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1.1  Background NOT FOR PUBLICATI@N

Structural steel shapes for use in building framing have usually been supplied to
meet ASTM A36 or A572, A36 having a minimum specified yield strength of 36 ksi while
AS572 provides for several strength grades. When these specifications were first written
most of the steel supplied was from integrated steel mills where the use of scrap was a rela-
tively small percentage. Over the years there has been a significant trend in the manufacture
of structural shapes to electric furnace steelmaking using scrap. The result of this has been
a shift in the detailed chemical composition of steels within the broad limits provided by
A36 and A572. Shapes supplied to these specifications today are likely to contain signifi-
cant levels of “residuals” such as copper. The presence of these residuals contributes to
strength. Because there is no upper yicld strength limit in A36, steels supplied to this
specification often meet A572 Grade 50 as well. In fact some suppliers offer a single
“multigrade” product that meets the requirements of A36, A572 grade 50 and the corre-
sponding Canadian specifications.

In recognition of the type of steel product currently being supplied to the market,
the American Institute of Steel Construction (AISC) Inc. and the Structural Shapes Produc-
ers Council have developed a Draft specification for a single Grade 50 steel for structural
shapes with the intention of having it issued as an ASTM standard specification.

1.2  Scope

As pan of the development process for the new specification, the present study was
undertaken to examine the implications of the Draft specification on various weldability is-
sues. Since the study addresses the implications of the specification it deals with hypo-
thetical steels that could theoretically be supplied under the Draft specification and does not
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make any judgments on the weldability of materials currently being supplied to the market-
place. In addition, it is emphasized that only weldability issues have been addressed, and
the implications of the specification on material properties, such as strength, toughness,
ability to be hot or cold formed, and so forth, are beyond the scope of the study. Inade-
quate toughness, for example, may result in cracking during fabrication under the influence
of welding stresses, but where the cracks are not directly associated with the weld, such as
heat affected zone cracking or lamellar tearing, such behavior is considered a material prop-
erty problem rather than a weldability issue. Thermal cutting, however, has been ad-
dressed because of its close relation with welding.

The Draft specification is intended to apply to rolled shapes which could be pro-
vided in a very wide thickness range, e.g., from 1/8 in. for light angles to over 4 in. for the
flange of a heavy group 5 W shape. In typical applications structural shapes are not ex-
posed to very low temperatures and the steel is usually supplied without specified impact
requirements. In some cases heavy section tension members may require Charpy V notch
impact testing and this is provided for in the Draft specification as an added supplementary
requirement.

1.3 Joints and Welding Processes

Most of the common welding processes, including Shielded Metal Arc Welding
(SMAW), Flux Cored Arc Welding (FCAW) and Submerged Arc (SAW), could be used
on the structural shapes. Gas Tungsten Arc (GTAW) is unlikely to be employed, and
therefore welds would normally have filler material added with the effect of diluting any
contribution from the base metal to the weld. Heat inputs could cover a wide range from
those associated with small fillets or small root passes in groove welds to the very high heat
inputs associated with electroslag welding.

A range of joint types could be encountered including fillet welds, groove welded
butt splices, and T joints such as are encountered in special moment resisting connections.
Four typical welds are illustrated in Fig. 1. The single pass S@d Rmﬁg:gym
moderate dilution and heat input of about 30-35 kJ/in. for a /4l l‘t. idg a U
single pass weld, there is no additional thermal cycle on the weld or ﬁat affected zone from

T
subsequent passes.
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At the other extreme of heat input is the electroslag weld which has high dilution
and is a single pass. Itis characterized by a wide heat affected zone covering the complete
section thickness and is subject to slow cooling. Because of possible poor toughness in the
as-welded condition, electroslag welds may require a post-weld heat treatment or be re-
stricted to members acting only in compression (AWS D1.1).

Typical groove welds are multipass and therefore each pass provides an additional
thermal cycle to previous passes. This may result in complex metallurgical changes which
affect the weld metal and heat affected zone properties. In the beam flange-to-column con-
nection the weld is made from one side on to a backing bar. This creates a stress concen-
tration and a likely source of crack initiation. In addition, T joints in heavy sections can
generate large stresses acting through the thickness of the column flange.

1.4  Weldability D R A F T

The ability of a steel to be welded without causing signmteprpbjc;m is a function
not only of the steel itself but other factors sp:URhe ﬁE ing con-
sumables, and so forth. Thus it is not possible t stabhsh “wc ility” in ﬁﬁ ONLY
sense or to determine whether steels supplied to gQ Ts-pgxﬂﬁon BHM&TI ON
give rise to welding problems. In fact, it is likely that many steels, if supplied to the top
end of the chemistry requirements of existing specifications, would cause problems with
normal fabrication practices. The approach taken, therefore, is comparative and uses ex-
isting specifications and experience as bench marks by which to develop opinions on the
likelihood of significant welding problems with the Draft specification. The study focuses
on the major welding problems which have traditionally caused problems in practice such
as hydrogen cracking in the heat affected zone and weld metal, hot cracking in the weld
metal, lamellar tearing, and the toughness of the heat affected zone and the weld metal. A
few other potential problems are discussed in connection with the effect of specific ele-

ments. Health and safety issues such as the effect of specific elements in the steel on
welding fume are beyond the scope of the study.

The study is primarily concerned with the chemical composition requirements and
does not address other requirements of the specification such as tensile properties. It
should be noted, however, that yield strength of the base metal affects the susceptibility to
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hydrogen cracking [Graville, 1992] and increasing the minimum yield strength from 36 ksi
(for A36) to 50 ksi is expected to increase crack susceptibility even if the composition re-
mains the same.

1.5  Draft Chemica! Composition Requirements

Table 1 shows the composition requirements in the Draft for heat analysis and the
product composition limits based on the tolerances of ASTM A6. For comparison, the re-
quirements of A36 and A572 Grade 50 have also been included, and it is observed that a
steel meeting A36 or A572 Grade 50 would not necessarily meet the Draft specification.

The proposed specification is designed to permit a wide range of compositions for
steel meeting the specified mechanical properties in a wide range of thicknesses. At one
end of the spectrum the specification permits simple carbon steels similar to A36 in which
manganese is the only additional alloying element, and where carbon could rise to the top
limit of the specification, particularly in heavy sections, in order to meet strength require-
ments. At the other end of the spectrum multiple alloying elements derived from scrap,
such as copper and nickel, could permit strength levels to be achieved at much lower car-
bon levels. A further limit on composition is imposed by the carbon equivalent cap given
by

(Mn+Si)+ (Cr+Mo+V+Cb)+ (Ni+ Cu)

DRAFT
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The risk of hydrogen cracking in tthea&aﬁfcctEd f?ﬁ dopcﬁﬁi‘r{ﬁy AQ?T 9 N y
including the type of microstructure formed in the heat affected zone, the cooling rate of the ™
weld, the level of retained hydrogen, and the stresses applied on the heat affected zone.
~~ There is no single compositional factor which adequately predicts the susceptbility to
cracking in all cases because the type of microstructure formed depends not only on the
composition but on the details of the welding procedure, such as heat input.

CE=C+

2.0 Hydrogen Cracking

2.1 General
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The various carbon equivalent formulae that have been presented in the literature are
usually base on only one aspect of crack susceptibility and are usually empirically derived
from experiments on limited composition ranges. For example, the [TW carbon equivalent

CE(IIW) = C+ﬁfgg+ (Cr+ :\54'0-0- V), (N,-:SC,)

has been found to relate quite well to the hardenability of the steel. On the other hand, the
formula
P =C+§i+ (Mn+Cu+Cr)+ﬂ+ Ma+ V
30 20 60 15 10
is a widely used measure of crack susceptibility which was developed directly from the re-
sults of several hundred cracking tests on high strength low alloy steels. In particular, it
has proven to be a useful guide to the susceptibility of heat affected zones formed under

relatively fast cooling conditions, such as small fillet welds or the root pass in groove
welds.

The AWS D1.1 guidelines on preheat attempt to address both the tendency to form
hard crack-susceptible microstructures (hardenability) as well as the sensitivity to cracking
of a given heat affected zone (susceptibility). These guidelines are based on fairly severe
cracking tests, and as pointed out recently by Yurioka in a recent review [Yurioka et al.,
1994 ] tend to predict preheats higher than is often found adequate in practice. However,
the guidelines provide a useful basis for comparing the cracking susceptibility of various

materials and in particular provide insight into potential ing lems that -

at & & & 8 s
In the AWS guidelines, the general hardenability and sulsgcpnﬁlity characteristics of
the steel are first examined by plotting the coE&BonGQMM ThEERvilifif, ONLY

three zones (Fig. 2). Steels in Zone 1 have low N{GTFonEB (IR, dPe P ASHPI O N
“other alloying elements that may raise the carbon equivalent, they generally have relatively

soft heat affected 2ones and good crack resistance. Steels in Zone 2 include simple carbon
steels and those with only limited alloying where crack susceptibility depends strongly on
the cooling rate of the weld. For small welds on thick material, hard heat affected zones are
formed with a high susceptibility to cracking. However, good crack resistance can be ob-
tained if adequate heat input is provided and the welds cool sufficiently slowly to form soft
heat affected zones. Steels on the left side of Zone 2 have very low hardenability and can
accommodate a wide range of heat inputs without forming hard heat affected zones. Mov-
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ing to the right in Zone 2 restricts the welding conditions in which soft heat affected zones
can be formed. Zone 3 represents the steels which form hard heat affected zones under
most normal welding conditions. These steels have the poorest crack resistance and gener-

ally require preheat, even in thin sections. R ' F T

Dates .o ona0

In the Zone diagram in Fig. 2 the carbon eguivalent is used as a rough guide g
hardenability, but plain carbon steels have a E&Mﬁ&&%&ﬁx L‘E‘;;ﬁ:;u cg- ONLY
bon equivalent formula, and multiple alloyed ma®¥ifk Tay Kalk Bhaddi5ify lomdvBd O N
higher. This is because the carbon equivalent formula is a linear model, and it is well es-

2.2 Hardenability

tablished that there are strong interaction effects amongst the various alloying elements in-
volved in hardenability. Thus steels with multiple alloying elements sitting in Zone 2 close
to the boundary with Zone 3 may, in fact, have their hardenability underestimated and
should be further to the right than predicted from the carbon equivalent formula. Similarly,
plain carbon steels with no alloying elements and relatively low manganese should lie to the
left of the location indicated by the carbon equivalent formula and thus permit even lower
heat inputs without resulting in hard heat affected zones.

In order to obtain a clearer indication of the hardenability behavior of the various
compositions possible within the proposed specification, hardening curves were generated
for various example steels. The hardening curve is a plot of the maximum heat affected
hardness against cooling time and is useful for determining heat affected zone hardnesses
under specific welding conditions or for determining welding conditions necessary to re-
strict the heat affected zone hardness. The hardening curves have been estimated using a
hardness model which is a modification of the model proposed by Suzuki [Graville, 1990].
It is emphasized that this is one of many available hardness models and others may produce
different shaped curves, but this was selected because it attempts to include interaction ef-

fects.

In Fig. 3 the hardening curves for A572/50 and the Draft specification steel at the
maximum carbon content of 0.23% are shown. In A572/50 the maximum manganese is
1.35% which together with a typical vanadium gives a CE of 0.5. In the Draft the manga-
nese limit is 1.5% but with 0.23% C the maximum CE of 0.5 is reached at Mn = 1.45%.
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The curves show that the Draft steel is slightly more hardenable than A572/50 under these
conditions.

In Fig. 4 a comparison is made between two steels both having 0.17% C and 1.0%
Mn. In one case the steel contains vanadium and in the other residual elements are present
as follows: 0.1% Cu, 0.1% Ni, 0.35% Cr, 0.15% Mo. Both steels meet the Draft specifi-
cation and the first steel is fairly typical A572/50. The graphs show a major increase in
hardenability when the residual elements are included.

-

For the purposes of further exploring the hardenability behavior, three oa'lpg
tions, each meeting the maximum carbon equivalent requirement of the Draft, h
selected. These are listed in Table 2. In Steel 1, the carbon, vanadium, copper and griykel
are at the maximum allowed. Manganese is limited by the carbon equivalent qg Silton is U
present at an average level for a killed steel. In Steel 2, the carbon is lower, chwniE |1
molybdenum are at the maximum and no vanadium is present. In Steel 3, COPR&Y. mdel®
chromium and molybdenum are present at the maximum levels permitted but thgeparen |
level is low. The manganese level is limited by the carbon equivalent cap. TME:: so*
gives the calculated value of P_,. The P_, formula is dominated by the carbon g:';

. .
a« l i
thus the P__ value is highest for Steel 1 and lowest for Steel 3, suggesting sub@i e p— ’

ference in the crack susceptibility of these three materials. — |
— '

o O

The three trial compositions are plotted on the Zone diagram and shou%_inﬂ. 25"

Two of the compositions lie close to the boundary between Zone 2 and Zone 3 ande thus

expected to have relatively low crack resistance and a limited range of welding conditions
where crack-free welds would be produced. Steel 3 is well into Zone 1 and would be ex-

- e
# ”
- -
e

pected to have excellent crack resistance. For comparative purposes A36 at its maximum
carbon content with an average manganese (in light of the low yield strength) and A572
Grade 50 with maximum carbon and manganese content are also plotted in the diagram.

The predicted hardening curves for the three steels are shown in Fig. 5 and show
widely varying behavior despite the same carbon equivalent in all cases. The Steel 1 hard-
ening behavior is likely to be similar to A36 or A572/50 with high carbon. Steel 1 has the
highest hardness at short cooling times but Steel 2 produces high hardness over the widest
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range of cooling times. The high hardenability of Steel 2 results from the presence of re-
sidual elements and moderately high carbon and manganese levels. Steel 3 has a low car-
bon level and exhibits a flatter hardening curve with a significantly lower maximum hard-

ness even at the shortest cooling times. D R a F T

The guidelines in AWS D1.1 permit minimum hea{3pfietQ be estimated from the

carbon equivalent based on avoiding hclj- 61&“‘16’6%%?:% . slo mcgN LY

critical value. This is very similar to the approach taken

conditions to avoid hydrogen cracking. Howe(drkn viEoRne RE Buke FGAMIHO N

ity characteristics, the estimated hardening curves are used directly in the present analysis.

The critical cooling time to produce a maximum hardness of 400 Hv in Steel 1 is 3.5 sec-

onds. This corresponds approximately to a 1/4 inch fillet weld on 1 1/2 inch thick material

or 3/16 inch fillet weld on 1/2 inch material. For Steel 2 the critical time is 6 seconds which

is roughly equivalent to a 5/16 inch fillet weld on 1 1/2 inch material or 1/4 inch fillet on 1/2

inch material. In each case it is assumed there is no preheat. It is therefore concluded that

there would be a significantly higher risk of cracking in Steel 2 than in Steel 1 requiring

significant changes in welding procedures to prevent cracking. On the other hand Steel 3, |
residing in Zone 1 and having a substantially lower P_, value, is expected to have very ‘
good crack resistance. |

It is thus concluded that the carbon equivalent cap proposed in the specification is
not adequate to effectively control the resistance to hydrogen cracking, and steels meeting
the maximum carbon equivalent could have widely varying susceptibility to cracking. The
main difficulty is that the single carbon equivalent proposed does not adequately describe
susceptibility for steels covering Zones 1 and 2 of the Zone diagram. For example, in or-
der for Steel 2 to have a hardenability comparable to a higher carbon, A36 or A572 a car-
bon equivalent limit of about 0.45 would need to be applied. However, such a limit may
be overly restrictive on the alloying elements if applied to a steel in Zone 1 with carbon less
that 0.1%. Attempts to find carbon equivalent formulas that apply to a wide range of car-

_ bon and alloy levels have been made, and one formula proposed by Yurioka of Nippon
[Suzuki, 1982] has been quite widely used. The formula is similar to the P_, except it has
an “accommodation factor” to provide a different weighting for alloys as carbon level
changes. The Nippon formula is given by:
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CEN = C+[0.75+0.25tanh{20(C - 012}][_' %+%+%+(Cr+MoS+V+Cb)+SB}

. Mills supplying line pipe to the Canadian market routinely supply 10 a maximum
CEN. In Table 2 the CEN values have been determined for Steels 1, 2 and 3. Itis evident
that being based on a linear carbon equivalent CEN does not distinguish the hardenability

characteristic of Steel 1 and 2.
/
DRAF

The disadvantage of using CEN is that a single formula does not indicate the fun-
damental changes in the hardenability characteristics of INBKE8] assitaroves from Zone 1 1o

Zone 2 or 3. In particular, CEN docspc@lﬂic&@ MMIPTRRRuBSEPONLY
migl?: be necessary 1o achieve crack-free wlc.ﬂ]ﬁmrﬁﬁ

relatively high CEN might be very weldable, provx crack- most weld
ing conditions and only cause problems on very thick sections or very low heat input
welds. There does not appear to be any advantage in using CEN and as a simple means of
limiting composition the proposed carbon equivalent is probably as good as any. A simple
approach would be to separate the compositions into two groups corresponding to Zones 1
and 2 and specify different maximum CE’s. For example, setting CE to a maximum of
0.45 for steels with carbon greater that 0.1 (Zone 2) would provide hardenability roughly
comparable to high carbon A36 or A572 Grade 50. Setting CE to a maximum of 0.5 for
carbon level less than 0.1 would provide sufficient flexibility for composition in the low
carbon steels.

It is interesting to note [Inagaki et al., 1986] that some Japanese specifications for
weldable steel have been based on a maximum P_,. For example, WES 3001-1983 has a
requirements for general use HW36 (equivalent to grade 50) up to 50 mm thick of P_, =
0.32% maximum. The only elements individually specified are C = 0.2% max., P = 0.03%
max., and S = 0.025% max. All other elements are controlled by the P_, cap. Steels at
maximum carbon and maximum P_, could have a CE exceeding the 0.5% specified in the
Draft. However, for special crack resistant steels for welding without preheat (WES 3009-
1983), the maximum P__ is 0.20%.

It should be pointed out that achieving a carbon content less than 0.1% may not, by
itself, be adequate to obtain good crack resistance. Lundin [Lundin et al., 1989] for exam-
ple, has shown quite poor crack resistance in some low carbon steels and an inability of
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carbon equivalent formulae to correctly predict behavior. It is also to be noted that some
elements not appearing in weldability formulae may have significant effects on crack sus-
ceptibility. For example, it has been suggested that nitrogen could have a detrimental effect
[Glover, 1984] although contrary evidence exists [Graville, 1992].

Columbium, although not appearing in the P_, formula, has been shown [Inagaki et
al., 1986] to have an effect when above 0.04%. It also enhances the effect of vanadium
equivalent to an apparent increase in P, :

P'=P, +%+ % (Cb > 0.04%)

In lowering the carbon equivalent for steels with greater than 0.1% C, consideration
could be given to thickness range. The proposed Draft has only one composition require-
ment for the complete range of thickness. In practice, however, it is normal practice to
weld without preheat for sections up to 11/2 inch thick. Above 1 1/2 inch (covering most
of the Groups 1, 2 and 3 shapes) the lowest carbon equivalent maximum should be aimed
for, consistent with ability 1o meet strength levels. Above 1 1/2 inch (or Group 4 and 5
shapes) a higher carbon equivalent could be set allowing strength requirements to be met in
thicker sections with the knowledge that welding procedures would include preheat.

DRAFT

;- TR A
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Lamellar tearing is a type of craP¥ih} that £l P R €3 AT PN

metal when residual strains from welding act in the through-thickness direction, i.e., nor-
mal to the plane of rolling or working. The cracks have characteristic step-like appearance
and have most often been associated with large T or corner joints in thick sections. Many
factors influence the occurrence of lamellar tearing including joint type, restraint, and the
presence of hydrogen, but the most significant is the through-thickness ductility of the ma-
terial. Low through-thickness ductility results from the presence of inclusions flattened out
during the rolling or forming process. These create planes of weakness which open up
when welding stresses act normal to the surface, i.e., in the through-thickness direction.

3.0 Lamellar Tearing

10
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The problem of lamellar tearing received considerable attention during the *70s and
resulted in various guidelines for determining adequate through-thickness ductility to pre-
vent lamellar tearing as well as the metallurgical means for improving steel quality. Fabri-
cators developed methods for minimizing the occurrence of lamellar tearing including use
of special welding techniques, buttering the material, and welding sequences that mini-
mized restraint. However, in critical applications the purchase of material with guaranteed
through-thickness ductility has been the preferred approach. Guidelines link the required
through-thickness ductility as measured by the percentage reduction of area of a small
through-thickness tensile specimen, to the application, i.e., type of joint and restraint.

As an example, the Japan Welding Engineering Society published WES 3008-1981
[Inagaki, 1982] which gave recommended values of the required through-thickness ductil-

ity ¢, to avoid lamellar tearing. These range from 15% reduction in area for fillet-welded

cross (cruciform) joints to 25% for complete penetration single bevel T joints. For material
Iess than 15 mm there is no requirement as lamellar tearing is considered unlikely in these
thinner sections.

3.2 Relation to Sulfur Content

The through-thickness properties are a function of the density of non-metallic inclu-
sions and the degree to which they have been flattened out during the rolling or working
process. Inclusions result from the presence of impurities such as sulfur and also from the
deoxidization processes in the steel. It has been found that the most dominant effect on
through-thickness ductility comes from the sulfur content (Fig. 6). When low sulfur is
achieved further improvements may be obtained by controlling the shape of the remaining
sulfides, for example, by rare earth treatment, round sulfides having a less detrimental ef-
fect than elongated or flattened sulfides. The relationship between total sulfur content and

-reduction area indicates that steel with an assured level of through-thickness ductility could

be obtained by simply specifying maximum sulfur levels without the need for through-
thickness tensile testing. However, it is apparent from Fig. 6 that to obtain a reasonable
assurance of say 15% reduction in area a maximum sulfygll
achieved.

e o DR
FOR CONMITFEE vsz ONLY
T FOR BUBLICATION
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This figure has been widely used as a maximum sulfur level in high quality steels,
although for some applications lower values have been used. It is apparent that reducing
the maximum sulfur level from say .045 to .025% would not provide any assurance of im-
proved resistance to lamellar tearing and would not, therefore, offer any advantage to the
purchaser. Thus, for general applications where lamellar tearing is not a consideration,
there does not appear to be a basis for reducing the maximum specified sulfur level to a
value lower than the proposed 0.045%. However, it is recognized that such a specifica-
tion, along with other current specifications for structural steels, does not provide any as-
surance of resistance to lamellar tearing. In critical cases, such as the special moment re-
sisting connection shown in Fig. 1 where an assured resistance to lamellar tearing may be

desirable, this would have to be achieved by a supplem iremept which could in-
clude a maximum sulfur level of .01%. B ‘ﬂ‘ A i
4 b

3.3 Other Effects of Sulfur Daterouo,

nFass

The presence of non-metallic inclugo?s %ﬁﬂugmgsril;%ult]‘c% :Eﬁﬁ otQ NLY
material which is manifested by the Charpy V%anppg‘r;ﬁ& ebrdy Rl EATION
shows a typical relation between upper shelf energy and sulfur content [Pickering, F.B.
1975]. Improvements in Charpy properties can therefore be achieved by lowering the sul-
fur level and this has been one of the main driving forces for lower sulfur levels over the
past few decades. The role of sulfur will also be reflected in the HAZ Charpy properties.
However, although lower sulfur may be a means of achieving improved toughness, speci-
fying low sulfur levels may be redundant when the Charpy requirements themselves are
specified.

The achievement of very low sulfur, while having beneficial effects for lamellar
tearing and ductile fracture resistance, may result in other effects both during steelmaking
and welding. For example, during continuous steelmaking the rate of nitrogen pickup is
influenced by sulfur level (Fig. 8, Irving, W.R., 1993) and the higher nitrogen level may
have negative consequences if steps are not taken to control it. Low sulfur level has also
been linked to increased sensitivity to hydrogen cracking in the heat affected zone. Two
explanations have been proposed for this. First, the presence of sulfide inclusions act as
nuclei for ferrite as the heat affected zone transforms from austenite on cooling. Facilitating
ferrite formation lowers the hardenability, and therefore reducing the number of nuclei by
having very low sulfur levels effectively increases the hardenability of the material and the

12




Review of Weldability of Proposed Single Grade 50 Sieel for Structural Shapes

risk of heat affected zone cracking [Hart, 1978). In addition, it is believed that sulfide in-
clusions act as traps for hydrogen thus lowering the sensitivity to hydrogen embrittlement.
Removing these traps by lowering the sulfur level apparently increases the risk of hydrogen
cracking in the heat affected zone.

These possible negative side effects of very low sulfur are generally regarded as
modest, particularly compared with the benefits of low sulfur on ductile fracture behavior
and resistance to lamellar tearing. As far as welding is concerned, resulfurizing steel or
specifying a minimum sulfur level has never been deemed appropriate, although such prac-

tice has been applied for preventing hydrogen flakes inng’AalPﬁf{

Date: ......
FOR COMMITTEE USE ONLY

4.1  Heat Affected Zone Hot Cracking NOT FOR PUBLICATION

Hot cracking may occur in the weld metal or heat affected zone (HAZ) although the
latter is less common in modern structural steels. HAZ hot cracking is sometimes termed
liquation cracking or hot tearing. It occurs when impurities form low melting point eutec-
tics in the high temperature part of the HAZ close to the fusion boundary. On cooling, the
liquid films between the austenite grains cannot support the shrinkage strains, and small
cracks result. Such cracks may not be easily detected by non-destructive means, but they
may initiate larger cracks or show up as poor ductility during qualification tests. Even
without the occurrence of cracks, the partial formation of liquid films may lower HAZ
toughness, especially in high heat input welds such as electroslag.

4.0 Hot Cracking

HAZ hot cracking is primarily a function of the base metal composition. Research
during the "60s (discussed in reference [Bailey, 1994]) found that sulfur and carbon had
detrimental effects while manganese was beneficial. Fig. 9 shows that cracking risk is high
in a 0.2% carbon steel when the sulfur level exceeds 0.05% or when the manganese/sulfur
ratio is less than 15~20.

It is important to note that no minimum manganese level is required in the Draft
specification and that it would be theoretically possible to supply steel with very low man-
ganese to sulfur ratios and high carbon. The minimum manganese and maximum carbon

13
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and sulfur levels in several specifications for structural steels are given in Table 3. Except
for shapes less than 426 Ib/ft in A36, all weldable grades listed have minimum manganese
levels specified. In addition, A572 requires the manganese/carbon ratio to be not less than
two, although this appears to be redundant for grade 50 in light of the maximum carbon
level specified. The omission of a minimum specified manganese level in the Draft thus

appears 10 be a departure from established practice. D R ! F s

4.2  Weld Metal Hot Cracking Date:

a0 emong i the wel mee S PORTCOMMPITEE USE oNLY

when liquid becomes trapped between solidifying grains and cracks o as the me

shrinks. It may occur anywhere in the weld me Q;E mgsgﬁn fF M AeFEI ON
centerline. Hot cracking is influenced by the welding procedure—most importantly the

welding speed and the depth-to-width ratio of the bead—and the composition.

The composition of the weld metal is determined both by the welding consumables
and by the base metal through dilution. Some elements, such as copper and nickel that do
not participate in chemical reactions in the weld pool, transfer from the base metal to the
weld metal without loss. Under these conditions the weld metal composition for these ele-
ments may be determined from the dilution factor. Other elements such as manganese are
chemically active in the weld pool and the final weld metal composition cannot be predicted
with ease. For the present purpose reference weld metal compositions were conservatively
estimated by assuming a very high dilution factor of 80% and 100% transfer factors, to-
gether with typical levels of alloying elements from the welding consumables. The result-
ing weld metal compositions were used as references for determining the potential for weld
metal weldability problems. The weld metal reference compositions are shown in Table 4.
Three base metals are chosen representing a carbon steel with maximum sulfur and phos-
phorus but no other alloys, a low carbon steel with maximum nickel, copper, chromium
and maximum sulfur and phosphorus, and the same low carbon steel with more typical sul-
fur and phosphorus levels.

The effects of composition was investigated by Jones [Jones, 1959] who found a
detrimental effect of carbon and sulfur and a beneficial effect of manganese (Fig. 10). The
crack severity increased sharply with carbon levels over 0.13% requiring a far higher man-
ganese/sulfur ratio to prevent cracks. He recommended a minimum manganese/sulfur ratio
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of 35 for a carbon level of 0.15% maximum but later authors (e.g., Borland [Borland,
1961]) considered lower values acceptable.

Ostrovskaya [Ostrovskaya, 1964] developed the following carbon equivalent for-
mulas for sensitivity to hot cracking:

For C = 0.09 - 0.14% QRAFT
P Si-0.4 o

s 0 T Rpag B 1
andforC=014-025% FOR COMMITTEE USE ONLY

C,=C+25+= +_‘gm1_"§ﬁn ﬂ#ﬂﬁﬂ

These formulae show a dominant effect o carbon, sulfur and phosphorus with

other elements having a relatively mild effect. As carbon increases, the effect of these other
clements also increases.

Bailey and Jones [Bailey et al., 1978) studied solidification cracking in submerged
arc welds and proposed the following formula as a measure of crack susceptibility:

Units of crack susceptibility (UCS)
=230C+190S+75P+45Cb-1238i-54Mn-1
(for carbon levels less than 0.08, C is taken as 0.08).

The range of validity was 0.08 - 0.23% C; 0.0! - 0.05% S; 0.01 - 0.045% P; 0.15
- 0.65% Si; 0.45 - 1.6% Mn; 0 - 0.07% Cb. There was 1o significant effect of elements up
to the following amounts: 1% Ni, 0.5% Cr, 0.4% Mo, 0.07% V, 0.3% Cu, 0.02% Ti,
0.03% Al, 0.002% B, 0.01% Pb, 0.03% Co. Although the critical value of UCS depends
on the welding procedure, the author concluded that valu:s above 30 presented a high risk
of cracking while in some typical trials threshold values were above 20.

In Table 4 the UCS values have been calculated for the three example weld metals
and it is clear that the effect of carbon dominates. Example 1, the plain carbon steel, has a
high risk of solidification cracking with a UCS value of 49. This is reduced to 20 when the
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carbon is lowered to 0.07% in the base metal eve 1 with the presence of maximum colum-
bium, sulfur and phosphorus. Reduction of the su/fur and phosphorus to more typical lev-
els further lowers the UCS to 13 indicating ver+ 1w risk of cracking.

The elements nickel, copper, chromium do not appear in the UCS formula and
therefore, even at their maximum values do not contribute to the UCS. It should be noted,
however, that the levels chosen in examples 2 and 3 are beyond the range of validity of the
UCS formula. In the following section the e fzcts of copper are discussed in greater detail.

DRAFT

P

fes . 4
The well-known effect of copper on hot shortness in stcc]-])ﬁas resulted in 2 very

cautious approach to using copper as a dc!?bcgﬁﬁyh@' &MM kmmnc UsE ONLY
known copper contamination of welds thz: «ccurs\/ SR copp€} Sant fppectest TI O N

weld metal has also generated concern ov=r detrimental effects of copper in weld metal.
There are, however, several phenomena which must be discussed in the context of setting

4.3  Effects of Copper

maximum copper levels in steel specific- tions. For reference, the maximum copper level in
several specifications in shown in Table 5.

4.3.1 Fundamentals of Copper Phase Diagram.

The iron-copper phase diagram [Le May et al., 1982] is shown in Fig. 11. Copper
is completely miscible in the liquid state with the melting temperature ranging from 1538°C
at the 100% iron end of the diagram down to 1085°C for 100% copper. Copper has a face

centered cubic structure and forms 2 substitutional solid solution in ¥y -iron (up to about
10~12% Cu) and also in a-iron (up to 2.1% at 850°C). Below 850°C the solid solution of
copper in a-iron is in equilibrium with e-phase which is almost pure copper with a small
amount of iron in solution. Abov= 850°C the equilibrium phases are y-iron - copper solu-

tion and e-phase. At ~1090°C the e-phase melts.

The limited solubility of copper in ferrite at lower temperatures provides the poten-
tial for copper being used as a precipitation hardening element, and this approach has been
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used in 2 number of steels in recent years. Generally, copper levels exceeding 1% are re-
quired in practice, although copper levels less than this value can cause precipitation hard-
ening after heating. This raises the possibility of detrimental effects on heat affected zone
toughness both in the as-welded condition and particularly after the post-weld heat treat-

DRAFT

4.3.2 Surface Hot Shortness Daler . son o

Liquid copper (or e-phase) in cant3tRith@IhEAETE Flh bdikBaBes N LY
leads to grain boundary penetration and craPgifip Br hFt §h@ne . TR 5K 6 dober O N

contamination from a welding contact nozzle is well known, and arises when copper comes
into contact with the weld when it is above 1085°C. Copper contamination has been ob-
served [Savage et al., 1978a; Savage et al., 1978b; Nippes et al., 1982] in austenitic mate-
rials that have been contaminated by copper tooling. In the case of conventional surface hot
shortness during steel rolling and forming, the liquid copper is produced by the preferential
oxidation of iron at the surface of the steel when it is heated for rolling or forming. Since
the reheating temperature is higher than the melting point of copper, oxidation of the iron
causes a concentration of copper in the liquid state at the surface. This penetrates the
austenite grain boundaries which then open up as surface cracks during subsequent hot
working. This mechanism may operate in other situations where preferential oxidation can
occur, for example, during flame cutting, and this is discussed more fully in a later section.

The ability of the copper-rich phase to penetrate an austenite grain boundary is in-
fluenced by the presence of other elements which affect the wetting action (as measured by
the dihedral angle between the austenite grains) and the solubility of copper in austenite
(Fig. 12). Thus tin, antimony, and arsenic are known to have a deleterious effect on hot
shortness while nickel is beneficial. Manganese has little effect [Hebraken et al., 1982]. It
is found that a nickel-to-copper ratio in the range 0.5 ~ 1.0 is effective in controlling sur-
face hot shortness. High copper steels such as A710 with copper 1.00 - 1.30% have nickel
0.70 - 1.00%.

It should be noted that the mill scale on a high copper steel may be enriched in cop-
per and there is the potential for this 10 cause problems in welding if not removed [Okada et
al., 1982]. When copper in the steel is derived from scrap, it is usually accompanied by tin.
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Table 5 shows a typical statistical analysis of copper and tin contents in an electric furnace
steel. Typically tin is about one tenth the copper level while nickel and chromium are one
half. Thus with a copper maximum of 0.6% a tin content @0. 6% is expecteds

RAT T

4.3.3 Effect of Copper on Hot Cracking Dater . vsae
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than concentration of copper by preferential oxidati i $ 1 By
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grain boundary penetration of the austenite, the principal concemn 1s the effect of copper di-

luted directly into the weld metal. The principal concemn has been the potential effect on

solidification cracking and numerous studies have been undertaken to investigate this.

The work of Bailey and Jones [Bailey et al., 1978) discussed earlier showed that
copper up to 0.3 had no effect on solidification cracking in submerged arc weld metal and
the Ostrovskaya formulae show a relatively small effect, especially at low carbon. Blake
[Blake, 1978] reported on the effects of copper in mild and low alloy steels and concluded
that CO, welds were immune to hot cracking with copper levels up to 0.45%. Miyoshi
[Miyoshi et al., 1976] examined the effect of copper on weldability of line pipe including a
study of hot cracking using the Varestraint test. Results are shown for two steels in
Fig. 13. At0.11% carbon and 1.1% manganese, copper levels up to 1% could be toler-
ated without hot cracking. However, in the steel with 0.16% carbon and 1.45% manga-
nese, hot cracks were observed when the copper content exceeded 0.5%. They concluded
that at least 0.5% Cu in high grade line pipe does not show any detrimental effect on
weldability.

Okada, in a comprehensive review of copper-containing steels [Okada et al., 1982],
cites the systematic study of hot cracking by Matsuda using the Varestraint test in which
specific elements were added to a base composition. Copper was the worst element with
severe cracking occurring at levels of copper exceeding 0.3% (see Fig. 14). The carbon
level (0.18%) of the base steel in Matsuda’s work should be noted together with the man-
ganese level (0.95). The levels of sulfur and phosphorus in the base steel are not known.

The general conclusion from these studies is that copper appears to have a detri-
mental effect on hot cracking tendency in weld metals, but that this is a function of the car-
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bon level. The studies showing marked detrimental effects of copper used steels with car-
bon exceeding around 0.14% and most studies show the major elements influencing hot
cracking are carbon, phosphorus and sulfur. Thus it appears the tolerable level of copper
can be linked to the carbon level and also possibly to the level of sulfur and phosphorus.
The modemn generation of copper precipitation hardening steels (such as A710) with copper
over 1% have low carbon levels (less than 0.07%), low sulfur and phosphorus (less than
0.025%), and these steels are apparently being welded without major problems [Lundin, et
al., 1990]. The data suggests that with carbon levels in excess of 0.15% a weld metal
content of over 0.3% copper could increase the risk of hot cracking.

In most studies on the effect of copper, the metal was added as a pure element.
There does appear to be any work on the combined effects of copper and other impurities,
such as tin, that would normally be present when copper is derived from scrap. Borland
[Borland, 1961] found an effect of arsenic when present at 0.2% but concluded that since
this level was far higher than anticipated in steel, no significant effect is expected under

e DRAFT

5.0 Toughness Date: ......
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For most applications structural steel shapes are supplied wi
impact test requirements. In some cases, particularly heavy section tension members, im-
pact tests are specified and these tests would also be required for the HAZ and weld metal
in groove weld procedure qualifications. The Draft provides for impact testing as a stan-
dardized supplementary requirement (S5 from ASTM A6 /A6M) and as an added supple-
mentary requirement for Group 4 and 5 structural shapes. A typical requirement would be
20 ft-1b (27)) at 70°F (20°C) in base metal, HAZ and weld metal.

5.1 General

Even in cases where impact testing of the steel is not a requirement, very low
toughness in the HAZ or weld metal could lead to fracture initiation during fabrication,
erection, or service. Thus it is important to identify the effects of base metal composition
on HAZ and weld metal toughness. This can only be done in a general way as the situation
is highly complex and required levels of toughness depend on the application. HAZ and
weld metal toughness is also a strong function of the welding procedure. Increasing heat
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input normally lowers toughness while the complex thermal cycles experienced in multi-
pass welds may either improve or lower toughness. Further changes in toughness may
occur if the weld is stress relieved, although this is not likely in most building applications.
In the following sections, the effect of composition on toughness in the HAZ and weld
metal is reviewed to determine if there is a basis for restricting the levels of elements speci-

TR DRAFT

5.2  Heat Affected Zone Toughness Date: ......

A considerable amount of work on tfe €ffppts ¢f mmm oERE ONLY
has been undertaken. Much of this has been sp@bf, mi‘pgsggm jﬂﬁ?{:gf xg;m ION
from a concemn over “local brittle zones” (LBZs). However, it should be'no at this has
largely been a problem during CTOD (crack tip opening displacement) testing and there is a
continuing dialogue on the true significance of LBZs [de Konig et al., 1988]. In the con-
text of buildings, therefore, the relevance of conclusions drawn from CTOD tests must be

approached with caution. But there are also some studies using the Charpy test which will
also be included in the discussion.

Ito [Tto et al., 1973] studied the effect of a number of elements on the heat affected
zone bond brittleness. They developed formulae for the compositional effects for two dif-
ferent cooling times. One inch (25 mm) thick plate was used with one pass made by SAW
from each side, the CVN specimen notch being in the HAZ of the second side. The natural
cooling time 800-500°C was 50 seconds and a faster cooling time of 11 seconds was
achieved by water cooling. The results for the faster cooled weld may not have been the
same if a lower heat input had been used to achieve a rate of 11 seconds.

Their results are summarized in Figs. 15 and 16 and the composition effects are
given by the formulae:

For1ls PM=C-—9--£—ﬂ

45 %
6 3 11+ e

For 50 s Py=C+—t—t—t=——— (%)
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Carbon has the most significant detrimental effect but the role of other elements depends on
the type of microstructure formed. Nickel is always beneficial. The similarity between the
Py formula and conventional carbon equivalents underlines the relation between toughness
and hérdenability in this work. The dominant role of carbon is further demonstrated by
CTOD tests in Fig. 17 from Miyoshi [Miyoshi et al., 1974].

Haze [Haze et al., 1988] studied the effects of composition on HAZ toughness us-
ing the CTOD test. Results are summarized in Fig. 18 where the height of the bars is a
measure of the detrimental effect on HAZ toughness. Elements could be grouped accord-
ing to the magnitude of their influence:

B, N >> C, Cr, Mo, Cb (Nb), V > Si, Cu, Ni, Mn.

Improvements in HAZ toughness were achieved by minimizing impurities (e.g.,
nitrogen) and reducing carbide-forming elements, such as columbium, together with low
carbon. Where precipitation hardening was required to achieve strength, copper provided a

useful alternative to columbium and vanadium because of j hmﬁcffxm ?ZT‘
ness. ! ’

. @, 8.8

Many studies have been directed towards the effect of Q)Rx;nq;ium (Ridbium) on

HAZ toughness. Some show a detrimental E@(RitGrOAER] IEAERHSE ONLY
[Hannerz, N.E. 1976] especially at high heat inpuis{Fye. ¥igpn thqefecwdependo [ O N

several other factors, most notably the carbon. For example, Fig. 20 [Heisterkamp, F., et.
al. 1990] shows a relation between carbon and columbium level for achieving good CTOD
properties in the HAZ. The greatest tolerance to carbon is achieved at about 0.02 ~ 0.03%
Cb while at 0.07% C up to 0.04% Cb could be tolerated. The latter value is confirmed by
the data in Fig. 21 [Nakano et al., 1988].

Nitrogen can be present in steel either combined as nitrides or other complex parti-
cles, or as free nitrogen, i.c., in interstitial solution. It is well established [Gladman et al.,
1975] that free nitrogen has a detrimental effect on toughness (see Fig. 22) and can cause
strain aging embrittlement. Nitride formers such as aluminum, vanadium and titanium are
added to steel both for the purpose of removing free nitrogen and for the precipitation hard-
ening and grain refinement roles of the nitrides.
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In the HAZ nitrides may dissolve leaving free nitrogen [WRC, 1988] which has an
adverse effect on the toughness (Fig. 23). The extent to which nitrides dissolve depends
on the element involved and the thermal cycle. In the high temperature part of the HAZ of
high heat input single pass weld all nitrides, except titanium nitride, dissolve with a corre-
sponding loss of toughness. In multipass welds and in HAZs where the specimen notch
samples various zones, the measured toughness is dependent on the relative level of nitride
formers and total nitrogen. Fig. 24 shows some results for aluminum and Fig. 25 shows
there is an optimum ratio of titanium to nitrogen to produce favorable HAZ toughness. Bo-
ron may also be used [Ohnishi et al., 1988] to advantage with carefully balanced levels of
titanium and nitrogen. However, without such balancing boron has a marked detrimental

effect on HAZ toughness. D R ﬂ F T

In a general purpose steel specification it is probabbmimtical to attempt the con-
trol of HAZ toughness through balancinE nitroicn level with the level of nitride formers,

although the Draft does include a mini & QMMITEEE ISR @NLY

impractical to specify minimum levels of alNiGR il or G, bR EhE Ar@Ap Ry )N
nitrogen content would be beneficial. The Draft specifies a maximum nitrogen of 0.015%
only when added as a supplement to vanadium, but no maximum is specified in other

cases. This requirement appears to derive from earlier specifications for ingot cast BOF

and open hearth steels where, unless added as a supplement, the nitrogen level was as-
sumed to be adequately low. However, in the context of the present Draft there is the pos-
sibility of significant variation in nitrogen content of the steel, and a maximum level should
be specified for all cases. In setting a maximum nitrogen level for heat analysis it should be
noted that the product analysis may exceed the heat analysis by 0.005 according to A6.

The effect of copper on HAZ toughness has been reviewed by Okada [Okada et al.
1982]. He cited a study by Masumoto in which the data from 300 steels were analyzed in
which it was found that copper levels up to 1.6% improve heat affected zone toughness of
submerged arc welds with heat inputs of 4 and 10 kJ/mm as long as no aging treatment is
applied. Also cited was Tanaka et al.’s paper which included SMAW at 4.5 kJ/mm and
electrode gas welds at 20 kJ/mm heat input. The results are shown in Fig. 26 and indicate
no significant effects of copper on the heat affected zone toughness up to 1% copper.
Hannerz [Hannerz, 1983] investigated the effects of copper content in two steels welded at
two heat inputs. Results are given in Fig. 27 showing that copper has no significant effect
up to 1% in the as-welded condition. The potential for precipitation hardening during
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stress relief suggests a possible deterioration in toughncssU foypd n ;i
RRF

Christoffel [ Christoffel et al., 1989) showed that co Dautelv'lé metal from
0.5% copper added to a conventional carbon gﬁc@ﬁg v@ﬁﬁ”ﬁjﬂﬁ M- ONLY
ment after long term exposure to elevated tcmpcragﬂ ik mE-Bngzd?sﬂmMT ION
[Morariu et al., 1992] studied the effects of copper on heat affected zone toughness after
post-weld heat treatment. The 2.2% copper steel resulted in copper precipitation hardening
and a detrimental effect on toughness. In other work on copper-strengthened A710 tests

showed a deterioration in toughness in the HAZ after post-weld heat treatment at 1050°F
(565°C), [G-83-4].

No data on the effect of tin on HAZ toughness could be found, but as a solid solu-
tion hardener even small quantities of tin in steel (0.01%) can reduce ductility [Hubbard,
1977]. 1t is also reported that 0.048% Sn imparts severe temper embrittlement. There is,
therefore, a real possibility of significant effects of tin on HAZ toughness, especially in
multipass welds or after stress relief. Research on this will be required.

5.3  Weld Metal Toughness

Many of the effects of elements in the HAZ are also evident in the weld metal. The
weld metal composition, however, is only partly determined by the base metal composition
and other factors may dominate. For example, nitrogen has a detrimental effect on weld
metal toughness, but the nitrogen level is largely determined by the effectiveness of shield-
ing. Thus, at normal levels the base metal nitrogen level is not a primary factor. Some
elements, however, transfer efficiently to the weld metal, and base metal content becomes a
primary factor in determining weld metal properties. The effect of a specific element may
be different in the weld metal than the HAZ because of a different microstructural environ-
ment.

Columbium under some conditions may improve weld metal toughness, but most
workers have found detrimental effects at high levels [Dolby, 1981]. Typically, weld met-
als show a tolerance for columbium up to 0.03 ~ 0.04% in the as-welded condition but sig-
nificant deterioration of toughness with increasing columbium in the stress relieved state

[Jesseman, 1975].
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A similarly complex situation is also observed with vanadium [Dolby 1982], where
for weld metals typically used in structural applications vanadium up to 0.05% may be
moderately beneficial on toughness. For high vanadium levels good toughness in the weld

metal can be achieved with special alloying. D R ﬂ F T

The influence of copper on weld metal toughness has beeDtatiepgd by Hannerz
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0.45% or possible up to 0.85% is not detrimental t tgl{gli‘ncss and may be benetici.
ticularly in the stress relieved condition. ¥ I PUBLICATION

6.0 Other Weldability Issues

6.1  Stress Relief Cracking

Although structural shapes are not subject to thermal stress relief in the majority of cases,
the material should be tolerant to such a treatment should it be applied. Cracking may occur
in the HAZ of some materials during stress relief, and composition is a major factor.

Okada [Okada et al., 1982] cite the study of Ito and Nakanishi which resulted in the fol-
lowing formula:

Py =Cr+Cu+2Mo+10V +7Cb+5Ti-2

Stress relief cracking may occur if Pg, is positive. The effect of copper is shown in
Fig. 30, and it has also been shown [Balaguer, J.P., et al., 1989] that a Cu-containing
HSLA100 steel base on A710 is susceptible to stress relief cracking.

If the elements in the formula are set at the maximum values permitted by the Draft,
the value of P, is 0.75 suggesting a slight susceptibility to cracking. At more typical va-
nadium levels Py, is negative. However, as pointed out by Lundin [Lundin et al., 1990]
the formula can only be regarded as a very rough guide.

Other work points to the role of trace elements like Sn, P, Sb in stress relief crack-
ing as indicated by the following formulae:
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Severity = 0.2Cu+0.445+ P +1.8As +1.9Sn+ 2.7Sb

(10P +58b+ Sn+ Al)

X (embrittling factor) =
g Jactor) 100

These formulae were not effective when applied to Cu-containing HSLA steels [Lundin et
al., 1990). The role of trace elements, however, may be particularly important for electric
furnace steels where tin in particular is usually present with the copper. Although the com-
position requirements of the Draft specification do not suggest a major problem from stress
relief cracking, the potential for it exists if certain elements, particularly vanadium, are at

the high end of their range. D R A F !

6.2  Thermal Cutting Dat
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Steel members having flame cut edges ntly inc ted in structures with
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Plecki et al., 1977; Ho et al., 1981] that the fatigue crack initiation behavior of the as-cut
surface depends on the cut edge quality as indicated by surface roughness and presence of

resolidified metal. These characteristics of the cut edge quality, however, depend primarily
on the cutting parameters and not on the steel composition.

More recently, however, Wilson [Wilson, 1987] has confirmed the presence of mi-
crocracks at the cut edge surface in HSLA bridge steels that varied in thickness from 1 to 4
inches. Microcracks were observed in both oxy-fuel and plasma cut surfaces. This study
had been undertaken after the failure of steel members that had been deployed with as-cut
surfaces in two bridges; subsequent investigation revealed the presence of cracks at the cut
surfaces, although it is not clear if these microcracks were considered to be initiation sites
of the failure.

In this study, thermal cut surfaces were produced in twenty one bridge steels
(A572, A588 and A36) using a variety of cutting variables. The steels represented a carbon
equivalent range of about 0.38 to 0.58. Carbon content varied from 0.11 t0 0.21 wt. %
and Cu content from 0.02 to 0.43 wt. %. The CVN toughness of the steel varied from 4 to
135 ft-1b at 40°F.
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The objective of this study was to examine the relationship of the as-cut surface
condition to the steel chemistry and cutting variables. The cracks, however, could not be
observed visually and scanning electron microscopy had to be employed to observe the 1 to
2 grain diameter deep, intergranular microfissures. The intergranular nature of these mi-

crofissures suggests a mechanism for their formation that is sigailar t one gausing hot
shortness in steels during hot rolling described earlier. A F i
Since thermal cutting involves oxidation of the surface, subpﬁltﬁ? conceniratien of

Cu, Sn, etc., could occur and result in penetratidt 6 & a@@ng\r{iIquhEsEfacﬂ SfE ONL
th hanism i ilar to hot sh t su
e mechanism is similar to hot shormess, it s ggesmib %ﬁlﬁpﬁ cl;géﬁATION

and that Ni could reduce the incidence of microcracks. At present, howcvcr no res

has been published to confirm this. Unfortunately, the Wilson study does not report the
presence of these elements in the steels investigated except for Cu, nor did it include any
microprobe or local microanalysis at the microfissures in the SEM to verify this specula-
tion. Copper alone does not seem to be sufficient at least not when present in amount up to
0.43 wt. %, since the microfissures in Wilson's study were apparent in all the steels irre-
spective of their chemical composition.

The significance of these microcracks in the study was indirectly examined by
means of a bend test (3/8 in. thick) that subjected the whole width of the cut edge to a large
strain (mandrel diameter equal to 4 times bend specimen thickness). The bend fail-
ures/cracks were found to initiate from the grain boundary fissures and superior bend rat-
ings (0 to 2, in steps of 0.1 depending on the extent of cracking at the tension surface: none
or hairline (0), short cracks with visible opening (0.1 to 1), large crack across specimen
width or complete failure (1.1 to 2)) were related to (a) lower cut edge hardness, (b) higher
steel CVN toughness and (c) lower steel carbon content.

While the exact mechanism for the formation of or the structural significance of the
grain boundary fissures present at the cut surfaces are not known, it is inferred that the po-
tential for brittle fracture initiation from as-cut surfaces would be higher for steels that con-
tain carbon at the high end of the range examined by Wilson and for steels that have rela-
tively poor CVN toughness. Any role for elements such as Cu, Sn, As and Sb in this
context is not established and requires further work.
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range of thicknesses. It permits traditional carbon and ca?‘bﬁlﬁmﬁi@gs%{as‘ﬁ% N
low carbon types with significant levels of alloy elements. By attempting to covcr-scver*alb ;
types of chemistry op-ions within a single requirement, the possibility exists for significant
alloy levels to be combtined with high carbon. These combinations have the potential for
causing weldability prc blems such as weld metal hot cracking and heat affected zone hy-

drogen cracking.

7.0 Conclusions and Suggestions

The Draft control: the combination of elements by imposing a maximum carbon
equivalent. The level (0.5 %) is presumably selected to allow strength requirements to be
met over the full thickness range and chemistry options. This level, however, could permit
chemistry combinations (high carbon, significant alloys) with the potential for weldability
problems.

The review found a lock of data on the effects of several elements and combina-
tions, most notably tin. It is a'so noted that many existing compositional formulae (such as
P_. ) were not developed for electric furnace steel and their suitability for such materials has
not been established. It is clear that research is needed to examine more closely the effects
of these elements on several aspects of weldability including hardenability, susceptibility to
hydrogen cracking, hot crackir g, and toughness.

Based on the opinions de veloped from the review and analysis, the following sug-
gestions are made which it is belizved will reduce weldability problems associated with the
Draft specification:

1 Lower the carbon equivalent maximum for steels with greater than about 0.1%
carbon, particularly for shapes of Groups 1, 2, and 3.
Set a minimum manganese level.

3. Set a maximum total nitrogen level.

4. Include an additional supplementary requirement with 0.01% maximum sulfur
for applications where lamellar tearing is a concem.
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5. Report or monitor tin levels.
6. Conduct studies to examine the weldability behavior, inclv 1i1g hardenabiliry
and susceptibility to hydrogen cracking, of a range of cor ) sitions within the

specification. D R | !\ F I—r
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Table 1. Chemical rcquin:mcnts.Date: SR

FOR COMMITTEE USE ONLY
Heat AnalysiN(‘azm.) FOR PrOARLOEAD] ON

A36 A572/50 Draft (6) Draft
Carbon 0.26 0.23 0.23 0.27
Manganese (1) 1.35 (4) 1.5 1.62
Phosphorus 0.04 0.04 0.035 0.045
Sulfur 0.05 0.05 0.045 0.055
Silicon (2) 0.40 (2) 0.40 0.45
Nickel 0.45 0.48
Chromium 0.35 0.39
Molybdenum 0.15 0.16
Copper (3) 3) 0.60 0.63
Vanadium 0.15 (5) 0.15 (5) 0.17
Columbium 0.05 (5) 0.05 (5) 0.06
(niobium)

(1) Manganese 0.85 - 1.35% for shapes over 426 1b/ft.

(2) Silicon 0.15 - 0.40% for shapes over 426 1b/ft.

(3) Minimum 0.2 copper when specified.

(4) Manganese minimum 0.5%.

(5) Columbium plus vanadium 0.15% maximum. Nitrogen (0.015% max.) when
added as supplement to vanadium shall be reported and minimum ratio vanadium
to nitrogen shall be 4 to 1.

(6) Maximum carbon equivalent (heat analysis) is 0.5% where

(Mn+Si)+(Cr+Mo+V+Cb)+(Ni+Cu)

CE=C+
5 15
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Table 2. Example composiﬁ:yj}rs@a’;:d & BRnB R il O N

Steel 1 Steel 2 Steel 3
C 0.23 0.17 0.07
Mn 0.8 18 1.25
P 0.035 0.035 0.035
) 0.045 0.045 0.045
Si 0.2 0.2 0.2
Ni 0.45 0.1 0.45
Cr 0.35 0.35
Mo 0.15 0.15
Cu 0.6 0.1 0.6
v 0.15 0.08
Cb
CE 0.497 0.5 0.498
P 0.329 0.266 0.212
CEN 0.463 0.455 0.291
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Table 3. Minimum manganese levels in various spcﬁgiggns for shapes

(Heat Analysis)
FOR COMMITTEE USE ONLY
NOT FOR PUBLICATIQN

Specification C% S % Mn % Comments
max. max. min.
A36 0.26 0.05 None Shapes < 426 1b/ft

0.85 Shapes > 426 1b/ft

A572/50 0.23 0.05 0.5

A588 0.17 0.05 0.5 Grade K

G40.21/350 (0.32 for 520 mm) i3 N
0.23 0.05 0.5 Weldable grade
0.22 0.04 0.8 Toughness grade

Draft 0.23 0.045 None
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Table 4. RefepmeveE QR cSBEICATION

Steel Example Weld Metal Example
1 2 3 1 2 3

Mn

Cb
Cu
Ni
Cr

0.23 0.07 0.07 0.208 0.08 0.08

0.6 1 1 0.78 1.1 1.1

0.2 0.2 0.2 0.26 0.26 0.26
0.05 0.05 0.04 0.04
0.6 0.6 0.5 0.5
0.45 0.45 0.36 0.36
0.35 0.35 0.28 0.28
0.15 0.15 0.12 0.12

0.035 0.035 0.01 0.03 0.03 0.01
0.045 0.45 0.02 0.04 0.04 0.02

UCS 49 20 13
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Table 5. Maximum copper levels in structurgy gteels.

(e’ COMMITTEE USE ONLY
Specification C % maximpm F@tﬂ%!"h‘ﬂ‘[‘"[CATION

A36 0.26 0.2 min, when specified
No maximum

A572 0.23 0.2 min, when specified
No maximum

A710 0.07 1.3

A588 (K) 0.17 0.5

A871 0.2 1.0

G40.21/350A 0.2 0.6

Table 6. Statistical data on copper and tin levels from typical
sample of electric furnace steel.

Tin % Copper %

Mean 0.0215 0.3556
Coefficient of varia- 0.2353 0.1553
mmum value 0.012 0.210
Maximum value 0.045 0.490

(Sample size = 117)
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1. Single pass fillet weid 2. Single pass electroslag weld
i g i ) ¢
3. Multipass pass groove weld 4. Multipass groove weld in moment
resisting connection

Figure 1. Examples of weld joints encountered in welding structural shapes.
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Figure 2. Zone diagram for estimating weldability behavior showing location

of example steels.
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DRAFT

Date: . . . .. .
'eR COMMITTEE USE ONLY
NOGT FOR PUBLICATION

41




Review of Weldability of Proposed Single Grade 50 Steel for Structural Shapes

HAZ Hardness (Hv)
w
(9]
o

C-Mn-residuals

L 4
10

Cooling time 800-500°C (s)

100

Figure 4. Hardening curves showing effect of residuals at the same

carbon level.
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Figure 5. Hardening curves for three example steels with the same carbon

equivalent.
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Figure 7. Effect of sulfur on Charpy shelf energy during longitudinal and transverse
testing. [Pickering, F.B. 1975]
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Figure 9. Relationship between steel composition and occurreggg of hot grackin
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Figure 10. Effect of carbon and Mn/S ratio on severity of cracking in hot cracking test.
The lines represent contours of equal severity. [Jones, 1959]
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Figure 11. The iron-copper phase diagram. [Le May, L, et. al. 1982].
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Figure 12. Effect of temary additions on solubility of copper in austenite at 1250°C.
[Habraken, L., et. al. 1982] 4 .
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Figure 13. Effect of copper content on cracking in Varestraint test. [Miyoshi, E., et. al.
1976)]
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Figure 14. The effect of added elements on hot cracking using the Varestraint test.
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Figure 15. Relationship between formula of susceptibility in steel for bond brittleness
(Pg,) and measured Charpy vTs of welded bond when quenched microstructure of marten-
sites and lower were formed in the cooling time on the critical range of about 11 sec.

[Tto, Y., et. al. 1973]
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sec. [Ito, Y., et. al. 1973]
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Introduction to Cable Structures

by Richard M. Gensert

The Spider Web

The most obvious cable structure in nature is the
spider’s web. As a single-plane structure, the web nor-
mally takes on the form of a radial pattern for the primary
members, and a nearly concentric form, or spiral for the
secondary members.

i
AE
i // /
g
<
o The bowl-shaped web consists entirely of random
/ T Tippeeet ‘ members that make up this doubly curved surface. Hoop
i S 7 v forces cannot exist due to the bowl shape and the tie-
13 : downs.
i

Since forms in nature are influenced by environment,
growth rate of the species, age and time, specific tension
of organic materials, heredity, and other faccors, it is
difficult to separate each influencing or motivating cause.
Nevertheless, we can be certain of one determinant, and
that is the minimal effect—every line, every angle, every
curvature defines an equilibrium between forces that are
acting and the forces they resist.

A dome-shaped web consists of concentric or hoop
members acting as primary elements; the inter-connecting
members are in a random pattern.

Likewise, in building structures we should be looking
for the same efficiency; that is the optimum effect. In
spite of man’s frailties, he has made a concerted effort
to match, and at times to surpass, nature’s highly sophis-
ticated approach to design.

Early Suspension Structures

It is difficult to determine when the first man-made
suspension structures were built. Most likely they were
bridges rather than buildings. The state of the art in
Java, Burma, and surrounding countries leads one ©
think that this type of structure originated in the Far East
where bamboo and hemp were used for cables and sus-
penders. In China, rope and iron chains were used for

Richard M. Gensert is Principal, R. M. Gensert Associates, Consulting Engineers, Cleveland and Pittsburgh.
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The Catenary Curve

During the 18th Century, science was merely a means
or medium for serving theology. The interest in a deity
often took on the form of mathemarical and physical
investigation into minimum or maximum conditions of
natural phenomena. The curvature of a projectile path,
the flow of magnetic forces, the motion of light, all
were studied as a means of realizing the metaphysical and
theological principle of achieving the greatest effect with
the least effort.

The catenary curve was also part of this great effort in
the study of the minimal effect. A chain, suspended
from two fixed points, will assume that form at which
the center of gravity is in the lowest possible position.
With this principle in mind, Jakob Bernoulli in 1690
determined the equation of the catenary. The Scortish
mathematician, D. Gregory, in 1697, published a treatise
on the properties of the catenary, wherein he determined
its form as a graphical representation of equal forces posi-
tioned at equal distances along a cable and in equilibrium
with each other and their reactions.

The Iralian mathemartician and engineer, Poleni, in
1748, established other forms of a free cable supporting
different magnitudes of loads at various positions along its
length. The parabola was formed by positioning equal
forces at equal distances along a horizontal between the
two supports of the cable.

Modern Suspension Bridges

Thus, during the 18th Century, equations for the shape
of cables under various loading conditions and their
statical analysis were developed. That century also pro-
duced the first modern suspension bridge, built in North
America in 1796, by J. Finley.

The 19th Century produced many suspension bridges,
particularly in the United States. The first suspension
systems used either iron chains or flat iron bars. In 1816,
the first wire cable suspension bridge was built, and in
1870, Roebling builc the Brooklyn Bridge with its sec-
ondary cable system that counteracts the aerodynamic
effect ordinarily referred to as "flutter.”

Structural Concept

To better understand the cable as a flexible spanning
element, we might first compare it with che rigid span-
ning element commonly known as the “truss.”

Trusses are rigid, horizontal spanning elements thar
support loads by means of internal bending resistance.
The bending resistance is accomplished by compression
and tension forces working simultaneously within the
framework as shown on page 5. Trusses can be shaped
to fit their moment diagrams and their shear diagrams.

If a cable is flexible and cannot withstand compression
and shear, we could draw an analogy with the truss by
removing those portions that withstand compression and
shear.

I =

We find it necessary to replace the internal horizontal
compression force of the truss with external tension
forces for the cable to keep it in equilibrium. The depth
of the truss withstanding bending now becomes the sag
of the cable, and the bottom chord defines the cable
profile.

Structural Geometry and Stress

If we keep the sag, span, and the total load on the
cable at a constant value, the slope (0) of the cable at its
support will vary with the shape of the cable, which in
turn is directly affected by the distribution of the load.
As the slope varies, so does the tension within the cable.
Thus the toral cable load concentrated at the center will
produce a stress in the cable at its support that is larger
than that stress produced when the load is uniformly
distribuced.

Sag/span ratios have been plotted against maximum
cable tension, horizontal reaction at support, and weight
of cable for both uniform loads and their equivalent
concentrated load at center span. The optimum values
are evident from the abrupt change in curvature of the
graphs. From these graphs, one can see that cable
economy is dependent upon cable shape. (See page 6.)

Structural Feasibility

The justification of a cable structure over the plate-
girder, truss, or arch can best be shown in the accom-
panying sketches. (See page 7.) Note that an increase
in span causes structural economic problems with the
plate-girder as both shear buckling and bending insta-
bility are concerned. The truss suffers from connection
costs and depth of construction. The arch suffers from
compression buckling, leaving the cable limitations as a
function of dead weight and anchorages.

Lev Zetlin developed an ingenious approach to this
problem in the United States Pavilion at Brussels, by
incorporating a double set of cables with a compression
ring that not only produced a self-anchoring system, but
also produced a vibration-resistant system. A set of
convex and concave cables springing from the same point
produces a reaction on the boundary compression ring
as much as twice the value of that produced by a single
cable. The roof is a double-plane system.

Structural Proportions

Let's consider some possible span limitations and pro-
portions of cable systems as they may pertain to the three
types of roof curvature, ie. single curvarure, double
curvacure (+), and double curvature (-). (Pages 8-12.)

The few possibilities in cable-supported roof structures
presented in this introduction to the subject are limited
by regular forms of single or double curvature. If we
consider non-regular and asymmetrical forms, the possi-
bilities are unlimited.
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Steel Cable Creates Novel Structural Space Systems

LEV ZETLIN

Reprinted from *"Engineering Journal”™ of The American Institute of Steel Construction, with permision

STRUCTURAL ENGINEERING i8 inherently a creative pro-
fession.
engineers are involved mainly in the design of a few well

Nevertheless, as often practiced, structural

known structural systems, while research and develop-
ment are usually directed towards greater economy of
material and labor in those systems.

However, creativeness in structural engineering
should be measured by the evolving of structural sys-
tems which offer more flexibility for architectural plan-
ning and which could be constructed more economically
than structural systems of yesterday. Flexibility could be
measured by greater span lengths and aesthetics of the
structural systems. Such structural systems could be left
exposed and thus save in exterior finishes.

The theoretical principles which would govern such
structural systems have to be based on the following
considerations:

1. Avoid flexural members as far as practicable.

2. Attempt to utilize the material either in direct
tension or direct compression.

3. Utilize geometry of the structure in resisting the
loads.

4, Design the entire structure as a whole to resist the
load; i.e., the characteristics of the entire structure
as a whole entity should be considered in the struc-
tural analysis, rather than that of individual mem-
bers (leaving to chance the interaction between the
members).

Structural systems that could be evolved on the basis
of these principles are bound to result in significant
savings of construction cost. They would offer tremen-
dous fexibility in architectural layouts and would con-
tribute to the aesthetics of a structure. These principles
would offer an infinite number of shapes, new forms and
would open new horizons in the construction planning.
Such an approach to engineering would indeed con-
tribute to the progress of construction.

Application of the above mentioned principles would

Lev Zetlin is Prinapal, Lev Zethn &  Assocates, Cunsulting
Engineers, New York, N. Y.
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generally result in space structural systems; namely,
systems which carry the superimposed load in three
dimensions, as opposed to plane structural members
which carry the load in two dimensions only.

One of the most beneficial methods of achieving excit-
ing structural systems, particularly in the United States
with its advanced construction techniques and high ratio
of labor to material costs, is the high strength cable,
particularly the bridge strand.

One of the high dividends of using strands is that one
can create a structure where the roof, rather than being
supported by the structure below, actually holds the
entire structure together, resulting in significant econ-
omy in the superstructure, the supporting elements
and the foundations. It will be noted that space structures
with strands would be subjected essentially to tensile
stresses. The big difference between a conventional space
structure, and a “tension” space structure, is that the
stresses in the component members of a “tension” space
structure could be predetermined by the designer. A
simplified summary is that a tension space structure is
equivalent to a structure prestressed in its entirety.

This article deals with the theoretical aspects of
suspension cables and elimination of their elastic in-
stability. Some of the applications of dampened sus-
pension systems are also discussed.

STRUCTURAL BEHAVIOR OF A SUSPENDED CABLE;
DYNAMIC INSTABILITY

Modern high strength cables and strands offer a material
which is four to six times stronger than, and at a cost
that is only twice as much as, ordinary structural steel.
Furthermore since a cable is subjected to tension only,
the possibility of buckling is precluded and, hence, its
entire cross sectional area may be utilized at the max-
imum permissible stress. The resulting structure is not
only light but also effects further economy in the founda-
tions.

Because of these advantages, the use of cables as the
principal structural members for suspension roofs for
intermediate and large spans stands to reason. Indeed,
many attempts have been made by the engineers of many
countries in this direction. One obvious structural solu-
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Use a 2-in. diameter galvanized bridee strand with cross
sectional area of 2.43 <q in.. weighing 848 [hs per linear
foot. Factors of safety and allowahle design stresses in
strands are beyond the scope of this presentation.

Angle a (see Fig. 2) of the cable at the anchorage
point is given by

tana = 4f L = 4 13 = 0,267 (3)
a = 02618 radians (15°) (4)
Vertical reaction s
V = Tsina = 116 X 0.2588 = 30 Kips (5)
Horizontal reaction fHis
H= Tcosa =116 X 09659 = 112 kips  (06)

It will be noted that the horizontal component of /1
at fhe anchorage point also represents the tension at
midspan of the cable.

The actual tension along the cable varies from max-
imum value 7°, = 116 kips at the anchorage point to the
minimum value / = 112 kips at center of span. For
small ratios of sag-to-span, it may be assumed that the
cable is subjected to a uniform tension 77, = 116 kips.

For small sag-to-span ratio, the approximate initial
length of the cable (before the application of ) is given
by

L=11[t+ (83 (] = 3035 (7)
Elastic clongation of the cable is
AL = T L/EA (7a)

where E = modulus of elasticity (approximately 24,000
ksi) and A = cross sectional area of cable (2.43 sq in.
for 2 in. diameter strand).

Therefore, from (2) and (7)

AL = 0.605 ft = 7.25 in (8)

Increase in sag, Af, due to the cable elongation of
AL is

AL

Bl e 1 = 1750 (9
(16 15) (f O[5 — 24 (f 12

af

Discussion of results:

Total deflection due to combined dead and live
loads is not of particular interest. Of interest is the
live load deflection. Since in static design the behavior of
cables is directly proportional to the superimposed load,
live load deflection for our problem is 1.75 X (30 50)
= 1.05 ft. This gives a ratio of deflection to span of
1.05 300 = 1 '286.

The tension in the cable depends solely on the magni-
tude of ¢ and the geometry of the cable, ie, its shape
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(in our case parabola), span and sag. In accordance
with (8), the total sag of the cable under 715 20 4 1.75 =
21.75 fk.

In accordance with (1), as the sag increases, the
tension deereases: for a sag of 21.75 ft the tension drops
approximately from 116 kips to 116020 21.75) = 107
kips. Actally, under a wnsion of 107, the sag will be
shehtly less than 21.75 ft: atequilibrium, the tension in
the cable will be somewhere between 116 and 107 Kips
(closer to 107 kips) and the total sag will be between 20
fr and 21.75 ft (closer to 21.75 ft).

This example of the decrease of the tension in the
cable lustrates an importane characteristic of suspen-
sion roofs: destructive internal forces and reactions on
abutments are reduced when detlections are increased.
This characteristic should be utilized in investigating
the actual factor of safety of suspension roofs. In general,
at incipient collapse, the forces which tend o destroy a
suspension roof are being gradually reduced, and this
stahilizes the structure.

Dynamic Behavior
of Autter and of self-exciting vibrations in a suspension
roof would entail a lengthy mathematical treatise.
However, climination of fHutter could he explained
through consideration of natural [requencies of the
individual cables.  For this reason, natural frequencies
of the cable in the above example will be computed,
and a few observations made.

Natural frequency of a suspended cable depends on
the load attached to it, and the tension in the cable. The
natural frequencies of a tight cable are given by

A deseription of the phenomenon

W, = alx )V T (g'g) (10)

where ¢ = acceleration due to gravity: » = any integer;
other terms as defined previously.

The difference between [ and L, as shown before, is
small; hence, equation (10) could he used.

Since T is proportional to the applied load g, the
natural frequencies do not depend on the magnitude
of load applied to the cable. [t should be noted. how-
ever, that this independence of natural frequencies from
the load hold only if: (a) tension 7" is computed on the
basis of the initial sag f (in our example, f = 20 ft) and
(b} there is no other tension in the cable except that due
to the wuniformly distributed load only. Condition (a) is of
minor significance and is accurate enough for practical
purposes. Condition (b), on the other hand, is of major
significance. If the tension 7 in the cable is due to a
combination of uniformly distributed loads and a series
of concentrated loads, the natural frequencies of the
cable would depend on the locations and relative mag-
nitudes of the concentrated loads. This latter fact should
be borne in mind later in this presentation when dampen-
ing is discussed.
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%y ~u" (upper cable)

i Lb" (bottom
cable)

b
Figure 7

Examples are shown in Figs. 6 and 7, but the follow-
ing discussion will be limited to Fig. 7. The suspension
roof is composed of two layers of cables. Cables b in the
lower layer are similar to the primary cables in the
previously solved example; the upper layer of cables u
contains one cable corresponding to each cable b in the
lower layer. Each cable b in the lower layer is connected
to the corresponding cable u in the upper layer by struts
sin Fig 7.

Cables b and u are erected with initial tension (pre-
stress) Ty, and T, respectively. The magnitude of these
tensions depends on the spread (f, + f) (Fig. 7), number
and location of struts and the size and weight of cables
b and u. When thus erected, the only vertical load that
the cables carry are their own weight and the weight
of the struts.

As dead load (e.g., roof deck) and live load are
applied, the assembly of the two cables (with the struts)
acts essentially as a beam with a span /. Consequently,
the tension on the top cable u is decreased by amount
AT, while the tension in the bottom cable b is increased
by amount A7), Magnitudes of AT, and AT, depend
on the magnitude and distribution of the applied dead
and live loads and sizes of cables. If, under the most
critical combination of dead and live loads, the value of
AT, isless than T, while T, 4 AT\, is less than the design
capacity of the lower cable b, both cables b and u will
remain under tension without overstress. Also, the follow-
ing should be noted :

a. Values of AT, and AT, could vary within a wide
range during the service life of the roof.

b. The value of 7, — AT,, i.e.. the residual tension
in the upper cable at any time should not be too
small to cause undesirable sag of the upper cable
between steuts (the upper cables may be support-
ing the roof deck).

¢. Residual tension T, — AT, and Ty, + AT\ in the
upper and lower cables respectively should be
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such that the deflection of the assembly of Fig. 7
is Not excessive.

Let us now consider the dynamic properties of the
two individual cables b and u in Fig. 7, under any
superimposed load which causes decrease AT, in tension
of the upper cable and increase AT, in tension of the
lower cable.

Referring to equation (10): Natural frequencies
of the bottom cable are

ST T + AT,

Wy = (11)
e
Natural frequencies of the upper cable are
W,=n > JT'? — AT, (12)
{ q.'¢

where in (11) and (12), ¢, and ¢, are the weights per linear
foot of the bottom and upper cables, respectively.

[t will be noted that Ty, + AT, increases with the
load. while 7', — AT, decreases with the load.

When the complete dead load has been applied,
natural frequencies are:

for the lower cable:

W, = n: { Ty + ATw (13)

/

for the upper cable:

W, = R'JT“ ~Atu (14)
A N7

Therefore, if under dead load, T\ is always made to be
greater than T, it is seen from (13) and (14) that the
natural frequencies of the lower cable, Wy, and the upper
cable, W,, corresponding to a particular value on the
integer n will always have different values at any mag-
nitude of the live load.

When a cable vibrates, its actual geometry is a super-
position of several of its fundamental modes, as well as
of the modes due to forced vibration (i.e., due to the
frequency of the externally applied dynamic load).
From the preceding discussion, therefore, it follows that
under a given externally applied dynamic force, the
geometry of vibration of the lower cable will always
tend to be different from that of the upper cable, as
shown in Fig. 8, which shows the two cables in an imag-
inary situation without the struts.

In the suspension roof shown in Fig. 7, the lower cable
is connected to the upper cable by struts s. If one of the
cables, say the lower one, tends to be excited by an
externally applied dynamic load and, therefore, tends
to assume a certain geometry at a particular instant,
the upper cable, due to its different characteristic, would
tend to assume a different geometric configuration.
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while the upper cable has to be designed for a ten-
sion caused by a uniformly distributed load

g1 - -\q- (IHJ

f. In practice, there must be enough residual tension
left in the upper cable under the most critical super-
imposed load, to keep its sag between consecutive
struts to permissible maximum, depending on the
type of roof deck used.

Equation (16) together with (17) and (18) are very
important to the designer in the initial stages of choosing
size of cables and the amount of the initial tension 7.
(In practice, a designer should use an equation similar to
(16), except that ¢, is given in terms of 4, and A4, as
well as f, and f,,; this will give him insight into the choice
of desirable values for f, and f,,.)

It will be noted from (16) that if A, = A, the lower
cable will carry a tension due to ¢, plus ',p; if A, is
cpnsiderably greater than Ay, the additional tension in
the lower cable will be that due to but a fraction of p;
if Ay, 1s considerably greater than A, the additional
tension in the lower cable will be due to almost complete
intensity of p.

It is hoped that this discussion will give the designer
enough background and general understanding of the
load resistance characteristics of a suspended roof con-
sisting of two layers of prestressed cables to enable him to
choose sizes of, and initial tensions in, the cables. This
step will, therefore, be eliminated from this presentation
and we shall proceed with the calculations of tensions
and dynamic characteristics of our example, assuming
that the assembly of Fig. 9 consists of the following :

Lower cable: 2'', dia. strand, 4, = 3.11 sq in,,
weighing 10.83 Ibs per lin ft
Topcable: 17y dia. strand, 4, = 2.14 sq in., weighing
7.42 |bs per lin ft
Initial tension in the upper cable, T, = 90 kips.
Therefore:
g, = 200090 116) = 155 lbs per lin ft
¢i + g« = 155 4+ 25 = 180 lbs per lin ft
[ nitial tension in bottom cable:
Ty = (180 155) X 90 = 104.2 kips
Natural frequencies
W, = 6.52, 13.04, 19.56
W, = 5.83, 11.66. 17.49
Also:

2.14

= p X 0.408
2.14 4+ 311

Aqo =

In connection with the natural frequencies, the
following reasoning was pursued:

a. In a single suspended cable, as in Fig. 1, the
tension is always proportional to the load. Hence,
in accordance with equation (10), the natural
frequency of a suspended cable under its own weight
or in conjunction with a superimposed load stays
the same.

b. Natural frequency of either the bottom of the upper
cable in Fig. 9, where they are separated by struts
and where most of the load is exerted and trans-
mitted through the struts, could be calculated only
after a lengthy mathematical procedure.

c. In the opinion of the writer, however, the actual
natural frequency of cach of the cables is not of
practical importance. As long as the natural fre-
quencies of each of the cables are computed using
the same common condition, and as long as the
frequencies thus computed are different from each
other, there is suthcient assurance that the two
cables would tend to vibrate in different modes
(under one specific externally applied dynamic
force), and thus flutter would be eliminated.

d. To satisfy requirement (c) above, it is adequate to
compute the natural frequencies by equation (10),
using the total span of the cable, the actual existing
tension, and only the weight of the cable itself.
(Note the condition of the bottom cable between
two consecutive struts, when the roof deck is
applied to the upper cable.)

e. Several rude test models with double layer of
cables were subjected to various pulsating loads
but, as expected, did not exhibit any flutter tend-
encies. A double layer suspension roof designed
by the writer per above-mentioned principles was
completed in 1959 in the northern part of the
United States. During the years since its comple-
tion this roof has exhibited no tendency to flutter
even though, in addition to heavy winds, me-
chanical and air conditioning equipment, bill-
hoards and other items were placed between the
two layers of cables or hung from them. To the
best knowledge of the writer, all other single layer
suspension roofs without rigid membrane or guy-
anchors, did exhibit Autter tendencies within such
a time span.

f. In choosing the initial tensions and geometrical
configuration in Fig. 9, the designer should ascertain
that at the application of the entire dead load the
natural frequencies of the upper and lower cables
are different and that as the load increases, the
natural frequencies diverge further. This will assure
that at no time and under no live load would the
natural frequencies of the two cables coincide.




Some Qutstanding Build

North Carolina
State Fair Building,
Raleigh, N. C.

The State Fair Arena at Raleigh, North Carolina, com

ple 1953, the first major cable-suspended root

was
built in the United States

radically

The

different from conventional designs, is eminently logical

Arena's structural theory, although
Picture two men grabbing each other by both hands in
an attempt to pull each other off balance. Insunctively,
bodies to create as

the

they brace their feet and slanc their
stable a condition as possible This 1s similar to
action of the two opposing arches in the Arena, with the
cables acting as the arms, spanning and supporting the

roof

The grid of roof cables consist of 47 main cable assem-




Villita Assembly Hall

One of the simplest forms of cable-suspended roof
structures is the circular roof. Cable assemblies are
strung from a steel tension ring in mid-air to an exterior
steel compression ring which rests on the outside wall
columns. In plan, it resembles a bicycle wheel.

[he Villita Assembly Hall saucer-shaped roof is sup-
ported by 200 assemblies approximately 47 feet long of
I in. diameter zinc-coated prestretched strand. Each
assembly has a swaged open clevis attached to one end,
and a swaged eye terminal
and turnbuckle attached to
the other end

T'his roof structure covers
a building approximately 132
feet in diameter with column-
free interior area

For a force diagram of
this building, see Page 34.

The building is owned
by the City Public Service
Board of San Antonio,
Texas. O'Neil, Ford and
Associates of San Antonio
were the architects, with W. E. Simpson Company, also
of San Antonio, the structural consulting engineers.
G. W. Mitchell of San Antonio was the general con-
tractor. Alamo Iron Works, also of San Antonio, was
the steel fabricator and erector. Steel cable assemblies
were furnished by Bethlehem Steel Corporation, Williams-

port Plant
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Autorama Building, Petit Jean Mountain, Arkansas

This building, located at Petit Jean Mountain, Arkansas,
serves as an Antique Automobile Museum. The cable-
suspended roof design employs a squared variation of the
compression ring yrmup]e to provide a 22,500-square-
foot, column-free exhibit area.

Radiating from the four corner posts, the steel cables
pass through a cruciform steel strut which stabilizes the
roof and divides it into four equal parts.

The roof cables uulized were 24 assemblies varying in
length from 146 feer to 200 feet. The 1! in. diameter
lengths of zinc-coated prestretched bridge stwrand have
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Type 7 Anchor Sockerts attached to each end.

Building owner 1s Winthrop Rockefeller of Winrock
Farms, Arkansas. Ginocchio, Cromwell, Carter and
Neyland of Little Rock, Arkansas, were the architects
Severud - Perrone- Fischer-Sturm-Conlin- Bandel of New
York, N.Y., served as the strucrural engineers. General
contractor was Pickens-Bond Construction Company and
erector was Kelley-Nelson Construction Company, both
of Little Rock, Arkansas. Steel fabricator was Arkansas
Foundry Company of Lictle Rock, Arkansas. Steel cable
assemblies were furnished by Bethlehem Steel Corpor-

ation, Williamsport Plant



Madison Square Garden Sports Complex, New York, N. Y.




Design Examples

The Villira Asscmbiy Hall (Figure 1), San Antonio, Texas,
is a classic example of a radial-type cable-suspended
system. The cables act as the main supporting system
for the roof construction. The truss-work shown in the
diagram 1s not a primary structural component of the
roof system, but simply a series of ceiling frames hung
from the cables.

The central portion of the roof structure is made up of
radial trusses with a peripheral tension ring and an inner
ring which also serves as the base for the ventilation frame
Radial rrusses, like spokes in a bicycle wheel, reinforce

the tension ring by resisting direct tension from the
cables. Bending moments on the tension ring are thus
minimized.

At the outer perimeter, the radial cables are attached
to a built-up compression ring, fabricated from two
I-members which provide stffness in both vertical and
horizontal axes.

Damping of the cables to prevent flutter is achieved
through the additional mass of the ceiling frames as well
as the continuous mass of the roofing matenals. Roof
loading is resisted in tension by the cables, which in turn

66 FT_RADIUS J

¢—— CENTERLINE OF BUILDING
VENT
FRAME

RADIAL TRUSS

TENSION RING

BUILT-UP
COMPRESSION an\

Figure 1
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the columns to the supporting cable (See Figure 4).
Between the channels, intermittent blocks are provided
for cable clamping. This technique produces a fairly
rigid cable guide which can be used to advantage in

as a foundation for the beam-on-column system.

A beam-on-column system may be designed with or
without rigid connections between beams and columns.
For Madison Square, it appears that the designers chose
simply supported beam spans between the columns and
provided lateral supports around the periphery of the
system (see detail, Figure 3).

Concentric circular rrusses are provided for two pur-
poses: First, in the case of the peripheral truss, to span
large distances between the cables: secondly, in the case
of the four inner trusses, to provide support for the floor
beams in the heavily loaded mechanical area

With known reactions from the beam-on-column
system as loading, the cable may be designed according
to classic methods. As in conventional radial cable
systems, the tension ring at the center provides ample
space for connection details, and the compression ring
at the perimeter minimizes bending on the wall columns
supporting the roof.

The cables will be encased in a built-up section made
up of two channels to provide a means of connecting
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predetermining the cable geomerry,

Another example of a cable-supported roof system is
the Rayrtheon Hangar at Hanscom Air Force Base,
Bedford, Massachusetts, just outside of Boston. This
building demonstrates striking appearance coupled with
an ingeniously uncomplicared force system. Figure 5
illustrates the force diagram for verrical loads on one
half of the roof structure.

Roof loads on the stiff roof beam are transmitted as
reactions on the exterior columns of the building. By
simple triangulation of forces from joint to joint, the
tensile forces on the main cables as well as the compressive
forces on the protruding struts can be obrained directly.
Thus the external reactions on the main roof beam are
known. To complete the analysis, momencts, shears, and

axial forces on the main roof beam can then be determined.
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Wire Rope and Strand for Structural Applications

Most manufacturers of wire rope products—including
Bethlehem—have produced ample product literature over
the years. But most of the available literature embraces
products for a wide range of specific end uses, such as
bridges, elevators, excavating and hauling machinery,
radio and TV rtowers, tram lines and ski lifts, etc. Archi-
tects and engineers designing structural buildings, gen-
erally, have had to select the suitable cables and
connections from established product lines scatrered
among existing multi-producr literature.

To make the structural design task easier, this new
Bethlehem booklet assembles in one place most of the
practicable product information of interest to designers.

No new parlance or nomenclature has yet developed
for this relatively new technology of cable construction
for buildings, nor will ic likely be developed for a while
Most terminology is identical with that of the related
wire rope products. However, in the glossary on page 77
terms have been excluded which do not refer to structural
applications. The term “bridge strand™ as used in this
bookler denotes the best available grade of strand rather
than the specific use of the product

What is “strand?”

“Strand” is an arrangement of wires helically laid around
a center wire, to produce a symmerrical section.

In the steel cable industry, strand has two basic uses.
First, strands are used in the manufacture of wire rope as
a component part of the final product. Typical strands
for this application include 7, 19, 37 and 61 wires.

Strand 1s also used as an individual load-carrying
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6-Strand
Wire Rope

1-Wire
Strand

tension member where flexibility or bending is not a
major requirement. For any given overall diameter,
strand will always be the least flexible of steel cables.
Reference to the cross sectional drawings above will
show why. A strand, of appropriate size for a specified
load, provides the maximum strength-to-weight ratio for
a given diameter of cable. It is this feature that permits
successful adapration of strand to structural applications.

Individual strands are manufactured in diameters
through 4 in., and can contain as many as 300 wires.

What is “wire rope?”

“"Wire rope” is a plurality of strands laid helically around
a core. The core may be a fiber rope, another steel strand,
or a small wire rope.

Wire rope provides increased flexibility as compared to
an individual strand, and generally conrains 6 or 8 strands
plus the central core. For structural applications, wire
rope consisting of 6 strands laid helically around a center
strand is commonly used.

Wire rope is manufactured in nominal diameters
through 4!4 in.

Coatings for Bethlehem Wire Rope and Strand
BETHANIZING (electrolytic zinc)

The Bethanizing process permits Bethlehem to produce
five different weights of electrolytic zinc coatings to meet
a wide range of corrosion-resistance requirements. As
the corrosion life of a zinc coating is directly proportional
to its weighr, a heavier coating can be chosen for areas of




PRESTRETCHING WIRE ROPE AND STRAND

As compared with most steel products, wire rope is a
telatively elastic product, and for most service require-
ments the normal as-manufactured condition provides
safe and satisfactory service life.

For certain requirements, however, such as for main
cables and suspenders of suspension bridges, guy ropes
for high towers, cable-supported roof structures, and
similar applications, the wire rope or strand should
approach closely a condition of true elasticity. To secure
this condition, stretching of the as-manufactured rope or
strand is necessary,

Reasons for Prestretching

Prestretching may be defined as the application of a
predetermined tension to a finished wire rope or strand
for the following reasons.

1. To make the rope or strand truly elastic by removing
the “constructional looseness' inherent in the product as
it comes from the stranding or closing machines.

This is essential for most suspended or guyed structures,
since it enables the designer to predict better the elastic
behavior of the rope or strand after its erection in the
structure. In a suspension bridge, for example, the elon-
gations of the main cables under load must be nearly
alike, and at a predictable rate, so that the mid-span sag
may be uniform.

2. To permit measuring and marking, under prescribed
loads, of the proper spacing on the rope or strand of such
locations as the centers of towers and suspenders.

The elongation of a wire rope or strand under tension
is due to: (1) The elastic or recoverable stretch of the
steel itself. (2) The non-elastic constructional or perma-
nent strerch, which is a variable quantity depending upon
the size of the stranding and closing equipment used in
manufacture, the arrangement of the wires, and the length
of the lays of the rope or strand—factors which are re-
sponsible for the inherent condition sometimes described
by the term “constructional looseness.”
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The elastic stretch of the steel permits a full recovery
to the original condition and length, upon release of an
applied tension, provided the tension does not exceed
the elastic limirt of the steel wires. Constructional stretch,
on the other hand, results in a permanent set or increase
in length when tension is applied and then released.

Removal of Stretch

The amount of constructional stretch in rope or strand
can be minimized by the use of the proper sizes of wire
and lengths of lay, and by fabrication on heavy, rugged
machinery, but it cannot be entitely eliminated. If the
constructional stretch must be reduced to minimum
amounts, the rope or strand must be subjected to tension
after fabrication.

Removal of constructional stretch is effected by
repeated applications of tension to the rope or strand,
the number and duration of the applications depending
on design factors and characteristics of the rope and
strand. The first application removes neatly all of che
“"looseness™ inherent in the rope. A second application
produces only a slight additional permanent stretch, and
the chird loading usually proves that the second has done
its job. This repeated stretching Yorces the component
wires and strands to seat themselves in closer contact,
and the rope is left with well-defined and uniform elastic
properties similar to the steel itself.

With constructional stretch eliminated, any given
working tension, or load of predetermined relation
thereto, can be applied, and overall lengths and fitting
positions can be measured and located within close
tolerances. In the case of suspension bridge cables, loca-
tions for all cable-band and tower centers can be accurarely
measured and marked, thus facilitating erection of the
bridge.

The operation of presturetching is as follows. One
end of the rope or strand is fastened to a fixed crosshead,
and the other end is artached to the head of a horizonral
tensioning machine. The necessary tension is then
applied. However, the need to stretch rope in diameters
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Bridge Strand

For Main, Wind, and Suspender Cables.
Strand, Multiple Wire, Zinc-Coated

Single

Multiple-wire bridge strand is furnushed in varying
numbers and layers of wires depending on the diameter,
and in lengths up to approximately 5000 ft. Because of
its higher unit strength, this strand can be used with
smaller diameters chan multiple-strand bridge rope, and
its use for suspension bridge cables usually results in less
costly strucrures.

Bridge strand of this type can be prestretched in any
length that can be made or shipped.

Bridge strand can be furnished with Bethanized zinc
coatings.

Single Strand, Multiple Wire

Weight Metallic Breaking Weight Maetallic Breaking
Diam per ft Area Strength Diam per ft Area Strength
approx approx approx approx
in. Ib sq in, tons in. Ib sq in. tons
2 0.52 0.150 15 1'%a 7.89 2.25 230
Yie 66 190 9 2 8.40 2.40 245
¥ 82 234 24 274 8.94 2.55 261
Wie 99 284 29 2% 9 49 2.n 277
Y 1.18 338 34 Y 10.1 2.87 293
"W 1.39 394 40 2% 10.5 3.04 310
) 1.61 459 46 2% 1.2 3.2 327
¥ 1 85 527 54 2% 1n.z 338 344
1 2.10 600 61 s 12.5 3.57 360
1Ys 2.37 677 69 2 12.8 375 374
1/ 2 66 759 78 2% 13.6 394 392
¥ 2.96 846 84 2% 4.5 413 417
7] 328 938 94 2N 15.2 433 432
1% 3 62 1.03 104 Y 15.9 4 .54 452
1% 397 113 116 2% 17 4 4 9% 494
s 4 34 1.24 126 3 18.9 5.40 538
1 473 1.35 138 3 20.5 5.86 584
1% 513 1 47 150 I 22.2 4 34 425
1% 5 55 1 59 162 3% 23 9 6. 83 473
1'Yia 598 1.7 174 3 25.7 7.35 724
1% 4 43 1 B4 188 3% 27.6 7.88 768
1'% 4 90 1.97 202 I 29 5 8. 43 822
1% 139 2.11 214 3% 31.5 9.00 878
4 336 9 40 925
Minimum moduli of elasticity of the above stronds, when prestretched, are gs fallows
/i, 16 2% 4-1n, Jiom 24,000,000 psi
2% -in. and larger 23,000,000 psi
Moduli are based on Class 'A'" coating, for heavier coatings, reduce modulus appraxmately 1,000,000 ps
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typical connections




TWO 0S-1 OPEN SOCKET CONNECTIONS

0S-1 OPEN SOCKET

A—r

CABLE-TO-COLUMN FLANGE

0S-1 OPEN SOCKET

BEAM-TO- CABLE HANGER




TYPE 2 OR 5 ANCHOR SOCKET APPLICATION

TYPE 2 ANCHOR SOCKET

NOTE: TYPE 5 COULD HAVE
BEEN USED INSTEAD

STEEL PLATE
OR
WASHER

ROOF SUSPENSION

SYSTEM CABLE
(STRAND OR ROPE)

STRUCTURAL MEMBER

TYPE S

ANCHOR SOCKET

54




TYPES OS-1 AND CS-1 OPEN AND CLOSED SOCKET APPLICATIONS

TYPE QS5-I
7 -5 OPEN SOCKET

'y )
v 7 /
v/

_____ z_’ﬂ_- IIHIM[
ol / ‘- EYE END ROD \
: \ CABLE
THREADED INSERT (STRAND OR ROPE)
JAW END TYPE CS-I
TURNBUCKLE CLOSED SOCKET
2 ylli 0000000000000 Jonnunoae00 é
{ L
’ \\ \
ANCHOR ROD CABLE

(STRAND OR ROPE)




CCCCCCCCCCCCCCC

EEEEEEEEEE
RRRRRRRR

TTTTTTTTTTTTT

CCCCCCCCCCCC

X




TYPE 6 ANCHOR SOCKET APPLICATION

STEEL PLATE
OR

WASHER PIPE SLEEVE
/

THREADED
STEEL ROD

TYPE 6
ANCHOR SOCKET

STRUCTURAL MEMBER ROOF SUSPENSION

SYSTEM CABLE
(STRAND OR ROPE)
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Swaged Strand Clevis FS-1610

Can be used in place of Type OS-1
Open Strand Socket where strengths and
diameters are the same.

LS
AS
_________________________ ==
LENGTH (SL)
D E F 0 P v Y AS LS
%‘:::'d Breaking ( x) approx)
. Strength, approx/, '

in. Ib in. in. in. in. in. in. in. in. in.

V¢ 30,000 7 2% 12}432 1¥e 2% 2542 28 78 10

Y& 38,000 14 2'Ns 2%2 1% 3% ] 2% 1/ 12

Y8 48,000 1% 2'%s 2%42 1% 3% 1 2% 1% 1254

We 58,000 1% 2'%s 2'%42 24 4% 1We 3 1% 13%

Ya 68,000 1% 2'%s 2'%2 218 434 146 k17 13 141

s 80,000 1% 3% 22%, 2% 47 1% 34 1%es 17

Va 92,000 1% 3% 2799 2% 4% 14 3% 1%s 18

e 108,000 2 3' e 3'7A2 2 5% 1% 4% 1% 204
1 122,000 2 3'Ws 3742 22 5% 1% 4¥ 4 1% 21
16 138,000 2 3'Ws 3742 Y4 5% 1% 4¥is 1% 22
1% 156,000 2% 4hs 454 204 ] 1% 5% 2Va 25
¥4 172,000 2% 44 454 2% 6 1% & 554 2V 25
1V 192,000 2% 4% 4% 2% ) 1%s 5% 2% 262




Swaged Strand Eye FS-1612

Can be used in place of Type CS-1
Closed Strand Sockets where strengths
and diameters are the same.

(@] ( [ TTTTEe=

-
LENGTH (SL)
d | w y AS LS
Strand Breaking
Diam, Slra‘ngth.
in. b
in in. in. in. approx,, [approx),
in. in.
30,000 /) 3 176 KL 7 1%
Ne 38,000 14 3%e 1'¥e 4Ys 1% 13%
Y8 48,000 1Y s 1'% 4% s 14 15
58,000 1V 4V 2Va 4% 1% 15%
Ve 48,000 14 43 2V/a 4%, 1% 16Y/4
Yie 80,000 ! ' 4' Vg 2% 5% 1% 18
% 92,000 14 414 2% 5% 1% 194
Yie 108,000 A 5% 21144 6¥1s 1% 22
1 | 122,000 | 1% 5% 2! 66 1% 22/
1Yhe ; 138,000 1% 5% 2 §%s 1% 23
% | 156,000 2 8V, W % Vs 26V
136 | 172,000 2 62 3 7V 2V 27
A | 192,000 2 6V 3V 7% W 27V




Type O Threaded Stud for Bridge Strand

aAS
THREAD SIZE

£ kel -
(i T g
| | i

CIRRANERSE S o il B—"
S E—— LENGTH (SL) - e
Strand LS AS C, Min Breaking

O e e - Toae i
Va 17 1 1% 1-8UNC-2A 30,000
Ne 9 1Va 1Y 1-8UNC-2A 38,000
8 9% 1% 1% 1 -7TUNC-2A 48,000
Wie 10Va 1% 1%, 1%4 -TUNC-2A 58,000
Ya 11% 1%2 1% 112 -6UNC-2A 68,000
Vs 12% 1% 2 1% -5UNC-2A 80,000
% 13Va 1% 2 1% -5UNC-2A 92,000
e 1412 17 2 1% -5UNC-2A 108,000
1 15 17 2 1% -5UNC-2A 122,000
16 1573 2V 2'y 24 -4/2UNC-2A 138,000
1Vs 16V 2% 22 24 -4/2UNC-2A 156,000
e 174 2% 22 2% -412 UNC-2A 172,000
1% 17V 24 2% 24 -4/2 UNC.-2A 192,000
1% 19V 2% 2% 242 -4UNC-2A 212,000
1% 20% 2% 3 2% -4UNC-2A 232,000
174 21% 2% 3 2% -4UNC-2A 252,000
14 22% 2 32 3-4UNC-2A 276,000
1% 24 3% 32 3-4UNC-2A 300,000
1% 24'; 3% 32 3-4UNC-2A 324,000

1. Studs will be furnished zinc coated or cadmium plated unless otherwise specified

2. Thread length "C™* is minimum required to meet the minimum breaking strength of the strand, but can be furnished with
lengths to suit individual customer requirements

3. When nuts are required, studs will be supplied with regular semi-finished hex pattern, either zinc coated or cadmium
olated
p




Open Bridge Socket Assembly for Rope and Strand

std | for | for HE- | i o

R 3 c D D or or or or
g, | Brnd raks Sid fesin. Std |4gin. K 19 w'la] ? i T
up, Take- Take- Take- | Take- Take- | Take- Take- | Take-
in. in. in. | up, | up, in. in. | in. | up, up, in. in in, | up. up. in. up up
in. | in. in. in. in. in, . .
/2 91 20| 59 | 3% Ya| 17s| 14Y2] 532! 3V 2%s | 1% [ 10V2 | 492 | 4% 9 16
el Ye, Y| 9| 22| 61| 4% Yal 138 | 15 54 3'%s | 2%e | 1V2 | 10% | 49% | 54 16 26
Vi, Tal Wie, Yl 9| 23| 82| 4'Ws| 1 1% | 182| 552 47%hs | % 1% | 11% | 50% | 6%s| 28 45

|
1 e, %Al 9| 25| 64 | 5Hs 1Yl 2 17 56 S5Ye  3'e |2 112|502 | 7%s| 40 62
18] %, 1 9| 26| 65| 5% 14| 2% | 18%2| 572! 6 4 | 2% | 113 | 50% | 8% 55 82
1% 1Wie, 1va| 12| 30| 66| 6 134| 214 | 21%2| 57%) 5'%es | 42 2% 115 51 8% 68 98
1% 1%s, 14 12| 33 | 49 | 6% 1% 2% | 22V4| 58Y2 6% 47 3 152 | 512 | 9% | 100 | 143
Vol 1%s, 13| 12| 34| 70 | 7% 1% 3 23V 59L’;| 6'%e 5%es |3 15% | 51% 10%s| 124 | 173
15, 1| 1748, 12 15| 39| 72| 8 2 13%) 27 60 7%4 I 62 34 19% | 524 11134 | 180 | 239
17, 2 e 194) 151421 7519 2% | 3% | 28'2] 412l 84 T%s |4 19% | 52% (13% | 249 | 323
28, 2% | 1" %e, 2 18 | 50 | 80 |10% 27 4 | 33 63 | 9% | B 45 | 23Va | 534 |1434 | 356 | 439
2%, 22| 2%es, 2% | 18 | 52 | 82 [11}a 2% | 4% | 35Y2| 65Y210% 8'%s|5 23% | 53% |18z | 485 | 586
2%, 2% | 2%, 2%| 18| 54 | B4 126 | 3 |5 36Y2| 66Y2111'Y e | 9% 5% | 244 | 54'4 1844 | 610 | 730
27,3 |2hs, 2% 21| 59 | 86 |13% | 5% | 4 68 12'¥%es 10%s | 6 27% | 54% 19V | 776 | 903
34| 2' Ve, 2% 21 | &1 | B8 [14hs | 32| S | 42V2| 69Y213%s (1134 &' | 28V4 | 55%4 |20%s | 920 |1068
2%, 3 21 | 63 | 90 |15 IVl 6% | 45 12 152 12%s |72 | 28% | 55% |22 1180 |1349
3%13%, 34| 24| 70| 94 |17% & +7 50 74 17% 13 T% | 32% | 56 |24Y2 [1519 [1690
|




ocketing

rt ! ace of wire [: trand
he the eln J J ] xet [ f ’ o . ]
I he J o ] r 7 3 e - ;
winding a wire atl t the end S f aed before the wire rope or strand 15 cut
The haight of the so s measured from the Next, the top seizing is removad and the ends are
nd of the wire r and seizing is applied broomed out 1o insure that all wires will be properly
to where the bottom of the socket will be The A ned. the wires are ultrason v
seizing will hold the wires of the strand or rope eaned 1o remove lubricants and any foreign matter

during cutting, and will prevent its losing its lay or
becoming unraveled

Now surgically clean and ready for the final operation

the wires are immersed in o flux solution

o ool I ‘then Insicllsd ond fhe 'wires are i olen S it Bl Lt Thamoitias g
broomed. oul pilpbasiliania
Bethlehem engineers are available to give assistance in material, specifications, and connector selection,

3s well as in the application of erection and handling techniques learned through many years >f experience



How We Make Bethlehem Wire Rope and Strand

ropa and hich als saerves 10 apply a

lubricant beneficial to the subsequent drawing

peration

f +h - y
A ug s “ s
3 mu itage w 3 ¥ e aly
d 15 pu 3 r ssively 3 r 3, &ach e
sducing the w wh praving n
s nical pr 1 5 ywing operat ira
ar tha ] f de 1 tion r

work A $5 wire 1 ted

it r g 1 rawing
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Prestretching is done on a 1400-ft
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long

3

track
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ere are some of 1t ny { nectors o with
wire rope and strand for
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