incorrect due to a time delay between the trans-
ducer crystal face and the search unit face.

C6.25.5.1 Horizontal Sweep. At least two indica-
tions other than the initial pulse must also be used for this
distance calibration due to the built-in time delay be-
tween the transducer face and the face of the search unit.

Notes: (1) The initial pulse location will always be off to
the left of the zero point on the display.

(2) Care must be taken to ensure that the pulse at the
left side of the screen is the initial pulse and not one from
a reference reflector. (Verify by removing search unit
from workpiece.)

The note has been added to the end of this subsection
to ensure duplication of location data.

C6.26.4 Couplants. It is recognized that couplants, other
than those specifically required in the code, may work
equally well or better for some applications. It is beyond
the scope of the code to list all fluids and greases that
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could be acceptable couplant materials. Any couplant
material, other than those listed in the code, that has dem-
onstrated its capability of performing to code require-
ments, may be used in inspection upon agreement
between the Engineer and the ultrasonic testing inspector.

Tests should be conducted to determine if there is a
difference in responses from the reference reflector, due
to differences between the couplant used for calibration
compared to the couplant used in actual testing. Any
measurable difference should be taken into account in
discontinuity evaluation.

See Annex D, Form D11 for a sample ultrasonic test
report form.

C6.26.5 Extent of Testing. The provision to search the
base metal for laminar reflectors is not intended as a
check of the acceptability of the base metal, but rather to
determine the ability of the base metal to accept specified
ultrasonic test procedures.

C6.26.5.1 Reflector Size. A procedure for lamellar
size evaluation is now included in 6.31.1.

C6.26.5.2 Inaccessibility. The requirement in this
subsection to grind the weld surface or surfaces flush is
necessary only to obtain geometric accessibility for an
alternate UT procedure when laminar discontinuities in
the base metal prohibit testing using standard procedure.
Contract documents may require flush grinding of ten-
sion groove welds to improve fatigue performance and
facilitate more accurate RT and UT.

C Table 6.6 The procedure chart was established on the
basis that a search unit angle of 70° will best detect and
more accurately evaluate discontinuities having a major
dimension oriented normal or near normal to the com-
bined residual and applied tensile stresses (most detri-
mental to weld integrity). It should be assumed that all
discontinuities could be oriented in this direction, and the
70° probe should be used whenever possible. For opti-
mum results, a 10 in. (250 mm) sound path has been es-
tablished as a routine maximum. There are, however,
some joint sizes and configurations that require longer
sound paths to inspect the weld completely.

Testing procedures 6, 8,9, 12, 14, and 15 in the proce-
dure legend of Table 6.6, identified by the top quarter
designation GA or the bottom quarter designation GB,
require evaluation of discontinuities directly beneath the
search unit. More accurate results may be obtained by
testing these large welds from both face A and face B, as
also provided for in this table.

The procedure chart was developed taking into ac-
count the above factors. Note 6 of Table 6.6 provides that
discontinuities in tension welds in cyclically loaded
structures shall not be evaluated directly beneath the
search unit.
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C Table 6.6 The reason for the very exacting require-
ments of the code with respect to the application of the
search unit (frequency, size, angle) is to maintain the best
condition for reproducibility of results. It is the intent of
the code that welds be examined using search unit angles
and weld faces specified in Table 6.6. Use of other angles
or weld faces may result in a more critical examination
than established by the code.

Legend “P” The use of 60° probes is not permitted for
evaluation when using the pitch-and-catch method of
testing because of the high energy loss that is possible
due to wave mode conversion.

C6.26.6 Testing of Welds. When required by Tables 6.2
and 6.3 as applicable, the sensitivity for scanning is in-
creased by at least four decibels above the maximum re-
ject level at the maximum testing sound path. This
increased sensitivity assures that rejectable discontinui-
ties are not missed during scanning.

C6.26.6.4 Attenuation Factor. The attenuation rate
of 2 decibels per inch (2 dB per 25 mm) of sound travel,
excluding the first inch (25 mm), is established to pro-
vide for the combination of two factors: the distance
square law and the attenuation (absorption) of sound en-
ergy in the test material. The sound path used is the di-
mension shown on the display. The rounding off of
numbers to the nearest decibel is accomplished by main-
taining the fractional or decimal values throughout the
calculation, and at the final step, advancing to the nearest
whole decibel value when values of one-half decibel or
more are calculated or by dropping the part of the decibel
less than one-half.

C6.26.7 Length of Flaws. The required six decibel drop
in sound energy may be determined by adding six deci-
bels of gain to the indication level with the calibrated
gain control and then rescanning the weld area until the
amplitude of the discontinuity indication drops back to
the reference line.

When evaluating the length of a discontinuity that
does not have equal reflectivity over its full length, its
length evaluation could be misinterpreted. When a six
decibel variation in amplitude is obtained by probe
movement and the indication rating is greater than that of
a minor reflector, the operator should record each portion
of the discontinuity that varies by + 6 dB as a separate
discontinuity to determine whether it is acceptable under
the code based on length, location, and spacing.

C6.26.8 Basis for Acceptance or Rejection. In proce-
dures specified for ultrasonic testing, the zero reference
level for discontinuity evaluation is the maximum indica-
tion reflected from a 0.06 in. (1.5 mm) diameter hole in
the IIW ultrasonic reference block. When actual testing
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of welds is performed, the minimum acceptable levels
are given in decibels for various weld thicknesses. The
minimum acceptance levels for statically loaded struc-
tures are given in Table 6.2 and the minimum acceptance
levels for cyclically loaded structures are given in Table
6.3. In general, the higher the indication rating or accep-
tance level, the smaller the cross-sectional area of the
discontinuity normal to the applied stress in the weld.

Indication ratings up to 6 dB more sensitive than re-
jectable must be recorded on the test report for welds
designated as being “Fracture Critical” so that future
testing, if performed, may determine if there is flaw
growth.

The acceptance-rejection levels have been eased in
the 5/16 to 3/4 in. (8 to 20 mm) thickness category by
2 dB because it was felt to be unnecessarily restrictive.
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The thickness ranges from greater than 4 to 6 in. (100
to 150 mm) and greater than 6 to 8 in. (150 to 200 mm)
have been combined and the maximum disregard level
increased to a + 3 dB level. Previous requirements per-
mitted the UT acceptance of some discontinuities that
were later discovered to be cracks.

C6.27 Ultrasonic Testing of Tubular
T-, Y-, and K-Connections

This section sets forth requirements for procedures,
personnel, and their qualifications. It is based largely on
practices that have been developed for fixed offshore
platforms of welded tubular construction. These are de-
scribed in detail in Reference 10 of Section C2.
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C7. Stud Welding

C7.1 Scope

Stud welding is unique among the approved welding
processes in this code in that not only are the arc length
and the weld time automatically controlled, but it also
lends itself to a significant production proof test. Once
the equipment is properly set, the process is capable of a
large number of identical sound welds when attention is
given to proper workmanship and techniques. Many mil-
lions of studs have been successfully applied. For other
reasons outlined above, formal procedure qualifications
are not required when studs are welded in the flat (down-
hand) position to materials listed in Table 3.1, Group |
and II. Procedures developed under the application quali-
fication requirements of 7.6 are an exception to the fore-
going. Since this constitutes the basic change from other
approved welding processes in this code, stud welding
has been moved to section 7.

There are provisions for the following:

(1) Tests to establish mechanical properties and the
qualification of stud bases by the stud manufacturer

(2) Tests to establish or verify the welding setup
(essential variables) and to qualify the operator and
applications

(3) Tests for inspection requirement

C7.2 General Requirements

General requirements prescribe the physical dimen-
sions of studs and describe the arc shield and stabilizing
flux to be used. These stud base assemblies must be qual-
ified by the manufacturer as prescribed in Annex IX of
this code.

C7.2.5 Stud Finish. Heads of shear connectors or an-
chor studs are subject to cracks or bursts, which are
names for the same thing. Cracks or bursts designate an
abrupt interruption of the periphery of the stud head by
radial separation of the metal. Such interruptions do not
adversely affect the structural strength, corrosion resis-
tance, or other functional requirements of headed studs.

C7.3 Mechanical Requirements

The section on mechanical requirements has been ex-
panded to show three strength levels of studs. The lower
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strength level, Type A, is used for general purpose studs
and the higher strength level, Type B, is used as an es-
sential component of composite beam design and con-
struction. Type B studs are the most used in composite
construction for highway bridges.

C7.4 Workmanship

Several items of cleanliness are needed to produce
sound quality studs. There is new emphasis on keeping
the studs. Type B studs are used as an essential com-
ponent in composite beam construction for highway
bridges and buildings. Type C studs are commonly used
as embedded connections in concrete/steel construction.

C7.4.6 and C7.4.7 Arc Shield Removal. These sub-
sections clearly call for used arc shields to be removed
and a visual inspection to be made by the applicator.
Good judgment would call for this check to be performed
as soon as practical after the stud is welded to avoid a
large number of defective studs in the case of equipment
malfunction.

The expelled metal around the base of the stud is des-
ignated as flash in accordance with the definition of flash
in Annex B of this code. It is not a fillet weld such as
those formed by conventional arc welding. The expelled
metal, which is excess to the weld required for strength,
is not detrimental but, on the contrary, is essential to pro-
vide a good weld. The containment of this excess molten
metal around a welded stud by the ferrule (arc shield) as-
sists in securing sound fusion of the entire cross section
of the stud base. The stud weld flash may have nonfusion
in its vertical leg and overlap on its horizontal leg; and
it may contain occasional small shrink fissures or other
discontinuities that usually form at the top of the weld
flash with essentially radial or longitudinal orientation,
or both, to the axis of the stud. Such nonfusion on the
vertical leg of the flash and small shrink fissures are
acceptable.

C7.5.1 Automatic Machine Welding. Technique is a
subsection that covers the requirements for equipment
and initial settings.

C7.5.5 FCAW, GMAW, SMAW Fillet Weld Option.
The code also permits studs to be fillet welded, at the
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option of the contractor, by the shielded metal arc welding
(SMAW) process, although the use of automatically-
timed equipment is generally preferred. Welders must be
qualified in accordance with section 4 for this application.
The option was included for situations where only limited
numbers of studs are to be welded in the field. Obviously,
the contractor’s decision in this matter would be one of
economics. The electrode diameter is specified to help en-
sure that minimum heat input is provided in conjunction
with the applicable preheat requirements of Table 3.2.

Studs welded by the use of automatically timed weld-
ing equipment or fillet welded by the shielded metal arc
process are considered to have been welded by a prequal-
ified procedure.

C7.6 Stud Application Qualification
Requirements

Studs applied to a vertical surface may require modified
arc shields and modified arc shields may also be required
when welding to other than flat surfaces. Since this and
other special cases are not covered by the manufacture’s
stud base qualification, the contractor shall be responsible
for the performance of these tests. Test data serve the same
purpose as procedure qualification for other processes. In-
spectors should accept evidence of previous special appli-
cation tests based on satisfactory preproduction tests with
the specific stud welding set up in use.

C7.6.1 Purpose. Special conditions where application
qualification requirements apply have been enlarged
from consideration of modified arc shields and weld
position to include welds through decking and for studs
welded to other than Group I or II steels from Table 3.1.

The weld through decking application has been added
because of problems inherent for the Manufacturer Stud
Base Qualification Requirements in determining the
number of plies or the gages of decking which would re-
quire testing. Further limits would have to be established
for the coating types or thicknesses which would require
testing. The committee would recommend that the heavi-
est metal decking thickness, whether one or two plies, be
tested along with the thickest coating (galvanized if
used) to qualify work for each project. While the welding
variables developed for this worst case would not neces-
sarily apply to every stud to be used on the project, the
equipment to be used would have been proven for the
worst case, and pre-production testing of 7.7.1 should be
used for each other set up.

The Engineer should accept properly documented evi-
dence of weld through decking application tests where
new work would fall within previous limits.

The Application test for other than Group I or II steels
has been added to serve as a reminder that the Engineer
should evaluate each such application.
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Most steels in Group 11 of Table 3.1 and the steels in
Annex M are heat-treated steels, and the heat from stud
welding can lead to reduced base plate static or dynamic
physical properties. For example, thin quenched-and-
tempered steels may have reduced tensile properties, and
thicker quenched-and-tempered steels are more likely to
have reduced notch toughness in the stud weld heat-
affected zone. The Engineer should particularly evaluate
the application where studs will be welded in members
subject to cyclic tensile stress or to stress reversal. The
application test will serve to prove only that the stud
itself is acceptable with the metal used.

C7.7 Production Control

Applicator testing is required for the first two studs in
each day’s production or any change in the set up such as
changing of any one of the following: stud gun, timer,
power source, stud diameter, gun lift and plunge, total
welding lead length, or changes greater than 5% in cur-
rent (amperage) and time. Users who are unfamiliar with
any of these terms are encouraged to refer to the latest
edition AWS C5.4, Recommended Practices for Stud
Welding. At the very high currents used in stud welding,
it is very important to have adequate lead size and good
lead connections.

C7.7.1.4 Bending. Bending some stud and base ma-
terials at temperatures below 50°F (10°C), creates inade-
quate toughness to pass a hammer test.

C7.8 Fabrication and Verification
Inspection Requirements

In addition to visual and bend tests by the applicator,
studs are to be visually inspected and bend tested by the
inspector.

C7.8.2 and C7.8.4 Additional Tests. The code provides
provisions for the Verification Inspector to test additional
studs. Where the stud weld failure rate is high, in the
judgment of the Engineer, corrective action shall be re-
quired of the contractor at the contractor’s own expense.

Annex CIX: Manufacturer’s Stud
Base Qualification
Requirements

This section has been removed from the main body of
the code since it applies to the stud manufacturer. The
code similarly refers to but does not reprint filler metal
specifications required to be met by the electrode manu-
facturer. Information from the required test data does
provide applicator procedure values for prequalified
studs applied to material in the flat position.
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C8. Strengthening and Repairing Existing Structures

C8.1 General

There are many technical and workmanship condi-
tions that are common to strengthening, repairing, and
heat straightening steel members, and as a result, section
8 has been expanded to include heat straightening, a
form of repairing steel members.

Section 8 of this document is not intended to replace
ASTM A 6 provisions for conditioning new steel, but to
provide recommendations for repair and strengthening of
members in existing structures.

C8.2 Base Metal

C8.2.1 Investigation. The first essential requirement in
strengthening, repairing, and heat straightening existing
structures is the identification of the material.

Weldability of the existing steel is of primary impor-
tance. Together with the mechanical properties of the
material, it will provide information essential for the es-
tablishment of safe and sound welding procedures. Only
then will realistic data be available for reliable cost esti-
mates. Should poor weldability make such cost economi-
cally prohibitive, other means of joining should be
considered by the Engineer.

Mechanical properties may be subject to variability,
determined by tests of representative samples taken from
the existing structure. Hardness testing may also provide,
by correlation, an estimation of the tensile properties of
the material.

If the chemical composition must be established by test,
then it is advisable to take samples from the greater thick-
nesses which are indicative of the extremes in chemistry.

In cases of unknown weldability, References 1 and 2
provide examples of simple and inexpensive techniques
to make a preliminary determination whether or not the
base metal is suitable for welding.

Low melting temperature base-metal elements such as
sulfur, phosphorus, copper, tin, lead, and zinc can cause
solidification or “hot” cracking. Utilizing low admixture
welding procedures and joint details that do not rely on
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penetration to gain strength may help minimize hot crack-
ing tendencies. Higher levels of carbon, coupled with
higher levels of alloys, whether intentionally or uninten-
tionally added, increase steel hardenability and increase
hydrogen-related or “cold” cracking tendencies. Low-
hydrogen practice, higher preheat and interpass tempera-
ture, as well as postheat operations, reduce cold cracking
tendencies. The material may range from easily weldable
to unacceptable weldability. Investigation into the relative
weldability is essential. See References 3, 5, and 6.

C8.2.2 Suitability for Welding. Welding to stainless
steel, wrought iron and cast iron is not addressed in the
general body of this code. However, these materials are
sometimes encountered in older structures that are being
renovated. As shown in Table C8.1, a Welding Procedure
Specification (WPS) and qualified welding supervision
is needed in each case because of the inherent difficulty
in welding. Guidance for welding stainless steel is given
in References 3 and 4. Guidance for welding wrought
iron is given in Reference 5. Guidance for welding cast
iron is given in References 3, 4, 5, and 6.

C8.3 Design for Strengthening and
Repair

C8.3.1 Design Process. It is strongly recommended that

locations that are considered for welding or heating

be inspected. Thermal expansion associated with either pro-
cess can extend any existing crack further into the member.

C8.3.3 Fatigue History. Generally, in the case of cycli-
cally loaded structures, sufficient data regarding past ser-
vice are not available to estimate the remaining fatigue
life. A conservative estimate of remaining fatigue life
should be made based on whatever loading history is
available. Practical methods to extend the expected fa-
tigue life of a member include: reducing the stress or
stress range, providing connection geometry less suscep-
tible to fatigue failure, and using fatigue life enhance-
ment techniques.
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Table C8.1

Guide to Welding Suitability' (see C8.2.2)

Structure Category

Base Metal

ASTM, ABS, and API
Steels per subsection 3.3
and Table 3.1

Discontinued, Unknown
Steels, Cast Steels,
and Stainless Steels

Wrought Iron

Cast Iron

Static or Cyclic
Nontubular
section 2, Part B

Check for prequalified
status per section 3.
Prequalified WPSs may
be used per section 3.

ASTM A7, A 373,

A 441—Use Table 3.1
(Group 1) and section 3.
Others, see Note 2,

Notes 2 and 3 apply.

Notes 2 and 3 apply.

Cyclic Nontubular
section 2, Part C

Check for prequalified
status per section 3.
Prequalified WPSs may
be used per section 3.

ASTM A7, A 373,

A 441—Use Table 3.1
(Group II) and section 3.
Others, see Note 2.

Notes 2 and 3 apply.

Not recommended.

Tubular
section 2, Part D

Prequalified WPSs may
be used per section 3.

Static Tubular

Check for prequalified

Note 2 applies.

Notes 2 and 3 apply.

Notes 2 and 3 apply.

status per section 3.

Not recommended.

Check for prequalified

lic Tubule .
Cyelic Tubular status per section 3.

Note 2 applies.

Notes 2 and 3 apply. | Not recommended.

Notes:

1. A written Welding Procedure Specification (WPS) is required subject to Engineer approval.

2. Established Welding Suitability: Existence of previous satisfactory welding may justify the use of Table 3.1 (Group II) filler metals. If not pre-
viously welded, obtain samples and prepare WPS qualification. Conduct in place weld test on safe area of structure if samples are not available.

3. Persons qualified to establish welding suitability shall provide written WPS and monitor welding operation, all as approved by the Engineer.

C8.3.5 Loading During Operations. Repair, strength-
ening and heat straightening of existing structures differ
from new construction inasmuch as these operations may
have to be executed with the structure or the structural el-
ement under some condition of working stress.

There is guidance in the literature (References 1, 2, 7,
8,9, 10, 11, and 12) with respect to welding of structural
members under load. Each situation must be evaluated
on its own merits, and sound engineering judgment must
be exercised.

Research (References 7, 11, and 19) indicates that re-
sidual stresses due to mill rolling practice and welding
only have an affect on member capacity for some spe-
cific structural functions. Because of offsetting tensile
and compressive residual force levels, residual stresses
result in no quantifiable degradation of a member’s flex-
ural capacity. A similar condition exists for tensile
members, provided that the heating or welding affects
only a portion of the member’s cross-sectional area.
Compression members are more sensitive to residual
stress distribution because of overall and local buckling
possibilities. Balanced flame heating or welding about
the neutral axis may be essential to avoid this type of
problem. Regardless of the stress conditions, the heating
or welding should not be performed over the entire cross
section at the same time.
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C8.3.7 Use of Existing Fasteners. The retrofitting pro-
visions for combining welds with overstressed rivets or
bolts is more restrictive than 2.6.3 which deals with con-
necting elements not overstressed at the time of retrofit-
ting. See Reference 22.

C8.4.1 Fatigue Life Enhancement. When properly ad-
ministered, these reconditioning methods may be used
for enhancing the fatigue life of existing structures, par-
ticularly when the applied stress is normal to the axis of
the weldment. The following techniques affect fatigue
life only from the point of view of failure from the weld
toe. The possibility of fatigue crack initiation from other
features of the weld, e.g., the root area, should not be
overlooked. Typical uses include the repair of fatigue
cracks and the extension of fatigue life of existing build-
ings and equipment.

Welded joints represent particularly severe stress
concentrations. Research at The Welding Institute
(TWI), Cambridge, England, identified an acute line of
microscopic slag intrusions along the toes of all welds
made by all arc processes except gas tungsten arc weld-
ing (GTAW). All processes however, were found to pro-
duce some degree of undercut at the toe, notwithstanding
ideal weld profiles (Figure C8.1). The practical implica-
tion was that all welds have a pre-existing discontinuity
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Courrey of The We in Institute UK, 98.
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NOTE: MICROSCOPIC INTRUSIONS AT WELD TOE ACT AS PRE-EXISTING DISCONTINUITIES

(SEE C8.4.1).

Figure C8.1—Microscopic Intrusions

in the form of either microscopic undercut or slag intru-
sions, or both. Normal inspection methods cannot detect
these discontinuities, which in any case are unavoidable
when using existing welding technologies. See Refer-
ences 28, 32 (Ch. 1 and 2), and 33.

In plain material, fatigue life is spent in crack initiation
and propagation. In weldments, however, it must be as-
sumed that crack-like discontinuities already exist. There-
fore, the fatigue life of welds is spent solely in crack
propagation. This, along with residual tensile stresses at
or near the yield point, is the essential reason why weld-
ments can endure fewer cycles to fatigue failure than a
similarly loaded plain material (see Figure C8.2).

Fatigue life enhancement can be obtained by recondi-
tioning the weld toes. The small pre-existing discontinui-
ties are either removed or the sharp openings dulled
(Figure C8.5). Toe grinding and TIG dressing extend fa-
tigue life by restoring a crack initiation phase. Peening,
by the introduction of a compressive stress, retards the
rate of crack propagation. The resulting weld profile also
complements the overall joint resistance to fatigue crack-
ing by reducing the geometric stress concentration.
When these pre-existing toe discontinuities are perpen-
dicular to the applied stress, fatigue life enhancement
methods are most effective (Figure C8.4). See Reference
32 (Ch. 4).

(1) Profile improvement for round tubular sections
shall conform to 2.36.6.6, 2.36.6.7, and the correspond-
ing sections from the Commentary, C2.36.6.6 and
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Figure C8.2—Fatigue Life (see C8.4.1)

C2.36.6.7. Acceptable profiles in accordance with Figure
3.10 may be attained by (1) adding a capping layer, (2)
grinding the weld surface, and (3) peening the weld toe
with a blunt instrument. Figure C2.20 provides precise
profile criteria. Fatigue category limitations on weld size
or thickness and weld profile shall meet the criteria of
Table 2.7, Level 1.

(2) Toe grinding shall be done along the centerline of
the weld toe for both tubular connections (T, Y, or K) and
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Figure C8.3—Toe Dressing with Burr Grinder
(see C8.4.1)
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Figure C8.4—Toe Dressing Normal to Stress
(see C8.4.1)
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nontubular joints. The recommended tools include a
high-speed grinder for use with a tungsten carbide burr.
The tip radius shall be scaled to the plate thickness ac-
cording to Table C8.2. These radii are the minimum rec-
ommended, larger sizes may prove more beneficial.

Grinding shall be carried out to a minimum depth of
0.03-0.04 in. (0.8—1.0 mm) below the plate surface or
approximately 0.02—.03 in. (0.5-0.8 mm) below the
deepest undercut to a maximum total depth of 1/16 in.
(2 mm) or 5% of the plate thickness, whichever is
greater. The axis of the burr shall be at approximately
45° to the main plate (see Figure C8.3). The angle of the
burr axis shall be a maximum 45° of the direction of
travel to ensure that the grinding marks are nearly per-
pendicular to the weld toe line (parallel to the direction
of stress). The ends of longitudinally stressed welds re-
quire special care to be effective (see Figure C8.6). The

Table C8.2
Relationship Between Plate Thickness and
Burr Radius (see C8.4.1(2))

Plate Thickness Plate Thickness Burr Radius
(in.) (mm) (mm)
<0.79 <20 5
0.79-1.14 20-29 6
1.18-1.54 30-39 8
1.57-1.93 40-49 10
1.97-2.52 50-64 12
2.56-3.11 65-79 16
3.15-3.90 80-99 18
3.94-4.69 100-119 20
4.72-5.87 120-149 25
5.91-7.09 150-180 30
WEB OR
BRACE
INEFFECTIVE
GRINDING
EFFECTIVE
GRINDING

DEFECT

DEPTH OF GRINDING
SHOULD BE 0.02 in. (0.5 mm)
BELOW THE BOTTOM OF
ANY VISIBLE UNDERCUT

FLANGE ORJ

CHORD

Figure C8.5—Effective Toe Grinding
(see C8.4.1)
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NO WELD

GRIND ENDS

Figure C8.6—End Grinding (see C8.4.1(2))

finishing pass should be light to obtain a good surface
finish. Check visually and with MT or PT for any re-
maining undercut or other discontinuities. See Refer-
ences 28, 29, 32 (Ch. 2), 34, and 37.

(3) Hammer peening applies to steels with yield
strengths up to 115 ksi (800 MPa) and thicknesses not
less than 3/8 in. (10 mm). Steel hammer bits shall have
approximately hemispherical tips with diameters be-
tween 1/4 in. and 1/2 in. (6 mm and 12 mm). The
indentation shall be centered on the weld toe so that
metal on each side (both weld metal and base metal) is
deformed, resulting in a smooth surface free from obvi-
ous individual blows. The hammer should be held at 45°
to the plate surface and approximately perpendicular to
the direction of travel. The indentation in mild steel
(yield strength up to 36 ksi [250 MPa]) should be
approximately 0.02 in. (0.5 mm); in medium-strength
steel (yield strength between 36 ksi and 65 ksi {250 and
450 MPa]) 0.01 in. (0.25 mm); and in high-strength steel
(yield strength between 65 and 115 ksi [450 and
800 MPa]) 0.004 in. (0.1 mm) (see Figure C8.7). These
depths are roughly equivalent to four peening passes.
The weld shall be checked visually and with MT or PT
prior to peening. See References 28, 29, 32 (Ch. 2), 34,
and 36.

The benefit of hammer peening is derived from the in-
troduction of compressive residual stresses; thus, it is
critical to ensure that nothing which will cause stress re-
lief (e.g., postweld heat treatment) be performed after
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Figure C8.7—Hammer Peening
(see C8.4.1(3))

(Courtesy of S. Maddox, 1IW, Com. Xill)

peening. Also, hammer peening should be applied when
the joint is “in place” and carrying dead-load.

(4) TIG (GTAW) dressing consists of remelting the
existing weld metal to a depth of approximately 1/16 in.
(2 mm) along the weld toe without the addition of filler
metal. The weld surface shall be free from rust, slag, and
mill scale. The tip of the electrode must be kept sharp
and clean. The tip shall be located horizontally .02 to
0.06 in. (.5 to 1.5 mm) from the weld toe (see Figure
C8.8). Where toughness of the heat-affected zone may
create problems, a modified technique using a second
tempering pass may be used. See References 28, 32 (Ch.
2 and 4), and 35.

(5) Toe grinding followed by hammer peening inhibits
fatigue crack initiation and the rate of crack propagation.
Thus, for critical joints, this combined treatment offers
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REMELTED REGION

Figure C8.8—Toe Remelting (see C8.4.1(4))
(Courtesy of P. Haagensen, IIW, Com. XilII)

superior resistance to fatigue failure. The weld surface
shall be checked visually and by MT for surface disconti-
nuities prior to peening. During peening operations, visu-
ally check after each pass. See References 30, 31, and 34,

C8.4.2 Stress Range Increase. The allowable stress
range for cyclically loaded connections may be increased
by a factor of 1.3 along the S-N design curve, which is
equivalent to a factor of 2.2 on cycle life, for an S/N
slope of approximately 1/3, when toe grinding, hammer
peening, or TIG dressing is used. However, the effect of
toe grinding and hammer peening is cumulative. A factor
of 1.5 on the stress range may be allowed at high cycles
(N = 107), but reduced to a factor of 1.0 (no benefit) at
low cycles (N = 10%). For nontubular joints, the improve-
ment factor should not exceed the highest as-welded fa-
tigue design category.

Tubular sections for T-, K-, and Y-joints are discussed
in 2.36.6.6 and 2.36.6.7. See References 28, 29, 30, 32,
34, 35, and 36.

Note: Current research at Lehigh University on beams
with welded cover plates suggests that this joint does not
respond to enhancement techniques (especially hammer
peening) as well as previous testing had indicated.

C8.5 Workmanship and Technique

C8.5.2 Member Discontinuities. Welding or applying
heat to steel in the presence of existing cracks can result
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in crack propagation because of the stress levels that may
exist at the crack tip. As a result, it is strongly recom-
mended that any crack-like discontinuities be removed
prior to applying heat or welding. This can be accom-
plished by drilling a hole at the termination of the crack
or by grinding. References 23 and 26 provide guidance
for repairing many commonly observed conditions. Pro-
cedures for repairing existing welds must also conform
to the specified provision 5.26 for repairing new welds.

C8.5.4 Base Metal of Insufficient Thickness. Corro-
sion or wear with resultant section loss may reduce the
thickness of the parts below that required to provide ade-
quate weld size. Building up the edge of the thin section
may be performed by welding, provided the thickness of
the overall section is adequate to carry the load.

Corrosion or wear may reduce the thickness of parts
below that required to support the load. Similarly, in-
creased loads may require additional member thickness.
Increasing member thickness by facing with weld metal
would generally be ineffective except for small, localized
regions. Reinforcement of the member by the use of ad-
ditional plates or similar attachments is preferred.

C8.5.5 Heat Straightening. Heat straightening of steel
members requires the sequencing of various heating pat-
terns. Literature (References 1, 8, 9, 13, 14, 15, 16, 17,
and 18) exists that provides guidance as to the mechanics
of heat straightening. The actual process remains one of
operator experience.
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Limits (including significant safety factors) are placed
on the temperature to which steel can be heated to avoid
possible metallurgical changes in the steel when it subse-
quently cools down to an ambient temperature. The
chemistry and prior tempering of the steel dictates the
critical temperature.

Rapid cooling of steel from elevated temperatures
down to about 600°F (315°C) is not recommended be-
cause undesirable metallurgical transformations can oc-
cur. See 5.8 for a more detailed discussion of this subject.

Reference 20 (AASHTO Div. 11, section 11.4.12.2.3)
also considers 600°F (315°C) as the critical temperature.
Furthermore, Reference 21 shows that at this tempera-
ture, the moduli of elasticity and yield point of steel are
not significantly reduced from that of steel at ambient
temperature.

Cooling rates suggested in other parts of the general
specification for the appropriate grade and thickness of
steel are recommended. A water mist, wet rags, or forced
air is considered to be accelerated cooling and may only
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be used when the steel temperature is below 600°F
(315°C).

C8.5.6 Welding Sequence. Welding procedures should
be adjusted so that the total heat input per unit length of
the weld for a given thickness and geometry of the mate-
rial will maintain the temperature isotherms relatively
narrow and minor in relation to the cross section of the
stress-carrying member.

C8.6 Quality

The Engineer determines the level of inspection and
nondestructive testing as appropriate for the job condi-
tions. It is recommended that the contract document re-
quirements be made compatible with section 6 of this
code.

Examination of rivets and bolts affected by the
heat induced by welding or straightening should be
considered.
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Annex CXI

Guidelines on Alternative Methods
for Determining Preheat

CXI1 Preheat—Background Review
and Discussion

CXI1.1 General Observations. The probability of hy-
drogen cracking depends on a number of factors. Some
of these can be classes as global (e.g., chemical composi-
tion and thickness) and can therefore be defined, while
others which are local factors (e.g., the details of the
weld root geometry, or local segregation of certain chem-
ical elements) cannot be defined.

In some cases, these factors may dominate, and this
makes it virtually impossible to predict in any rational
manner the precise preheating conditions that are neces-
sary to avoid hydrogen cracking. These situations must
be recognized from experience and conservative proce-
dures adopted. However, in the majority of cases, it is
possible with present day knowledge of the hydrogen
cracking phenomenon to predict a preheat and other
welding procedure details to avoid hydrogen cracking
that will be effective in the majority of cases without
being overly conservative.

The preheat levels predicted from such a system must
of course be compatible with experience. The require-
ments should allow fabricators to optimize preheating
conditions for the particular set of circumstances with
which they are concerned. Thus, rather than calling for a
certain preheat for a given steel specification, the alterna-
tive guide allows preheats to be based on the chemistry
of the plate being welded, as determined from mill re-
ports or analysis. Fabricators may then, through knowl-
edge of the particular set of circumstances they have, be
able to use lower preheats and a more economical weld-
ing procedure. On the other hand, the requirements
should provide better guidance for more critical joints;
e.g., high restraint situations that will allow fabricators to
undertake adequate precautions.
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CXI1.2 Basis of Predicting Preheat. Research has
shown that there are the following four basic prerequi-
sites for hydrogen cracking to occur:

(1) susceptible microstructure (hardness may give a
rough indication of susceptibility)

(2) appropriate level of diffusible hydrogen

(3) appropriate level of restraint

(4) suitable temperature

One or more of these prerequisites may dominate, but
the presence of all is necessary for hydrogen cracking to
occur. Practical means to prevent this cracking, such as pre-
heat, are designed to control one or more of these factors.

In the past, two different approaches have been taken
for predicting preheat. On the basis of a large number of
fillet weld controlled thermal severity (CTS) tests, a
method based on critical heat-affected zone hardness has
been proposed (References 1 and 2). By controlling the
weld cooling rate so that the hardness of heat affected
zones does not exceed the critical level, the risk of hy-
drogen cracking could be removed.

The acceptable critical hardness can be a function of
the hydrogen content. This approach does not recognize
the effect of preheat on the removal of hydrogen from the
weld during cooling; although being recommended in the
guide for predicting a minimum energy input for welding
without preheat, it tends to be overly conservative when
predicting preheat levels.

The second method for predicting preheat is based on
the control of hydrogen. Recognizing the effect of the low
temperature cooling rate, i.e., cooling rate between 572°F
and 212°F (300°C and 100°C), empirical relationships
between the critical cooling rate, the chemical composi-
tion, and hydrogen content have been determined using
high restraint groove weld tests (Reference 3).

More generalized models have been proposed by other
researchers (References 4, 5 and 6) using simple hydro-
gen diffusion models. Hydrogen content is usually
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included as a logarithmic term. The advantage of this ap-
proach is that the composition of the steel and the hydro-
gen content of the weld can be grouped together in one
parameter, which may be considered to represent the sus-
ceptibility to hydrogen embrittlement. A relationship then
exists between the critical cooling time and this parame-
ter, for a given restraint level. It is possible to index the
lines for various restraint levels by reference to large scale
tests or experience, and for other types of fillet welds
(Reference 7). In developing the method, relations be-
tween the specific preheat and the cooling time must be
assumed.

It is important to recognize that the preheats predicted
from these models depend upon the type of test used to
provide the experimental data. The condition usually ex-
amined in these tests is that of a single root pass in a butt
joint. This is considered the most critical and is used to
determine the preheat; but there are situations where it is
possible to weld the second pass before the first pass
cools down (stove pipe welding for girth welds in pipes),
and with these special procedures, the weld can be made
with lower preheats that would be predicted. However,
for general application, it is considered that the preheat is
properly determined by that required to make the root
pass. For this reason, energy input does not enter explic-
itly into this hydrogen control method.

CXI1.3 Scope of Proposed Preheat Requirements. An
important feature that is omitted in all of the proposed
methods for predicting preheat is weld metal cracking. It
is assumed that preheat is determined by heat affected
zone cracking (and hence parent metal composition), but
in some cases, particularly with modern high strength low
alloy steels, the weld metal may be more susceptible.
There has been insufficient research on this problem to
include it in the present guidelines, and in such cases test-
ing may be necessary.

CXI2 Restraint

CXI2.1 The major problem in determining preheats
using the hydrogen control approach is in selecting a
value for the restraint. In the guide three restraint levels
are considered. The first represents a low restraint and is
considered to be independent of thickness. The low re-
straint corresponds to an intensity of restraint, k, less
than 1 000 N/mm/mm and this coincides with the fillet
weld results. Many welds in practice would be in this
category. The medium restraint is based on a value of k =
150 x plate thickness (in mm) and corresponds to a value
covering most of the measured values of restraint that
have been reported. The high restraint table is based on
k = 400 x plate thickness (in mm) and represents a severe
level of restraint. It is noticed that in the medium and
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higher restraint conditions, the restraint is considered to
increase with plate thickness.

CX12.2 Restraint must be said to have a pronounced
effect on the amount of required preheat. The reference
to it in the present Table 3.2 of the Code is included
in Note 1 under the Table. There it may not fully convey
the significance in preheat considerations given to it
internationally.

CXI2.3 The Guidelines draw the user’s attention to the
restraint aspect of welded joints by suggesting three gen-
erally described levels. With continuing alertness on the
part of users within and outside an industry conducted
surveillance program, restraint will eventually be more
precisely defined, in terms of actual detail or structural
framing situations.

The fact it was impossible to define restraint more ex-
plicitly at this time was not taken as sufficiently valid
ground not to address restraint, recognize its pronounced
influence and provide the presently best available means
to accommodate it.

Note: A concerted industry sponsored surveillance pro-
gram designed for an efficient and rapid exchange of ex-
perience so as to permit eventual classification and
listing of specific structural details and situations under
the three restraint levels, merits full consideration.

Restraint data collected from fabrication and engi-
neering practice could provide grounds for more realistic
evaluation of restraint and more reliable determination
of preheats following the recommendations of these
guidelines.

CXI2.4 The present requirements for welding procedure
qualification in structural work, except for some cases of
tubular construction, rely on standard test assemblies to
“prove” the adequacy of preheat for the same joints as
parts of production assemblies. One should be aware that
under these circumstances “restraint” is not being con-
sidered in the qualification. A shift towards qualification
using “joint” simulated test assemblies” would result in a
much more reliable indication of performance under ser-
vice conditions and additionally permit collection of reli-
able restraint data.

CXI3 Relation Between Energy Input
and Fillet Leg Size

Although the heat input to the plate is of prime con-
sideration in regard to cooling rate and potential HAZ
hardness, it is often more practical to specify weld size.
The relation between energy input and fillet weld size
(i.e., leg length) is not unique but depends on process,
polarity, and other factors. Some workers have suggested
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that relationships exist between cooling rate and the total
cross-sectional area of fused metal. The latter, however,
is difficult to measure and would not be a suitable way of
specifying weld sizes in practice.

The weld dimensions and welding conditions have
been measured in fillet weld tests and these data used to
make plots of leg lengths squared versus energy input.
Another source is information derived from the deposi-
tion rate data where it has been assumed that all of the
metal deposited went into forming an ideal fillet. Where
a root opening was present, the leg length was smaller
for the same energy input than for the condition of
perfect fit-up. The results of these plots are shown in Fig-
ure XI-4.

For manual covered electrodes with large quantities
of iron powder in the covering, a larger fillet size for
the same energy is produced. For submerged arc weld-
ing, electrode polarity and electrode extensions have a
marked effect, as would be expected. For the normal
practical range of welding conditions, a single scatter
band can be considered, and a lower bound curve se-
lected as a basis for welding procedure design.

CXI4 Application

CXI4.1 It should be clear that the proposed methods
presuppose a good engineering understanding of the con-
cepts involved as well as sound appreciation of the influ-
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ence of the basic factors and their interplay built into the
preheat methodology.

CXI4.2 Engineering judgment must be used in the
selection of the applicable hardness curve and a realistic
evaluation of the restraint level must be part of the
judgment.

CXI4.3 The methods of measuring effective preheat re-
mains an independent matter and requires separate and
continuous attention.

CX14.4 The effectiveness of preheat in preventing
cracking will depend significantly on the area preheated
and the method used.

Since the objective is to retard the cooling rate to
allow the escape of hydrogen, a larger preheated area
will stay hot ionger and be more effective.

CXI4.5 There appears no need to change the reference
in Note 1 under Table 3.2 to preheating within a 3 in.
(75 mm) radius from the point of welding, as other work
has confirmed the validity of this requirement.

CXI4.6 The methods of preheating (equipment, gases)
should be the subject of another investigation with major
input from fabricators with the objective to report on
their economy and effectiveness.
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“A” scan (UT), 6.22.1
Acceptance criteria, 5.15.1.1,7.4.7
alternate, 6.8
bend tests, 4.8.3.3, 4.30.4.1, C4.8.3.3
fillet weld, 4.30.4.1
liquid penetrant testing, 6.10, 6.11
macroetch test, 4.8.4.1, 4.30.2.3
magnetic particle testing, 6.10, 6.12.2
nontubular structures, 6.11.2.1,
6.12.2,6.13.1,6.13.2
radiography, 6.12,6.12.3
reduced section tension test, 4.8.3.5
stud welding, 7.7
tack welds, 4.31
tubular structures, 6.12.3, 6.13.3
ultrasonic testing, 6.13
visual, 4.8.1, 4.30.1, 6.9, Table 6.1
Aging, 4.2.2
AISC Load and Resistance Factor
Design Specification for Structural
Steel in Buildings, 2.36.5
Alignment, 5.22
jigs and fixtures for, 5.22.6
offset, 5.22.6
welds in butt joints, 5.22.6, C5.22.3
Allowable stresses
ASD, 2.36.1, 2.40.1.6
base metal, 2.1.1
limitation, 2.36.6.3
weld metal, 2.10, 2.22, 2.36, 2.36.3,
2.39.3, Tables 2.3, 2.5
All-weld-metal test, 4.8.3.6, 4.17.2,
Figs. 4.18,4.23
Alpha (a) (ovalizing parameter),
2.40.1.5, Annex L
Angle beam (UT) search units, 6.22.7
Angle member, 2.21.2
Anisotropy, 2.1.3
ANSI B46.1,5.154.3
Anti-spatter compound, 5.15
Approval, 1.2

Index

Arc shield, 7.2.2,7.4.4,7.4.6,1X3, I1X9,
1X10.1

Arc strikes, 5.29, C5.29

Architectural consideration, 5.23.6.5

As-detailed tolerance, 3.12.3, 3.13.1,
Figs. 3.3,3.4

ASME Boiler & Pressure Vessel Code,
6.17.5.1

ASNT (American Society of
Nondestructive Testing),
Footnote 2

ASNT Recommended Practice
SNT-TC-1A, 6.14.7.1, 6.27.1

Assembly, 5.22.1, 5.22.2

Assistant Inspectors, 6.1.3.3

ASTM (American Society of Testing
and Materials), Footnote 1

ASTM A 6,2.34.1,5.17.2

ASTM A 370,4.8.3.6

ASTM A 435,5.15.1.1

ASTM A 673,2.42.2.1

ASTM E 23, Annex III

ASTM E 94, 6.16.1, 6.17.4

ASTME 142, 6.16.1

ASTME 165, 6.14.6

ASTM E 709, 6.14.5

ASTME 747, 6.17.7

ASTM E 1032, 6.16.1, 6.17.7

ASTM base metals, Annex M, Tables
31,3.2,33

Atmospheric corrosion resistance,
3.7.3, Table 3.1 (Note 5)

Atmospheric exposure time periods,
5.3.2.2,53.23

Attachments, 2.4.7.1

auxiliary, 3.4

Attenuation factor, 6.26.64

Attenuator, see Gain control

AWS A24,15

AWS A3.0, 1.4

AWS B1.10, Guide for Nondestructive
Inspection of Welds, 6.14

AWS D1.3, 1.1.1(2)
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AWS 749.1, 1.6
Axially aligned members, 2.20
Axially loaded parts, 2.4.8.1

B

Backgouging, 3.12.1, Table 4.5(35)
chipping, 5.15.2
grinding, 5.15.2
oxygen gouging, 5.15.2, 5.17
Backing, 2.27.2, 3.12.1, 5.2.2, 5.10,
5.22.2,Fig. 3.4
Backing, removal of, 5.10.5, 6.17.5
Backing thickness, 5.10.3
Backscatter, 6.17.8.3
Baking, 5.3.2.1,5.3.2.2,5.3.2.4,5.3.25
Base metal, 2.1.1,3.3,5.2, 8.2,
Annex M, Tables 3.1, 3.2
filler metal combinations, 3.3,
Annex M, Table 3.1
inspection, 5.15.1.2, C5.15.1.2
limitations (tubular), 2.42.1
limitations (general), 1.1.1
notch toughness (tubular), 2.42.2,
C2.42.2
preparation, 5.15
qualification, 4.7.3, Table 4.7
removal, 5.26
repair, 5.19.1, 5.22.4.1, 5.26
specifications, 2.36.1
stresses, 2.1.1
surfaces, 5.15
thermal cutting, 5.15.4
thickness, 3.5.1
toughness, 2.42.2
unlisted, 3.3,4.7.3
Beams,
access holes, 5.17, Fig. 5.2
built-up edges, 5.19.1
camber, 5.23.3, C5.23.3
copes, 5.17, Fig. 5.2
cover plates, 2.34, C2.34
curved, 5.23.5
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Beams, cont’d
depth, 5.23.9
end connections, 2.7
seats, 2.19
splices, 2.31, 5.20
straightness, 5.23.1
stiffeners, 2.30, 5.23.11
tilt, 5.23.8, C5.23.8
warpage, 5.23.8, C5.23.8
Bearing at points of loading, 5.23.10
bearing stiffeners, 5.23.10, 5.23.11.3
tolerances, 5.22.2, 5.23.11
Bend test requirements, 4.8.3.1,4.8.3.2,
4.8.33
Bend jig, 4.8.3.1, Figs. 4.15, 4.16, 4.17
Bend test, stud welds, 7.6.6.1
Bidders, 6.14.1, 5.23.6.5
Bolt holes, mislocated,
restoration by welding, 5.26.5,
C5.26.5
Bolts, 2.6.3
Boxing, (end returns), 2.4.2.1, 2.4.7.3,
2.19,C2.19
Box cross section twist, C5.23.8
Box section, Fig. 2.14
connection lengths, 2.39.5
corner radii, 2.39.1.2
gap connections, 2.36.2
matched connections, 3.12.4.1
overlap, 2.36.2
Box tube design rules, 2.40.2
Bracing, 5.23.5
Brackets, 2.19, C2.19
Branch member, 2.39.3, 2.39.5,
2.40.1.1, 2.40.1.2, 2.40.1.5,
2.40.2.3,2.40.2.4
Break test, fillet welds, 4.30.4
Buckling stress, 2.40.2.1
Building code, Annex B
Building commissioner, 1.2
Built-up members, 2.15, 2.33, 5.19
intermittent welds, 2.16,2.17
Bursts, 7.25
Butt joints, 2.39.3, 3.13.3, 4.12.1,
4.12.2,4.13,5.22.3, Figs. 3.3, 3.4,
424,425

C

Calibration, ultrasonic, 6.25, 6.29,
Annex X
angle beam, 6.25.5, Annex X
block (IIW), 6.22.7.7, Fig. 6.20
dB accuracy, 6.30.2
equipment, 6.22.1, 6.23.1, 6.29
horizontal linearity, 6.30.1, Annex X3
longitudinal mode, 6.22.6, 6.29.1,
Annex X1
nomograph, Annex D, Fig. D-2

shear wave mode, 6.29.2, Annex X2
Camber, 5.19.1,5.23.2,5.23.3
beams, 5.23.3, C5.23.3
girders, 5.23.3, C5.23.3
measurement, Fig. C5.6
quenched and tempered steel, 5.19.2
tolerance, Tables 5.6, 5.7
Cap pass, Annex B
Carbon equivalent, Annex XI, XI5.1,
X16.1.1, Table XI-1, Figs. XI-1,
XI-2
Caulking, 5.28
Center-of-gravity loading, 2.14.4
Center-of-rotation, 2.14.5
Charpy impact test, 2.42.2.1,2.42.2.2,
5.26.5(3)[d], Annex IHI, C2.42.2.1,
C242.2.2
Circular sections, Fig. 2.14
connection lengths, 2.39.4
limitations, 2.36.2
strength terms, Table 2.9
stress categories, Table 2.6
Chipping, 5.15.2
Cleaning, 5.30, 7.4.1
weld spatter, 5.30.2
Clipping control (UT), 6.25.1, 6.26.6
Code interpretations, Foreword,
Annex F
Collapse, 2.40.1.2, C2.40.1.2
Columns, variation from
straightness, 5.23.1
Combination of welds, 2.6.2
Compression members
acceptance, 6.12.2.2
built-up, 2.17
column, 5.23
splices, 2.26, 2.31
stresses, 6.12.2, 6.13.2, Tables 2.3,
2.5
weld spacing, 2.17
Concavity, 3.5.3, 4.8.1(5), 5.24.1,
5.26.1.2
Consumables verification test, 4.11.1.2,
4.11.3, Fig. 4.23
Continuous welds, 2.21.3,2.34.2
Contractor, 4.1.1,4.2.3,4.6.4.7,4.17.2,
5.3.1.1,5.21.3,5.22.3.1, 5.26.1,
6.6,7.1,7.2.6,7.33,7.5.5,7.6.2,
7.6.6,7.84,7.8.5
obligations of, 6.6
Convexity, 2.40.1.6, 3.5.3, Fig. 5.4
Cooling rates, Annex XI, Figs. XI-2,
XI-3
Cope holes, 5.17
Corner joints, 2.14.3, 2.25, 2.27.2,
3.11.2,49.1.1,C3.11.2
Corner reflector (prohibited), 6.23.2,
C6.23.2
Correction of deficiencies, 6.6.2
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Cover plates, beams, 2.34, C2.34
fillet welds, 2.30.1, C2.30.1
girders, 2.33
partial length, 2.34.2
terminal development, 2.34.2
terminal length, 2.34.2
terminal welds, 2.34.2, 2.34.3
thickness, 2.34
width, 2.17, 2.30.1, 2.34
workmanship, 5.15, 8.5
Cracks, 4.8.1, 4.8.3.3, 4.30.2.3, 4.31.1,
5.26.1.4,5.26.3, 6.12.1.1, 6.12.2,
6.12.3.1, Table 6.1

Craters, 4.8.1, 5.18.2, 5.26.1.2, Table
6.1(3)

Crushed slag, 5.3.3.4, C5.3.3.4

Cumulative damage, 2.36.6.4

Cyclic loads, 2, Part C, 2.35
stress range, 2.24, Table 2.6, Fig. 2.9,

2.10,2.13

Cyclically loaded structures, 2
acceptance criteria, 6.12.2, 6.13.2,

C6.12.2, C6.13.2
allowable stress, 2 Part B, Table 2.3
backing, 5.2.2, 2.27.2(2)
beams,
cover plates, 2.34, C2.34
splices, 2.31
stiffeners, 2.30
combined stresses, 2.23
compression members, 2.26, 2.31
fatigue stress, 2.24, 5.20, Table 2.4
fillet welds, 2.28, 2.30.1
flatness of girder webs, 5.23.6.3,
Annex VII
girders, 2.33
cover plates, 2.34
splices, 5.20
stiffeners, 2.30, C2.30
increased unit stress, 2.1.2, C2.1.2
prohibited welds, 2.27
quality of welds, 8.6, Annex V
radiographic testing, 6.12.2, C6.12.2
stiffeners, 2.30, C2.30
T- and corner joints, 2.25.2
tension members, 2.26, 6.13.2
transition of radius, 2.29.3
transition of thickness or width in
butt joints, 2.29
ultrasonic testing, 6.13.2, C6.13.2
undercut, Table 6.1(7)
unit stress, 2.22, Table 2.3
visual inspection, 6.9, Table 6.1(5)

D

Decibel calculating equation, 6.30.2.2
Deficiencies in the work, 6.6.2
Definitions, 1.4, 3.1, 3.12.1, Annex B
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Delayed inspection, 6.11, Table 6.1

Details, 2.2.4.2,2.2.4.3,2.6.1,3.13.4.1,
Table 3.5, Figs. 3.3, 3.4

Dew point, 5.3.1.3, C5.3.1.3

Diagrammatic weld, 2.4.1.1, 2.4.1.3,

Effective width (box sections), 2.40.2.3,
240.2.4,C2.40.2.4

Electrodes, 3.3,3.7.3,4.17,5.3.2,5.3.3,
5.3.4,7.5.5, Annex M, C3.7.2,
C4.17,C5.3.3, C5.3.4, Tables 3.1,

WPS test record form, Annex E
End returns, see Boxing
Energy input, Annex XI, XI3, CXI3
Engineer, 1.1, 1.2,2.3.3.2,2.11.1, 3.4,
3.5.3.1(b), 4.1.1,4.1.1.1,4.1.1.2,

Annex |

Diaphragm plates, 2.17, 2.40.2.2, Fig.
2.8

Die stamping, 6.5.6

Dihedral angle, 2.11.1, 3.9.3.1,
Annexes B, G, Tables 2.2, 3.5

Dimensional tolerances, 3.12.3, 3.13.1,

5.23.6.1, C5.23.6.1, Figs. 3.3, 3.4

Discontinuities, 4.8.3.1, 4.30.3, 5.4.6,

5.24.4,6.6.5, 6.11, 6.12, 6.13,
6.26.6.3,6.26.8, 6.27.7, 6.27.8.2,
6.27.8.4,6.32.1,6.32.2,7.4.7,
Table 6.1
acceptance criteria, 6.7, 6.9, 6.12,
6.12.1, 6.12.2, 6.12.3, 6.13.1,
6.13.2, 6.13.3, C6.7, Table 6.1
dimensions, 6.12.2.1, 6.12.2.2, Figs.
6.4,6.5,6.6, 6.8
elongated, 6.12.3.1(1)
in-line, 6.12.3.1(5)
isolated, 6.12.3.1(4)
length, 6.31.2
repair, 5.15.1.2, 6.6.5, 6.26.10
rounded, 6.12.1.1(4)

32,33

drying, 5.3.2.1, C5.3.2.1

electrogas, 4.7.2, Table 4.6

electroslag, 4.7.2, Table 4.6

flux cored arc, 5.3.4.1, Tables 3.1,
3.2,33

for atmospheric corrosion resistance,
3.7.3, C3.7.3, Table 3.3

gas metal arc, 5.3.4, C5.3.4, Tables
3.1,32,33

low hydrogen, 5.3.2.4, 5.15.1.2,
7.5.5.2,7.7.5, Tables 3.1, 3.2

manufacturer’s certification, 5.3.1.1,
Annexes [X, XI

shielded metal arc, 5.3.2, Tables 3.1,
32,33

storage, 5.3.1.4,5.3.2.4, 5.3.3.1

submerged arc, 5.3.3.1, Tables 3.1,
3.2,33

welder qualification groups, Table
4.11

Electrogas welding, 3.2.2, 4.7.2, 4.20,

54
all-weld-metal tension test, 4.17.2

4.1.2,41.2.1,4.10.5,4.15.2,
4.17.1,5.3.1.1,5.3.1.3,5.104,
5.10.5,5.15.1.1(4), 5.15.4.2,
5.18.1,5.18.2.2,5.21.3,5.22.1.1,
5.22.3.1,5.22.4.1,5.22.4.4,5.26.3,
5.26.5(2), 6.1.2,6.1.3.1, 6.1.3.5,
6.5.5,6.6.3,6.8,7.2.6,7.3.1.1,
7.3.3,7.3.4,73.5,7.84,8.1,8.3.1,
8.3.5,8.4.1,85.2,8.54,8.6.1,
Annex 1X2

Equipment

hazards, 1.6
ultrasonic testing, 6.22
welding, 5.11, 6.3, 7.2.1, 7.5.1

Essential variables, 3.2.3, 3.6, 4.7,

Table 4.5
electrogas welding, 4.7.2, Table 4.6
electroslag welding, 4.7.2, Table 4.6
flux cored arc welding, Table 4.5
gas metal arc welding, Table 4.5
shielded metal arc welding, Table 4.5
submerged arc welding, Table 4.5
tack welder qualification, 4.2.2,

Table 4.10

welder, 4.2.2, Table 4.10

electrodes, 4.17.2,5.4.2
flux, 5.4.3

guide tubes, 5.4.2
impact tests, Annex I

Disposition of radiographs, 6.19.3
Distortion, 5.21, 5.23.6.4
straightening, 5.26.2

Drawings, 2.2,2.2.1,2.2.2,2.2.3,2.2.4,
6.5.1,7.2.1,7.6.7 mechanical properties, 4.17.2

Drying preheating, 5.4.5
arc shields, 7.4.4 previous qualifications, 4.17.1
electrodes, 5.3.2.4 qualification, 4.15.1, 4.17
flux, 5.3.3.2, C5.3.3.2 quenched and tempered steels, 5.4.1

ovens, 5.3.2.4 repairs, 5.4.6

Dye penetrant testing, 6.14.6 shielding gas, 5.3.1.3
starts and stops, 5.4.4

wind protection, 5.12.1
E WPS, 4.17, 5.4
WPS qualification, essential
variables, 4.7.2, Table 4.6

welding operator, 4.2.2, Table 4.10
Existing structures, 8.5

design, 8.3

fatigue stresses, 8.4

live load, 8.3.2

materials, 8.2

repair, 8.3.4

rivets or bolts, loads on, 8.3.7

strengthening, 8.3.6

workmanship, 8.5
Exposed application, 3.7.3, Table 3.3
Exposure (radiographic)

single wall, 6.18.1.1

double wall, 6.18.1.2, 6.18.1.3
Extension bars, see Weld tabs

Eccentricity, 2.8, 2.11.1, 2.35.1, C2.8 Eye examination, 6.1.3.4

Edge blocks, 6.17.13, Fig. 6.15 WPS test record form, Annex E
Edge discontinuities, 5.15.1.1, Fig. 5.1 Electroslag welding, 3.2.2, 4.7.2, 4.20,
Effective throat, 2.4.1.1, 2.4.3, 2.11.3, 54 F
see also Effective weld size electrodes, 4.17.2,5.4.2 Fabricator, 4.12.2, 5.22.3.1, see also
Effective weld area, 2.3.2, 2.4.3, flux, 5.4.3 Contractor
2.39.1.1,2.39.2 guide tubes, 5.4.2 Face-bend test, 4.8.3.1, 4.8.3.3,
Effective weld length, 2.3.1, 2.4.2.1, impact tests, Annex II1 C4.8.3.3, Fig. 4.12
2.4.2.2,239.1.1 joint details, 4.17, Figs. 4.9, 4.35 Failure, local, 2.40.1, C2.35

box, 2.39.5 previous qualifications, 4.17.1 Fatigue, 2.21, 2.24,2.27.1, 2.35, 8.3.3,
circular, 2.39.4 qualification, 4.15.1, 4.17, C4.17 8.4, Annex B

Effective weld size, 2.3.3.2 quenched and tempered steels, 5.4.1 allowable stress, 2.36.6.3, Figs. 2.9,
diagrammatic weld, 2.4.1.1, 2.4.1.3, stops and starts, 5.4.4 2.10,2.13

Annex 1 WPS, 4.17, 5.4, Table 4.6 increase in, 2.1.2, 2.36.6.4
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Fatigue, cont’d
behavior improvement, 2.36.6.6
categories, 3.13.4, Tables 2.4, 2.7,
Fig. 2.8
critical members, 2.36.6.5
cumulative damage, 2.36.6.4
cyclically loaded structures, 2.24,
Table 2.4
history, 8.3.3
life enhancement, 8.4
loading, 8.3.5
peening, 2.36.6.6(3)
size and profile effects, 2.36.6.7
stress categories, 2.36.6.2, Table 2.6,
Fig. 2.13
stress cycles, 2.36.6.1
stress range, 2.36.6.1, Figs. 2.9, 2.10,
2.13
tubular structures, 2.36.6.6, Tables
2.6,2.7
Faying surfaces, 2.5.1,5.22.1,5.24.4.2
FCAW-G, FCAW-S, Annex B
Ferrules, 7.4.4
Fiber stresses, 2.36.3
Field welds, 2.2.1
Fillers (nonmetallic), C5.28
Filler metals, Table 2.3
base metal combinations, 3.3, Table
3.1
cut wire, Table 4.5(7)
electrode-flux, 3.3, 5.3.1.1
electrodes, 3.3, 5.3, Table 3.1
granular, Table 4.5(8)
hydrogen control, Annex X16.2
matching requirements, 3.3, Tables
23,25
powdered, Table 4.5(9)
properties, Annex O
storage, 5.3.1.4,5.3.2.1, C53.2.1
welder group designation, 4.22,
4.1.31, C4.22, Table 4.11
Filler plates, 2.13, 2.13.1, 2.13.2, Figs.
2.1,2.2
Fillet welds, 2.4
allowable stresses, 2.14.4, 2.14.5,
Tables 2.3, 2.5
along an edge, 2.4.5, Fig. 2.1
assembly tolerances, 5.22,5.22.3.1
boxing, 2.19
break test, 4.11.2, 4.30.4, 4.30.4.1
combination with partial joint stress
penetration weld, Annex I
concavity, 5.24.1
convexity, 5.24.1, 5.24.3, Fig. 5.4
curved, effective length, 2.4.2.2
details, 3.9.2, Figs. 2.1, 3.2
effective area, 2.4.3, 2.39.1.1
effective length, 2.4.2.1, 2.4.2.2
effective throat, 2.4.1.1, Annex II

end connections, 2.7, 2.14.1, C2.14.1
energy input, Annex XI, Table XI-2,

Fig. XI-4

holes, 2.4.8.3,2.32.2

intermittent, 2.4.6, 2.4.8.3, 2.14.2,
2.27.4,2.30.1, C2.30.1

interrupted, 2.4.7.2

lap joints, 2.4.8, 2.32, 2.39.1.3, Fig.
2.5

length, 2.4.2

longitudinal, 2.14.1, 2.32.1

macroetch test for, 4.8.4, 4.30.2

maximum size, 2.4.5, Fig. 2.1

tolerance, 5.12.2, C5.12.2

minimum size, 2.4.4, 2.40.1.6, 3.9,

3.9.3.2,5.14,7.5.5.4, Table 5.8
tolerance, 5.13

opposite sides, of common plane,
2.4.7.2,C2.4.7.2, Fig. 2.12

pipe positions, 4.2.4, Fig. 4.6

prequalified, 3.9, 3.13.4, Figs. 2.1,
3.11

profiles, 5.24

reinforcing, 2.4.1.3,2.6.2, 2.14.3,
Annex |

shear stress, 2.4.1.2

skewed joints, 2.11, Annex II, Fig.
3.11

slots, 2.4.8.3

soundness test, 4.11.1.1, Figs. 4.19,
4.20

straight, 2.4.2.1

terminations, 2.28

test plates, 4.11.1, C4.11.1

transverse, 2.4.8.1, 2.30.2

undersize, 5.13, C5.13

WPS qualification, 4.11

Film (radiography)

length, 6.17.8.1

overlapping cassette, 6.17.8.2

width, 6.17.9

Fit-up tolerance, 3.13.1, 5.22.4.1, Figs.

33,34
Flare groove welds, 2.3.3.2, 4.10.5,
Table 2.1
Flat position, 5.25.1.1, Figs. 4.1-4.6
Flaw size evaluation, 6.31, 6.33
angle beam testing, 6.31.2
straight beam testing, 6.31.1
Fluorescent screens, 6.17.4
Flux, 5.4.3,7.2.3
condition, 5.3.3.2, 5.4.3
damaged packages, 5.3.3.2
drying, 5.3.3.2,5.4.3
electrode combination, 5.3.3.1
fused, 5.3.3.2
packaging, 5.3.3.2,5.4.3
reclamation, 5.3.3.3, C5.3.3.3
storage, 5.4.3
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submerged arc welding, 5.3.3.2,
5333
Flux cored arc welding, 3.2.1, 3.10
backing, 5.10, C5.10
electrodes, 5.3.1.5,5.3.4,53.4.1
layer thickness, Table 3.7
limitations, 3.13
prequalified WPS, 3
protection, 5.12.1
shielding gas, 5.3.1.3, C5.3.1.3
WPS qualification, 4
essential variables, Table 4.5
Fogging, 6.17.10
Footprint (tubular connection), 2.39.3,
Fig. 2.16
Forms, Annexes C, D, E

G

Gain control (attenuator), 6.22.4,
6.24.2,6.30.2.1
Gamma ray, 6.17, C6.17
Gap (g), 2.36.2(2),(3), 2.38, 2.40.2.1,
2.40.2.2,2.40.2.6, C2.40.2.2,
Table 2.9 (Note 2), Figures 2.14,
2.19,C2.19
Gas metal arc welding, 3.2.1, 3.10,
3.11.2,4.12.43,5.3.4,5.14,C5.14
backing, 5.10, C5.10
electrodes, 5.3.4,5.3.4.1,5.3.4.2,
C5.3.4, Table 3.1
layer thickness, Table 3.7
prequalified WPSs, 3
essential variables, 3.6
properties of electrodes for, 5.3.4.1
protection, 5.12.1
root pass, 3.8.1
shielding gas, 3.2.1,3.9.2,5.3.1.3,
C53.13
short circuiting transfer, 3.2.1, 3.9.2,
3.10,3.11.2,4.124.3,4.15.1,
5.3.4,5.14, Annex A, C5.14
Gas tungsten arc welding, 3.12.2, 3.13,
4.1.2,4.15.1,4.16,5.3.5.1,5.3.5.2,
Tables 3.2, 3.3
electrodes, 5.3.5.1, 5.3.5.2, Table 3.1
essential variables, Table 4.5
preheat, Table 3.2
General collapse
box, 2.40.2.2, C2.40.2.2
circular, 2.40.1.2, C2.40.1.2
Geometric unsharpness, 6.17.5.1
Girders
camber, 5.23.4, C5.23.4
cover plates, 2.34, C2.34
depth, 5.23.9
splices, 5.21.6
stiffeners, 2.4.7.1, 2.30, C2.30
straightness, 5.23.2
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tilt, 5.23.8, C5.23.8
warpage, 5.23.8, C5.23.8
web flatness, 5.23.6.3
Girth welds, 5.22.3.1
Glass tape, 5.10
Gouging, 5.15.2, 5.15.1.1(3)
Gouges, 5.15.4.4
Grease, 5.15
Grinding, 5.15.2
Groove angle, Table 2.8, Figs. 3.3, 3.4
Groove pipe test welds, 4.4, 4.8.1, 4.26,
C4.26
Groove welds, 2.2.4, 2.3, 2.3.4,3.11
allowable stresses, Tables 2.3, 2.5
backing, 2.42.2,5.2.2.2,5.10.2,
5.103
bevel, 4.26, C4.26
complete joint penetration, 2.3.4,
2.26,3.12.4,3.13,
3.13.1-3.13.4, 4.4, 4.9, 4.12,
4.12.4.4,6.11.1, C4.4,
C4.12.4.4, Tables 2.3, 2.5, 3.6
cross sections of, 5.22.4.2
details, 2.2.4.1,2.2.4.2, Figs. 3.3,3.4,
421,4.24,5.17
dimensional tolerances, 3.12.3,
3.13.1,5.22.4.1,5.22.4.2
effective area, 2.3.2
effective length, 2.3.1, 2.39.2
effective weld size, 2.3.4.1, 2.39.2,
Table 2.1
intermittent, 2.27.3
limitations, 3.13.1, 3.13.2
one sided, 2.27.2,2.39.2.2
partial joint penetration, 2.3.3.1,
2.27.1,2.39.2.1, 4.10, Tables
2.3,2.5,3.4,Fig. 33
partial length, 2.12
prequalified, 3.12, 3.12.1-3.12.4,
3.13,4.12.4, C4.12.4, Figs. 3.3,
34
profiles, 5.24.4, Fig. 5.4
size and length, 5.13, C5.13
termination, 5.31, C5.31
throat, see effective weld size
tubular, 2.39.2, Table 3.6
Groove weld test plate, 4.4, 4.32.2, C4.4
Guided bend test jig, 4.8.3.1, Figs. 4.15
through 4.17
Guide tubes, 5.4.2
Gussets, 2.40.2.2, Fig. 2.8

H

H & D Density, 6.17.11.1
Hammers, 5.27.1

Hardness, 3.5.3.1

HAZ hardness control, Annex XI3
Hazardous materials, 1.6

Header angles, 2.19
Heat-affected zones
hardness of, 3.5.3.1
notch toughness, C4.12.4.4, Table
C4.2
testing of, 3.5.3.1, 4.8.3.1
Heat input, 8.5.5, Table 4.5(18)
Heat treatment, 5.8
Hermetically sealed containers, 5.3.2.2
Hole-type 101, 6.17.3.3, 6.17.7, Table
6.4, Fig. 6.9
design, 6.17.7, C6.17.7, Table 6.4
essential hole size, Table 6.4
location, 6.17.7, Figs. 6.11 through
6.14
minimum exposure, 6.18
number required, 6.17.7, 6.18
thickness, 6.17.3
Holes, access, 5.17, C5.17
approved WPS, 5.26.5(2)(b)
quenched and tempered steels,
5.26.5(3)
restoration by welding, 5.26.5,
C5.26.5
subject to other stresses, 5.26.5(1)
subject to tensile stresses, 5.26.5(2)
surface finish, 5.26.5(4)
tests required, 5.26.5(3)(d)
unacceptable, bolt or punched
appearance, 5.26.5(1)
Horizontal position, 2.27.5, Figs. 4.1-4.6
Hydrogen control, Annex XI, XI-6.2
Hydrogen cracking, Annex XI

IIW ultrasonic reference block, 6.23.1,
6.29, Fig. 6.22
Identification marks, 6.5.6
Image quality indicator, 6.17, 6.17.7,
6.17.9, Annex B, C6.17, Table 6.5,
Fig. 6.10
Impact test, 4.1.1.3, Annex III
In-plane bending, 2.39.4, 2.40.2.5
In-process cleaning, 5.30.1
Inadequate joint penetration, 5.24
Incomplete fusion, Fig. 5.4
Indication rating, 6.26.6.5
Inspection, 6
dye penetrant, 6.14.6
equipment, 6.3
general, 6.1, 6.15
incomplete, 6.27.8.3
liquid penetrant, 6.10, 6.14.6, C6.10
magnetic particle, 6.10, 6.12.2,
6.14.4, C6.10
materials, 6.2
nondestructive testing, 4.8.2.1,
4.8.2.2,6.11, 6.14, C6.11
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personnel, 6.14.7, C6.14.7
pipe and tubing, 4.8.1
radiographic, 6 Part B, 6.12, 6.12.2,
6.12.3, 6.18, C6.12.2
records, 6.5
reference standards, 6.23
studs, 7.1, 7.5, 7.8, 7.8.4
ultrasonic, 6 Part C, 6.11, 6.13.3,
6.27, C6.11
verification, 6.1.1, 6.14.1, C6.14.1
visual, 4.8.1,5.15.1.2,6.5.5, 6.9,
7.55.7,77.13,7.71.4,7.7.1.5,
7.8.1, C6.9, Table 6.1
welder qualification, 6.4
work, 6.5
WPS qualification, 6.3
Inspector, 6 Part A, 6.1, 6.2, 6.3, 6.4,
6.5, 6.28.1,6.28.2,7.8.2
assistant inspector, 6.1.3.3
AWS Certified Welding, 6.1.3.1(1)
Canadian CSA/CWG, 6.1.3.1(2)
fabrication/erection, 6.1.1, 6.1.2
identification of accepted welds, 6.5.6
qualification, 6.1.4
verification, 6.1.2, 6.6.2
vision requirements, 6.1.4.4
Inserts, 5.9
Intermittent welds, 2.4.6
Interpass temperature, 3.5, 3.5.3, 5.6,
5.21.7, Table 3.2
Interpretation of code provisions,
Foreword, Annex F
Intersection length, 2.39.4
101, 6.16.2,6.17.1,6.17.3.3, 6.17.7,
C6.17.7, Tables 6.4, 6.5, Fig. 6.9
Iridium-192, 6.17.6
Iron powder, 5.10
Isotope radiation, 6.17.1

J

J-grooves, 3.12.3, Figs. 3.3, 3.4
Job size pipe or tubing, Tables 4.2, 4.9
Joint root openings, 3.11.3
Joints
butt, 3.12.2.1, 3.13.3, Figs. 3.3, 3.4
corner, 2.25.2, 2.27.2(2)(b), 3.11.2,
C3.11.2
prequalified, 4.12.4, C4.12.4, Figs.
33,34
transition in thickness and width,
2.20,2.29,4.12,C4.12

K

K-connection, 2.40.1.5, 2.40.2,
2.42.1.1, Table 2.6
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L

Lamellar tearing, 2.1.3, C2.1.3
Laminar reflector, 6.26.5
Laminations, 2.1.3, C2.1.3

Lap joints, 2.4.8,2.4.8.1,2.4.8.2,
2.32.1,2.32.2,2.39.1.3,C2.4.8.2,
Figs. 2.5,2.15

Limitation of variables, WPS
qualification, 4.7, C4.7

electroslag and electrogas welding,

4.7.2,5.4, Table 4.6

flux cored arc welding, Table 4.5

gas metal arc welding, Table 4.5

shielded metal arc welding, Table 4.5

submerged arc welding, Table 4.5
Limitation of variables, tack welders, 4.22

base metals, Table 4.10

electrodes, Table 4.10

position, Table 4.10

welding process, Table 4.10

Limitation of variables, welder

qualification, 4.22
base metals, Table 4.10
electrodes, Table 4.10
position, Table 4.10
progression of welding, Table 4.10
welding process, Table 4.10

Limitation of variables, welding

operator qualification, 4.22
base metals, Table 4.10
electrodes, Table 4.10
position, Table 4.10
progression of welding, Table 4.10
welding process, Table 4.10
Linearity (UT)
horizontal, 6.22.2, 6.24.1, 6.29.1.4,
6.30.1, X3

Liquid penetrant testing, 6.10, 6.14.6,
C6.10

Load

uneven distribution of, 2.40.2.3,
C2.40.2.3

Load and Resistance Factor Design
(LRFD), 2.36.1, 2.36.5, 2.39.3,
2.40.1.1

Local dihedral angle, see Dihedral
angle

Local failure

box, 2.40.2.1, C2.40.2.1
circular, 2.40.1.1

Longitudinal bend specimens, 4.8.3.2,
Fig. 4.12

Low alloy steel, 1.1.1(4)

Low hydrogen electrodes, 3.3, 5.3.2.1,
5.15.4.4,5.22.1,7.5.5.2, Annexes
VIII, X1, Tables 3.1, 3.2 (Note 4),
5.1,5.8

atmospheric exposure, 5.3.2.2

condition, 5.3.2.1,5.3.2.4

established by tests, 5.3.2.3, Annex
VI
redrying, 5.3.2.2
restrictions, 5.3.2.5
storage, 5.3.2.1,5.3.2.4
Lowest Anticipated Service
Temperature (LAST), 2.42.2.2,
4.12.4.4
Lubricants, Fig. 7.3

Machining, 5.15.2, 5.26, C5.15.2
Macroetch test, 4.8.4, 4.10.2, 4.10.3,
4.104,4.302,4.30.2.1,4.30.2.2,
4.30.2.3
Macroetch test specimen, 3.5.3.1(1),
4.8.4,4.30.2, 4.30.2.3(3), Figs.
4.28, 4.36, 4.37
Magnetic particle testing, 2.36.6.6,
6.10, C6.10
sample form, test report form,
Annex E, Form E-8
Mandatory provisions, 1.3
Manufacturer, 3.6, 4.1.1.1, 4.2.3
electrode certification, 5.3.1.1
responsibility, 4.1.1.1
shielding gas certification, 5.3.1.3,
C5.3.1.3
stud certification, 6.2.7.1, 7.2, 7.3.3,
C7.1
Mastic, C5.28
Matching strength, 3.3, Table 2.3
Material limitations, 2.42
Maximum current, Table 3.7
Maximum electrode diameter, Table 3.7
Maximum fill pass thickness, Table 3.7
Maximum root pass thickness, Table 3.7
Maximum single pass layer width,
Table 3.7
Mean Effective Thread Area, Fig. 7.3
Mechanical testing, 4.8
Melt-thru, see Melting-through
Melting-through, 4.8.11(5), 5.10, 5.22.1
Metal-cored electrodes, Table 3.3
(Note 3)
Method of testing, 4.8, 4.30, 4.31
Mill induced laminar discontinuities,
5.15.1, Table 5.4
Mill scale, 5.4.3, 5.15, 6.26.3, 7.4.3,
7.5.5.1,C5.15
Milled joints, 2.3.1
Minimum weld size
fillet, 2.4.4
skewed, 2.11.2,3.9.3.2
Misalignment, 5.22.3, C5.22.3
Mislocated holes, 5.26.5
Mock-up, 4.12.4.1
Multiple arc, 5.3.3
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Multiple electrodes, 3.5.3, Table 3.7
Multiple pass, 4.11.2, 5.18.2.1

N

N-connections, 2.39.5.1, 2.40.2.1
Nomograph, ultrasonic attenuation,
Annex D, Form D-10
Nonconformance, 6.6.5
Nondestructive testing, 4.8.2.1, 4.8.2.2,
6 Parts B, C, 6.11, 6.14, 8.6.2,
C4.8.2, C6.11
liquid penetrant, 6.10, 6.14.6
magnetic particle, 6.14.5
personnel qualification, 6.14.7, 6.27.2
radiographic testing, 6 Part B, 6.12.3,
6.14.2,6.17,6.18
ultrasonic testing, 6.13.1, 6.13.2,
6.14.4,6.27, C6.13.1
Nonfusion, see Incomplete fusion
Notches, 5.15.4.2,5.15.4.3,5.15.4.4
Notch toughness, 2.36.6.6
base metal, 2.42.2, C2.42.2
weld metal, 4.12.4.4, C4.12.4.4

o)

Offset, 5.22.3, 5.23.8
Opposite sides of contact plane, 2.4.7.2,
Fig. 2.12
Optional code provisions or
requirements, 6.1.1, 6.1.3, 6.7,
Annex C
Oscillation, 4.17
Out-of-plane bending, 2.39.4, 2.40.2.5
Ovalizing parameter alpha, Annex L
Overhead position, 5.25.1.3, Figs. 4.1-4.6
Overlap, 2.4.8.2, 2.40.1.6, 2.40.2.4,
4.31.1,5.4, Figs. 2.18, 2.20
Owner, 5.22.3.1, 6.6.5, 6.19.3, 6.28.2
Oxygen cutting, 5.15.2, C5.15.2
plate preparation, 5.15.4.2
repair, 5.17
roughness, 5.15.2, C5.15.2
Oxygen gouging, 5.15.4.2, 5.17, 5.26,
8.5.5
metal removal, 5.26
on quenched and tempered steels,
5.15.2,5.26,8.5.5

P

Paint removal, 5.15, 6.26.3, 8.5.1
Parallel electrodes, 5.3.3
Peening, 2.36.6.6, 5.27
acceptable peening, 5.27, C5.27
slag removal, 5.27.1
use of vibrating tools, 5.27.1
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Penetrameters, see hole-type IQI or
wire 1Q1
Performance qualification, 4 Part C
Personnel qualification for NDT, 6.7,
6.27.2
Pipe welds
job-size pipe, Table 4.9
procedure qualification test
specimens, 4.8.2, C4.8.2
test position, Figs. 4.4, 4.6
test specimens, location, Fig. 4.33
tests required, 4.26, C4.26
visual inspection, 4.8.1

welder qualification, 4.20, Figs. 4.24

through 4.32

Piping porosity, Table 6.1(8), C Table 6.1

Plastic deformation, 5.28, C5.28
Plastic moment, 2.36.4
Plate qualification test specimens, 4.8,
Figs. 4.9, 4.10,4.11
Plug welds, 2.5.1, 2.5.7, 2.6.2, 2.26,
2.27.6, 3.10, Table 4.8(3)
allowable stresses, Tables 2.3, 2.5
assembly, 5.22.1
diameter, 3.10.1
effective area, 2.5.1
filling, 3.10.3
macroetch test, 4.30.2.3
prequalified dimensions, 2.5.5, 3.10
qualification tests, 4.29, Fig. 4.37
quenched and tempered steels, 2.5.6
size, 3.10.1, 3.10.3
spacing, 2.5.2
stresses, 2.5.7, Table 2.3
technique for making, 5.25.1
thickness, 3.10.3
Porosity, 6.12.2.1, Table 6.1
Position 1F rotated, Tables 4.1, 4.8
Position 2F rotated, Tables 4.1, 4.8
Position 1G rotated, Tables 4.1, 4.8
Position of welding, 4.1.3.2,4.2.4,
C4.2.4
Postweld Heat Treatment (PWHT),
582,583
Preheat, 3.5,3.5.1,3.5.2,3.5.3, 5.6,
5.18.2, Annex X1, Commentary
Annex XI, Tables 3.2, XI-2
effect on hardness, 3.5.3, C3.5

Prequalified joint details, 2.39.1.2,3.9.2,

3.13.3, Figs. 3.3-3.6, 3.8-3.11

Pressure vessels or pressure piping,
1.1.1(3)

Procedure qualification record (PQR),
4.6, Annex E

Processes, 3.2.1,3.2.2,3.2.3

Profile effects, 2.36.6.7

Profiles, weld, 2.36.6.2, 5.24,
C2.36.6.2,C2.36.6.7, Fig. 5.4

Progression of welding, 3.7.1

Prohibited welded joints, 2.27,
2.27.1-2.27.7,C2.27

Protective coatings, 5.15, 5.30.2, 7.4.1,
Cs5.15

Punched holes, repair, 5.26.5

Punching shear stress, 2.40.1

Q

Qualification, Sect. 4
forms, Annexes C, E
general requirements, 4 Part A
inspector, 6.1
NDT, 6.14.6
prequalified WPSs, 3.6
previously qualified WPSs, 4.1.1,

C4.15
records, 4.2.3
responsibility, 4.1.2.2
retests, 4.8.5,4.32.2.1
stud application, 7.6
tack welders, 4.1.2, 4.31, C4.1.2
ultrasonic unit, Annex X
welders, 4 Part C, 4.1.2, C4.1.2
welding operators, 4 Part D, 4.1.2,
7.7.4,C4.1.2

WPSs, 4 Part B

Quality of welds, C6.7

Quenched and tempered steel, 8.5.5,

Cs5.7
Quivers, 5.3.2.1, C5.3.2.1

R

Radiation imaging, 6.35

Radiographic inspection, see
Radiographic testing

Radiographic procedure, 6.17

Radiographic testing, 2.26.1, 4.30.2.1,
4.30.3,4.30.3.1, 6.12.2, 6.12.3,
6.18, Figs. 6.2,6.3

acceptance criteria, 6.12.1.1,
6.12.2.1,6.12.2.2,6.12.2.3,

6.12.3.1,6.12.3.2, Figs. 6.1, 6.4,

6.5, 6.6
backscattered radiation, 6.17.8.3
elongated discontinuities, 6.12.1.1,
Figs. 6.1, 6.4, 6.5, 6.6
extent of testing, 6.15, C6.15
partial testing, 6.15.2
spot testing, 6.15.3, C6.15.3
film type, 6.17.4, C6.17.4
film width, 6.17.9, C6.17.9
gamma ray sources, 6.17.6, C6.17.6
general, 6.17.1, 6.17.8
hole-type 1Q1, 6.17.7, C6.17.7, Figs.
6.10-6.14
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image quality indicators, 6.17.1,
6.17.7,C4.2.4, C6.17.7, Tables
6.4, 6.5, Figs. 6.10-6.14
minimum acceptable image, 6.12.1.2,
Fig. 6.2
minimum exposure, butt joint welds,
6.18
radiograph illuminator, 6.19.1,
C6.19.1
safety, 6.17.2
source location, 6.17.2, C6.17.2
sources, 6.17.6, C6.17.6
surface preparation, 6.17.3
wire 1Q1,6.17.1, 6.17.3.3,6.17.9,
Figs. 6.10-6.14
X-ray unit size, 6.17.6, C6.17.6
Radiographic tests, 2.26.1, 4.8.2,
4.19.1.1,4.30.3,4.30.3.1, 4.30.3.2,
6 Part B, 6.10,6.12.2, 6.12.3,
6.14.2,6.18, C6.10, C6.12.2
acceptance, 4.30.3.1, 6.12, 6.12.1,
6.12.2,6.12.3
Radiographs, 4.30.3, 4.30.3.7, 6.12.2,
6.12.3,6.17,6.17.5, 6.17.6, C6.17,
Figs. 6.2, 6.3
contractor’s obligation, 6.19.2,
C6.19.2
density limitations, 6.17.1.1,
C6.17.1.1
density measurements, 6.17.11.2,
C6.17.11.2
disposition, 6.19, C6.19
geometric unsharpness, 6.17.5.1,
Annex B
identification of, 6.17.12
quality, 6.17.10
submitted to owner, 6.19.3
Radiography, 6.17.2, 6.20.3, C6.17.2,
C6.20.3
Records, 4.2.3
Reduced-section tension tests, 4.8.3.4
acceptance criteria, 4.8.3.5
test specimens, Fig. 4.14
Re-entrant corners, 5.16, C5.16
Reference block, ultrasonic testing 1TW,
6.23.1, Fig. 6.22
other approved design, 6.23.1, Annex
X, Figs. 6.23, X-1
Reference standards, 1.9, Annex N
Reinforcement, 2.18, 5.24.4, 5.24.4.1,
6.17.3,C6.17.3, C2.18
removal of, 5.24.4.2,6.17.3.3
not removed, 6.17.3.3, C6.17.3.3
Reject control (UT), 6.25.1, 6.26.6,
C6.26.6
Repair, 5.15.1.2, 5.15.2, 5.15.4.3, 5.17,
5.19.1,5.22.4.1,5.26.5, 6.26.10,
C5.15.2, C5.15.4.3, C5.17, C5.19,
C5.26.5
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Repair, cont’d
of cracks, 5.26.1.4
of existing structures, 8
of plate, 5.15.1.2, C5.15.1.2
of studs, 7.7.3,7.7.5
Report forms, Annexes C, E
Reports, 6.28, C6.19, Annex K, K13,
C6.19, Fig. K-15
Residual stress, 2.36,6.6
Restoration by welding, of holes, 5.26.5
Restraint, Annex XI, X16.2.5, CXI2
Retests, 4.8.5, 4.32
Rivets, 2.6.3
Root-bend test, 4.8.3.1,4.8.3.3
Root face, 3.11.3, 5.22.4.2, C5.22.4.2,
Fig. 3.4
Root opening, 2.11.3, 3.11.3, 5.22.4.2,
C5.224.2
build-up of, 5.22.4.1,5.22.4.2
Run-off plates, see Weld tabs
Rust-inhibitive coating, 5.15, C5.15

S

Safety and health, 1.6, 6.17.2, Annex J
Sample joint, 4.12.4.3
Sample report forms, Annexes D, E
Scanning, 6.27.5, 6.32, Figs. 6.24, 6.25
Secondary bending, 2.40.2
Section modulus, 2.40.1.1
Sensitivity (UT), 6.25.4.2, 6.27.3.2,
X2.4
Sequence, 5.21.3
Shear connectors, 7.2.5, Fig. 7.1
Shear stress, 2.4.1.2
Shielded metal arc welding, 3.2.1,
3.7.3.2,3.10, 3.12, 3.13, 5.3.2,
5.14,7.5.5,C53.2,C5.14
atmospheric exposure, 3.2.1, 5.3.2.4,
C5.3.2.1
electrodes, 5.3.2, C5.3.2.1
essential variables, Table 4.5
layer thickness, Table 3.7
maximum fillet weld size, Table 3.7
of studs, 7.5.5
prequalified WPSs, 3
root pass, Table 3.7
Shielding gas, 5.3.1.3, C5.3.1.3, Table
4.5
wind protection, 5.12.1
Shop splices, 5.21.6
Shop welds, 2.2.1
Short circuiting transfer, 3.2.1,4.12.4.3,
Annex A, Fig. 3.10 (Note 2)
Shrinkage, 5.21
due to cutting, 5.19.1, C5.19
due to welding, 5.15.2, C5.15.2
Side bend, 4.8.3.1
specimens, Fig. 4.13

Side-bend test, 4.8.3.1, 4.8.3.3, 4.11.3,

4.19.1.2, Figs. 4.13,4.23

Sidesway, 2.40.2

Size effects, 2.36.6.7, C2.36.6.7

Skewed T-joints, 2.11.1, 2.11.2, 2.11.3,

2.11.3.1,3.9.3,3.9.3.1,3.9.3.2,
Annex I, Table 2.2, Fig. 3.11

Slag, 5.30

Slag inclusion, 6.27.8.3

Slag removal, required, 5.30.2
use of slag hammers, 5.27.1
use of vibrating tools, 5.27.1

Slip-critical, 2.6.3

Slot welds, 2.5.1,2.5.7,2.6.2,5.25.1.2,

C2.6.2
effective area, 2.5.1
ends, 2.5.4
filling, 3.10.3
in quenched and tempered steels, 2.5.6
length, 3.10.2
operator qualification, 4,29
prequalified dimensions, 2.5.5, 3.10
size, 3.10.3
spacing, 2.5.3
stresses, 2.5.7
technique for making, 5.25.2
thickness, 3.10.3
welder qualification, 4.18.3
SNT-TC-1A qualification, 6.14.7,
C6.14.7

Spacers, 5.2.2.3

Special details, 2.2.4.3

Special inspection requirements, 2.2.5

Splatter, 5.30.2

Splice plates, 2.13.2

Splices, 2.26, 2.31

Split layers, Table 3.7

Spot testing (NDT), 6.15.3, C6.15.3

Stainless steel, 1.1.1(4)

Statically loaded structures, 2
allowable stresses, 2.10, Table 2.3
backing, 2.4.1.2
beam end connections, 2.7
combinations of welds, 2.6.2
connections for built-up members,

2.15
dimensional tolerances, 5.23.6.2
eccentricity, 2.8, C2.8
flatness of girder webs, 5.23.6.1,
5.23.6.2, Annex VI
quality of welds
acceptance criteria, 6.9, 6.13.1
increased unit stress, C6.9, C6.11
liquid penetrant testing, 6.10
magnetic particle testing, 6.10
radiographic testing, 6.12.1
ultrasonic testing, 6.13.1, C6.13.1
visual inspection, 6.9, C6.9
spacers, 5.2.2
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temporary welds, 5.18
transition of thickness, 2.20, C2.20
transition of widths, 2.20
undercut, Table 6.1
web flatness, girders, Annex VI
welds and rivets, bolts, 2.6.3
Steels, quenched and tempered, 5.17,
5.26.2,8.5.5, C5.17
camber correction, 5.19.1
heat input control, 5.7
oxygen gouging, 8.5.5, 5.7
Stiffeners
arrangement, 2.30.2
beams, 2.30, C2.30
bearing, 5.23.11.2,5.23.11.3
girders, 2.30
intermediate, 2.30.1, 5.23.11.1,
5.23.6.2
straightness, 5.23.11.2, 5.23.11.3
tolerance, 5.23.11
Straightening, 5.26.2
Straightness, 5.23.1, 5.23.11.2, C5.23.2
Strengthening of existing structures, 8
base metal, 8.2
design, 8.3.1
stress analysis, 8.3.2
suitability for welding, 8.2.2
Stress, buckling, 2.40.2.1, C2.40.2.1
Stress relief, 5.8, C5.8
alternate temperatures, 5.8.2
cooling, 5.8.1
heating, 5.8.1
holding time, 5.8, Tables 5.2, 5.3
quenched and tempered steels, 5.8.1
temperature, 5.8.1
Studs, acceptance, 7, Annex 1X
application qualification, 7.1, 7.6,
C7.1,C7.6
base qualification, 7.2.4, 7.2.6, 7.3,
7.4,75,7.6,7.6.5,7.6.6.3,
7.7.1.4,7.7.1.5, 7.8, Annex IX
certification, 7.3.3
cracks, 7.2.5
decking, C7.6.1
description, 7.3.1
design, 7.2.1
fillet weld size, 7.5.5.4, Table 7.2
finish, 7.2.5
flash, 7.4.7, Footnote 27
length of studs, 7.2.1, Fig. 7.1
manufacturers, 7.1(3), 7.2.6(2), 7.6.2,
Annex IX
materials, 7.3.1
mechanical requirements, 7.1, 7.3,
Table 7.1
moisture, 7.4.1, 7.4.3
not prequalified, 7.6.1
oil, 74.1,7.4.4
removal, 7.7.5
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rust, 7.4.1, 7.4.3
scale, 7.4.1,7.4.3
shear connectors, 7.4.5, 7.8.3
standard type connectors, 7.2.1, Fig.
71
tensile requirements, 1X7.1, Table 7.1
torque testing, 7.6.6.2, 7.8.1, Fig. 7.3
type A, 7.8.3
type B, 7.4.5, 7.8.3
Stud welding, 7, Annex IX
application qualification
requirements, 7.6
arc shields, 7.2.2, 7.4.4, 7.4.6, 1X3,
C74.6
automatically timed welding
equipment, 7.2.1, 7.5.1,7.5.2
bursts, 7.2.5
certification, 7.2.6(2)
decking, 7.4.3
electrode diameters, 7.5.5.6
fabrication and verification of fillet
welded studs, 7.5.5
ferrule, 7.2.2, 7.4.4, 7.4.6, 1X3
flash, 7.4.7,7.7.1.3,7.7.1.5,7.7.3,
7.8.1,C7.4.6
flux, 7.2.3
general requirements, 7.2
inspection, 7.5.5.7, 7.7.1.3, 7.7.1.4,
7.7.1.5,7.8,C7.7.1.4
inspection requirements, 7.8
length of studs, 7.2.1, Fig. 7.1
low hydrogen electrodes, 7.5.5.6
minimum size, 7.5.5.4, Table 7.2
moisture, 7.4.1, 7.4.4
operator qualification. 7.7.4
preheat requirements, 7.5.5.5
prequalified processes (SMAW,
GMAW, FCAW), 7.5.5
pre-production testing, 7.7.1
production control, 7.7
production welding, 7.7.2
profiles, 7.4.7, Footnote 28
repair, 7.7.3
rust, 7.4.1,7.4.3
scale, 7.4.1,7.4.3
stud base qualification, 7.2.4, 7.2.6,
Annex IX
technique, 7.5
torque tests, 7.6.6.2, 7.8.1, Fig. 7.3
workmanship, 7.4
Subassembly splices, 5.21.6
Submerged arc welding, 3.2.1, 3.8
electrode diameter, Table 3.7
electrodes and fluxes, 5.3.3
flux reclamation, 5.3.3.3, C5.3.3.3
hardness testing, 3.5.3.1
interpass temperature, 3.5.3
layer thickness, Table 3.7
limitations, 3.13

macroetch test specimens, 3.5.3.1
maximum current, Table 3.7
multiple arcs, 3.5.3, 3.8, Table 3.7
multiple electrodes, 5.3.3
definition, Annex B
GMAW root pass, 3.8.1
reduction of preheat and interpass
temperatures, 3.5.3
weld current limitations, Table 3.7
weld layer thickness, Table 3.7
parallel electrodes 5.3.3
definition, Annex B
GMAW root pass, 3.8.1
reduction of preheat and interpass
temperatures, 3.5.3
weld layer thickness, Table 3.7
welding current limitations, Table
3.7
preheat, 3.5.3
prequalified WPSs, 3
sample joint, 3.5.3.1
single electrodes, Annex B, Table 3.7
tack welds, 5.18.2.3
WPS qualification, 4, Part B
essential variables, 4.7
Surface preparation, 5.15, 5.30, C5.30
Surface roughness, 5.24.4.1
Surface roughness guide, 4.8.3.3
Sweep (fabrication), 5.23.5
Sweep (UT), 6.25.2

T

Tack welder qualification, 4 Part B
essential variables, 4.22, Table 4.11
method of testing specimens, 4.31
period of effectiveness, 4.1.3.2
retests 4.32.2.1
test report form, Annex E
test specimens, 4.19.2, 4.31, Figs.

4.34,4.38
tests, 4.31

Tack welds
discontinuities, 5.18.2
in final weld, 5.18.2.1
multiple pass, 5.18.2.1
preheat, 5.18.2
quality, 5.18.2
size, 5.18.2.3

Technical inquiries, ix, xi, Annex F

Telescoping tubes, 2.39.1.3

Temporary welds, 5.18.1

Temperature, ambient, 5.12.2

Temperature limitations, 5.21.7

Tension members, 2.14.1, 2.26
acceptance, Annex V
built-up, 2.18, C2.18
intermittent weld, 2.18
repair, 5.15.1.2, C5.15.1.2
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splices, 2.26
stress, 2.10, 2.18, 6.1.2.1, 6.13.2,
Tables 2.3, 2.5
Tension test, stud weld, 7.6.6.3
Tension test fixture, Fig. 7.2
Terms, Annex B
Testing agency, 4.1.2.2, 7.6.2, Annex
X2
Test plates, welded
aging, 4.2.2
tack welder qualification, Fig. 4.38
welder qualification, Figs. 4.21
through 4.25
welding operator qualification, 7.7.4,
Figs. 4.22, 4.32
WPS qualification, Figs. 4.7-4.11
Test specimens, Tables 4.2, 4.9, Figs.
4.14 through 4.20, 4.28, 4.32
Test weld positions, 4.2.4, Figs. 4.1
through 4.6
Thermal cutting, 5.15.4.3
T-joints, 2.14.3,2.25.1,2.25.2
Tolerances
alignment, 5.23.9, 5.23.11
camber, 5.23.3, C5.23.4
dimensional, 3.13.1, 3.13.2, 5.22.4.1,
C3.13.1
flatness, 5.23.6.1, 5.23.6.2, 5.23.6.3,
6.17.3.2, C6.17.3.2
offset, 5.23.8
variation from straightness, 5.23.1,
5.23.2
warpage, 5.23.8
Torque testing, 7.6.6.2, 7.8.1, Fig. 7.3
Transducer calibration, 6.29
Transducer specifications, 6.22.6,
6.22.7, C6.22.6
Transitions of thickness or widths, 2.20,
2.41,7.29,C2.20, C2.29, Figs. 2.4,
2.6,2.7,2.11
Transverse bend specimens, 4.8.3.1,
Fig. 4.12
Tubular structures, 2 Part C, 2.36,
C2.36
acute angle heel test, 4.12.4.2, Fig.
4.26
allowable load components, 2.40.1
allowable shear stress, 2.40.1
Allowable Stress Design (ASD),
2.36.1, C2.36.1
box, 2.40.2
circular, 2.40.1
allowable stresses in welds, 2.36.3,
C2.36.3, Table 2.5
fiber stresses, 2.36.4
plug and slot welds, 2.5.7
allowable unit stresses, 2.36.4, 2.40
axial load, 2.39.4
bending, 2.39.4
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Tubular structures, cont’d
box connections, 2.40.2, 3.13.4,
C2.40.2
box section parts, 2.14(B), Fig. 2,19
box section qualification, test
specimens, 4.8, Fig. 4.8
box section strength, 2.40
circular section, Fig. 2.14(A)
collapse, 2.40.1.2
complete joint penetration, 3.13.4
cross joints, 2.40.2.1, Fig. 2.14(G)
crushing load, 2.40.2.2, C2.40.2.2
details of welded joints, 2.39.1.2,
Figs.3.2-3.8
dimensional tolerances, 5.22.4.2
effective fillet length, 2.39.1.1
effective weld areas, 2.39.1.1
failure, 2.40.1.1, C2.40.1.1
fatigue, 2.36.6.6, Fig. 2.13
fillet welds, 2.39.1.2
details, 2.39.1.1
fillet welded, 3.12.4

fillet welds for tubular T-, Y-, and
K-connections, 2.39.1.2, Fig.

3.2
flared connections, 2.40.1.4
groove welds, 2.39.2
identification, 2.37, Fig. 2.14
inspection, Table 6.1
intersection lengths of welds
in box sections, 2.39.5
in T-, Y-, and K-connections,
2.39.3
joint can, 2.40.1.2
K-connections, 2.40.2.2
lap joints, 2.39.1.3
length of welds, 2.39.4
Load and Resistance Factor Design,
2.36.1, 2.36.5, C2.40
box, 2.40.2, Table 2.5, C2.40.2,
C2.40.2.2
circular, C2.40.1.3, Table 2.5
main member load, 2.40.2.1, 2.39.3
mock-up, 4.12.4.1
nondestructive testing of tubular
structures, 6.11.1
radiographic testing, 6.12.3, 6.18,
Figs. 6.16 through 6.19
ultrasonic testing, 6.13.3, 6.27,
C6.13.3, Fig. 6.25
notch toughness
base metal, 2.42.2, C2.42.2
HAZ, C4.12.4.4, Table C4.2
weld metal, C4.12.4.4, Table 2.8
overlapping joints
box, 2.40.2.4, C2.40.2.1,
(C2.40.2.4, Figs. 2.20, C2.19
circular, Fig. 2.18

partial joint penetration groove welds
in matched box connections,
3.12.4.1
prequalified joint details, 4.12,
4.12.4, C4.12.4, Table 3.6
processes and procedures
T-, Y-, and K-connections (less
than 30 deg), 4.12.4.2
other joint details, 4.26.1
punching shear, in-plane bending,
2.39.4,2.39.5.1
out-of-plane bending, 2.39.4,
2.39.5.1
weld stress, 2.39.3
punching shear stress, 2.40.1.1,
240.1.5
acting V,, 240.1.1, Fig. 2.17
allowable Vv, 2.40.1.1
qualification tests, 4.18.3, Table 4.8
radiographic testing, 6.18, Figs. 6.2,
6.3, 6.16 through 6.19
shear area, 7.8.3
strength of connections, limitations
of, 2.40
symbols, 2.38, Annex XII
T-, Y-, and K-connections, 2.39.2.2,
2.39.3,2.39.4,2.39.5.2,
2.40.1.2,2.40.1.3, 2.40.1.5,
2.40.2,2.40.2.6,2.42.1.5,
3.12.4,3.13.3,3.13.4,4.12.4,
4.12.4.1,4.12.4.2,4.13,
5.22.4.2,6.27,6.27.5, C2.40.2,
(C5.22.4.2, Tables 2.5, 2.6, 3.5,
3.6, 4.8, 4.9, Figs. 2.16, 2.19,
2.20,3.5-3.10, 4.27, 4.28
test specimens, qualification, 4.8.2
transfer of load, 2.40.2.3
transition slope, 2.40.1.4
transition of thickness, 2.41, 5.22.3.1
transitions, tube size, 2.40.1.4, Fig.
2.14(K)
tubular grooves in T-, Y-, and
K-connections, 3.13.4
ultrasonic testing, 6.27, Figs. 6.7, 6.8
undercut, Table 6.1
unit stresses, base metals, 2.36.1
unit stresses, welds, 2.36.3
WPS qualification tests, 4.12
butt joints welded from one side,
4.12.2
Twist of welded box, C5.23.4
Y-connections, see T-, Y-, and
K-connections above

U

Ultimate load, 2.40.1.1
Ultrasonic testing, 2.26.1, 6
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acceptance criteria, 6.13.1, 6.13.3,
Table 6.3, Figs. 6.7, 6.8
attenuation factor, 6.26.6.4
base metal discontinuities, 6.20.4
calibration, 6.23, 6.24, 6.25, 6.27.3,
6.29
calibration for angle beams, 6.25.5,
Annex X, X2
distance, 6.25.5.1
horizontal sweep, 6.25.5.1
zero reference level sensitivity,
6.25.5.2
calibration for longitudinal mode,
6.27.3.1, 6.29.1, Annex X, X7
calibration for shear mode, 6.29.2,
Annex X, X2.9
amplitude calibration, 6.29.2.4,
Annex X, X1.2
approach distance, 6.29.2.6
distance calibration, 6.29.2.3,
Annex X2.3
resolution, 6.29.2.5
sound entry point, 6.29.2.1
sound path angle, 6.29.2.2
transducer positions, Annex X,
Figs. 6.23, X-1
calibration for straight beam, 6.25.4
horizontal sweep, 6.25.2, 6.25.4.1,
6.25.5.1, C6.25.4.1
sensitivity, 6.25.2
calibration for testing, 6.25
distance, 6.25.5.1
horizontal sweep, 6.25.5.1
zero reference level sensitivity,
6.25.5.2
crossing patterns, 6.26.6.2
discontinuities, longitudinal, 6.32.1
discontinuities, transverse, 6.32.2
clectroslag and electrogas welds,
6.20.3
equipment, 6.22
gain control, 6.22.4
horizontal linearity, 6.30.1
search units, 6.22.6, 6.22.7
equipment qualification, 6.24
calibration block, 6.24.4
dB accuracy, 6.30.2
gain control, 6.24.2
horizontal linearity, 6.24.1, Annex
X, X3
internal reflections, 6.30.3
verification, 6.24.3
examples, 6.33, Annex D
extent of testing, 6.20.1
flaw length determination, 6.26.7
flaw size evaluation procedures, 6.31
angle beam testing, 6.31.2
straight beam testing, 6.31.1
groove welds, 6.20
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indication length, 6.26.5
laminar reflector, 6.27.4
longitudinal mode calibration, 6.29.1
nomograph, 6.30.2.4, 6.30.2.5,
Annex D, Form D-10
operator requirements, 6.27.2
personnel qualification, 6.14.7,
6.27.2,C6.14.7
procedure, 6.26
procedures, equipment qualification,
6.30, Annex X, X3
horizontal linearity, 6.30.1, Annex
X, X3
internal reflections, 6.30.3
vertical linearity, 6.30.2
procedures, flaw size evaluation,
6.31
angle beam testing, 6.31.2
straight beam testing, 6.31.1
qualification blocks, 6.23.3, Fig. 6.23
reference blocks, I1W, 6.22.7.7, 6.23,
6.23.1, Figs. 6.21, 6.22
information on, 6.26.6.3, 6.26.6.5,
6.28.1
other approved blocks, 6.23.1,
C6.23.1, Annex X, Fig. X-1
reports, 6.26.6.5, 6.26.9, 6.27.8, 6.28,
6.28.1, Annex E
disposition, 6.28.3
reflector size, 6.26.5
repairs, 6.26.9
scanning patterns, 6.32, Fig. 6.26
search units
amplitude, 6.30.2.4
angle beam, 6.22.7, 6.26.6, 6.31.2
application, C6.19.5.2
approach distance, 6.29.2.6
dimensions, 6.22.6, 6.22.7.6,
C6.22.6
distance calibration, 6.25.5
resolution, 6.29.2.5
sensitivity, 6.29.2.4
shear wave mode, 6.29
sound entry point, 6.29.2.1
sound path angle, 6.30.2.2
straight beam, 6.22.5, 6.22.6,
6.31.1
spot testing, 6.15.3, C6.15.3, C6.20.3
testing angle, 6.26.5.2, Table 6.6
testing procedure, 6.26, 6.27.1, Table
6.6
cleanliness of surfaces, 6.20.3
couplant materials, 6.26.4
flaw evaluation, 6.27.7
testing of repairs, 6.26.9
thickness limitations, 6.20.1
transducer locations, 6.29, Fig. 6.26
transducer size, 6.22.6, 6.22.7.2,
C6.22.6

tubular structures, 6.27
weld identification, 6.26.1, 6.26.2
Ultrasonic testing (Alternative
Method), 6.20.1, 6.20.2, Annex K
acceptance criteria, K3(2), K12
amplitude, K11, K12.1, Figs. K-9,
K-10, K-11, K-15
calibration, K3(7), K6, K9.1, Figs.
K-2, K-5, K-6
calibration test block, K3(6), K5,
K6.1.3, Fig. K-2
compression wave, K6.2
DAC (Distance Amplitude
Correction), K6.1.2, K6.2.2,
K6.3.2, Figs. K-6, K-7
discontinuities, K3(11), KS, K6.3,
K11, K12, Fig. K-15
cylindrical, K8.1.2, K8.2.2,
K10.2(b), Fig. K-10
height, K9.2, Fig. K-12
length, K9.3, Fig. K-13
location, K9.4, K9.5, K10.5
orientation, K10.4
planar, K8.1.3, K8.2.3, K10.2(a),
Fig. K-11
spherical, K8.1.1, K8.2.1,
K10.2(c), Fig. K-9
display, K6.3.2, K9.2.3, K9.4, Figs.
K-5, K-6, K-7, K-12, K-14

documentation requirements, K3(14),

K3(15)

cquipment, K3(3), K4

laminations, K3(8)

Level 11T (ASNT). K3(15)

operator, K4

procedures, K2, K3, K4

reports, K13, Fig. K-15

scanning, K3(5), K3(10), K7, Fig.
K-8

sensitivity, K3(10), K6.1, K6.1.1,
K6.1.3, K6.2.2, K6.2.3, K11,
Figs. K-4, K-6, K-7, K-14

shear wave, K6.3

standard reflector, K5, K6.1.1,
K6.1.2,K6.2.2,K6.3.1,K6.3.2,
Figs. K-1, K-3

transducer, K3(4), K4

transfer correction, K3(12), K6.1.3,
K6.3.2, Fig. K-4

weld classes, K11

weld marking, K3(9), K9.3.2,K9.3.3,

K9.3.4, K9.5, Fig. K-13
Undercut, 4.8.1, 4.8.4.1, 4.30.4.1,
4.30.2.3,4.31.1,5.15.4.3,5.18.2,
5.26.1.2, Table 6.1, Fig. 5.4
Undermatching strength, 3.3
Unequal thicknesses, 2.29, Figs. 2.4,
2.6
Unequal width, 2.20, 2.29, Fig. 2.7
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Unlisted base metals, 3.9.2
Unlisted materials, 3.4
Unit stresses
base metal, 2.1.1, 2.1.2, 2.23, 2.36.1,
C2.1.2,C2.23
plug welds, 2.5.7
shear, 2.4.1.2
slot welds, 2.36.3, C2.36.3
tension, Tables 2.3, 2.5
welds, 2.36.3, C2.36.3
Unzipping, 2.40.1.3, C2.40.1.3
UT report forms, Annex D

\'

Verification inspection, 6.1.1
Vertical position, Figs. 4.1-4.6
prequalified, 3.7.1, 3.7.3
restrictions on, 3.7.1
Vickers hardness, 3.5.3.1
Vision acuity, 6.1.4.4
Visual inspection, 4.8.1, 5.15.1.2, 6.5.5,
6.9,7.5.5.7,7.7.1.3,7.7.1.4,
7.7.1.5,7.8.1,C5.15.1.2, C6.9,
C7.7.1.4, Table 6.1

w

Warpage, 5.21, 5.23.8
Weathering steel, 3.7.3, 5.4.7
Web-to-flange welds, 6.13.2.2
Weld access holes, 5.17, Fig. 5.2
Weld cleaning, 5.30
completed welds, 5.30.2
in-process cleaning, 5.30.1
use of manual hammers, 5.27.1
use of lightweight vibrating tools,
5.27.1
Weld metal removal, 5.26.4
Weld profiles, 5.24.1, 5.24.4, 5.24.4.2,
Fig. 5.4
Weld splatter, removal of, 5.30.2
Weld specimens, 4.4, C4.4
Weld starts and stops, 5.4.4
Weld tabs, 5.2.2, 531, 5.31.2, 5.31.3,
6.17.3.1, C6.17.3.1
Weld termination, 2.19, C2.19
Weld thickness (UT), Tables 2.4, 6.2,
6.3
Welder qualification, 4 Part C
essential variables, 4.22, Table 4.10
fillet weld tests, 4.25, 4.28
groove weld tests, 4.26
limited thickness, 4.23.1, Figs. 4.30,
4.31
method of testing, 4.30
number of specimens, 4.18.2.1, Table
49
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Welder qualification, cont’d
period of effectiveness, 4.1.3.1
pipe welding tests, 4.24, 4.26, 4.27,
4.29
plate, 4.23, 4.24, 4.25, 4.29, Figs.
4.21,4.22,4.29, 430, 4.31
position, 4.18.1.1
production welding position,
4.18.1.1, Table 4.8
records, 4.2.3
retest, 4.32
T-, Y-, and K-connections, Table 4.9
test resulits, 4.19
bend tests, 4.19.1
fillet weld break tests, 4.30.4
macroetch test, 4.30.2.3
radiographic test, 4.30.3.1
visual, 4.8.1
test specimens, 4.19.1
location, pipe and rectangular
tubing, 4.19.1.2, Fig. 4.33
preparation, 4.19.1.2
tests required, 4.4
tubular butt, 4.12.1, 4.12.3, 4.26,
Figs. 4.24, 4.25

Welders, 3.1,4.1.2,4.1.2.1, 4 Part C,

6.4,6.14.7

Welding

at low temperatures, 5.12.2, 7.5.4,
C5.12.2

equipment, 5.11, 6.3

progression, 5.21.2

Welding consumables, 4.11.3
Welding operator qualification, 4 Part

D, 7.7.4

electroslag/electrogas weld tests,
4.23.2, Fig. 435

essential variables, 4.22, Table 4.10

fillet weld tests, 4.28, Figs. 4.32,
4.36,4.37

groove weld tests, 4.23, 4.24, 4.26,
4.27

method of testing, 4.30

number of specimens, 4.18.2.1, Table
49

period of effectiveness, 4.1.3.1
pipe weld tests, Figs. 4.32, 4.36
plate weld tests, Fig. 4.22
plug welds, 4.29, Fig. 4.37
preparation of test specimens, 4.32
retests, 4.34
stud welds, 7.7.4
test report form, Annex E
test results required, 4.19
bend tests, 4.19.1
fillet weld break tests, 4.30.4
macroetch tests, 4.30.2.3
radiographic tests, 4.30.3.1
visual, 4.8.1
test specimens, 4.19.1
Welding operators, 4 Part C, 4.1.1.1,
4.1.2,4.1.3.1,521.2,64,7.74,
C4.1.2
Welding Performance Qualification
Record (WPQR), Table 4.10
Welding personnel, 4.1.2
Welding Procedure Specification
(WPS), 3.6,4.0,4.1.1,4.1.1.1,
4.1.1.2,4.1.1.3,4.6,4.21,
C3.6
essential variables, 4.7.1,4.7.2,
Tables 4.5, 4.6
qualification, 4.3, 4.4, 4.10, 4.11.1,
Tables 4.1-4.4
sample forms, Annex E
specific values required, 4.6
Welding sequences, 2.2.2, 5.21.2
Welding symbols, 1.5, 2.2.4.1
Welds
acceptability, 6.7, C6.7
access hole geometry, Fig. 5.2
accessibility, 5.26.4
area, 2.3.2,2.4.3
arrangement, 2.25.2
cleaning, 5.30
diagrammatic, Annex |
fatigue stress provisions, 2.24, Table
24,C2.24
length, 2.2.3,2.3.1,2.4.2
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notch toughness (tubular), 4.12.4.4,
C4.12.4.4, C10.12.4, Tables
C10.8, C10.9

painting, 5.30.2

profiles, 3.13.4, 5.24, Table 2.7

quality, 6.7

size, 2.2.3,2.3.3.1,2.33.2,2.34.1,
244,245

sizing, 2.40.1.3

stresses, 2.39.3

surfaces, 5.24.4.1

temporary, 5.18.1

termination, 2.4.7, 2.19

Wind velocity, 5.12.1, 5.12.2

Wire feed speed, Table 4.5(16)

Wire image quality indicators (IQI),
6.16.1, 6.16.2,6.17.1, 6.17.3.3,
6.17.7.7, Table 6.5, Figs.
6.10-6.14

Workmanship tolerances, 5.22.4.1, Fig.
53

WPS qualification, 4 Part B

limitation of variables, 4.7, Table 4.5
records, 4.2.3

retests, 4.8.5

test weld positions, 4.2.4, C4.2.4
tests, 4.4, C4.4

Wraparound jig, 4.8.3, Fig. 4.16

X

X-rays, 6.16.1, 6.17.1, 6.17.6, 6.17.11

Y

Yield line analysis, C2.40.2.1, Fig. C2.23
Yield strength, 2.42.1.1,2.42.1.3,
Annex XII

Z

Z loss, 2.11.3.1, 2.39.2.1, Tables 2.2,
2.8

















