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III b

Design and execution of welds with special consideration of
thermal stresses.

Beriicksichtigung der Wairmespannungen bei der baulichen Durchbildung
und Herstellung geschweifiter Konstruktionen.

Disposition et exécution des constructions soudées en tenant spécialement
compte des contraintes dues aux variations de la température.
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IIIb 1

The Influence of Metallurgical Factors on the Safety of Welded
Structures. (Stresses and Cracking Tendency.)

Zur Frage des metallurgischen Einflusses
auf die Sicherheit geschweiflter Bauwerke.
(Spannungen und Rif$neigung.)

L'influence de la composition métallurgique sur la sécurité des
ouvrages soudés. (Contraintes et tendance i la fissuration.)

Prof. Dr.-Ing. E. H. Schulz,

Direktor des Forschungsinstitutes der Vereinigte Stahlwerke A.-G., Dortmund.

It may be laid down as a first principle that the reliability of welded structures
depends mainly on the design and execution of the welds. In addition, large
demands are made on the metallurgist as regards the mechanical properties of
the structural steels supplied by him, especially those steels which are heavily
stressed, and strict conditions are imposed as to the composition of the latter.
Even if the influence of the steel maker on the safety of the structure may
appear limited, there is, nevertheless, evidence of a relatlomshlp between the
chemical composition of the steel and the development of stresses, as well as
the tendency to cracking in a welded structure. Here it should be emphasised that
such evidence, to be of practical use, can only with difficulty be obtained through
laboratory experiments, as the conditions are too complicated. Much has been
achieved, however, through practical observation and experience — that is to say,
methods which are of real practical use and which throw light on the nature
of the steel alloys to be employed — and this knowledge has been won through
an intensive and sustained collaboration between metallurgists, welding tech-
nicians and designers, continuously and exhaustively applying the results of
modern research in all relevant fields.

There is an important consideration which arises in reference to this question,
a principle which plays an 1mp0rtant part in almost every branch of the apph-
cation of steel, but which is too often 1nsuff1c1ently observed. The principle is
as follows: the higher the grade of the steel — in other words, the greater its
utility, and the better it is made — the greater the care with which it must, as
a rule, be treated in the later stages. An example is ready to hand: St. 37, which
is as simple a material as could be as regards composition and method of manu-
facture, admits of being worked and heat-treated, etc. within much wider limits
than was permissible for St. 48 (a material which has since disappeared from
use), even though the latter represented no very great advance over St. 37 in the
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development of structural steels from the point of view of their stress capacity.
From the metallurgical point of view the step to St. 52 was a much greater one,
for whereas St. 48 was still purely a carbon steel, St. 52 is alloyed. For this
very reason St. 52 must be regarded as a more sensitive material in welding. It
follows that in the construction of welded structures using St. 52 the rules of
correct welding design and of careful welding workmanship must be even more
strictly adhered to than with St. 37.

As regards the metallurgy of St. 52, it is further to be noticed that different
compositions and different methods of alloying are practiced in different steel-
works, but when comparative experiments are made and differences are discovered
in the performance of two kinds of St. 52 these cannot always be attributed to
differences in composition or alloying. There can be no doubt that apart from
differences in these respects an important part is played by differences in the
melting and working procedure which obtains in the different steelworks as
a oconsequence of differences in their equipment and general methods.. These are
influences which cannot all be identified in the finished steel.

The experience available in the author’s institution regarding the connection
between the performance of welded structures and the metallurgy of the steel
employed has reference mainly to two kinds of St. 52; one alloyed for the most
part only with silicon, the other also with chromium and copper. In the last
mentioned, which is the Union-Baustahl, the silicon and manganese contents
also, of course, play a part. The experience available in respect of the chrome
copper steel is much richer than that with the silicon steel, as the preparation of
the latter was very soon found to be exposed to grave defects. For this reason
the author’s information is based mainly on experience with St. 52 alloyed with
copper and chromium.

Moreover, it is perhaps a matter of some importance that this experience has
not been derived from a single source concerned only with some particular aspect,
but constitutes a summary of experience obtained in the steelworks, the welding
workshop and the bridge fabricating shop in collaboration with the Research
Institute of Kohle- und Eisenforschung (Vereinigte Stahlwerke).

There are two ways in which the chemical composition of St. 52 would appear
to be important as affecting the stress conditions and susceptibility to cracking
in welded structures.

It is known that welding gives rise to stresses in the structure which may, in
certain circumstances, result in additional stresses difficult to control, and may
lead to fractures. The question arises how far the composition of the steel may
influence the magnitude of these welding stresses: for it is not reasonable to
suppose that notable stresses arise with one kind of steel under certain conditions
and none at all with another kind, and the question can, therefore, only be one
of difference in the orders of magnitude of the stresses.

An important criterion for the development of these stresses would appear
to be the hot yield point of the steel, and this depends in turn on the nature
and quantity of the added alloying components. Yet, in another field of work,
that of the construction of heavily stressed boilers, it has been found possible to
increase the high temperature strength by suitable alloying, to a quite remarkable
extent compared with the strength of the ordinary carbon steel. It might have
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been supposed that as a rule the siresses arising in the welding operation would
increase as the hot yield point was increased. Yet careful stress measurements,
carried out on the chrome copper steel used by the author, disclosed practically
no higher stresses, even under a great variety of experimental conditions, than
were found in St. 37, despite the greater high-temperature strength of the
former.! In one series of experiments, indeed, the stresses in St. 52 were found
to be less than those in St. 37: but this result was not found to be generally
valid. In no case, however, was a stress found to exist which might be regarded
as dangerous by comparison with that in St. 37.

Conditions from the second point of view are somewhat more complicated.

In welding, the zones close to the weld seam are heated to a very high tem-
perature, and if the thickness is considerable the large amount of heat produced
in these zones is very rapidly conducted away by the neighbouring cold zones.
In other words, an effect may be produced in the highly heated zones which
corresponds, or at any rate approximates, to sudden quenching. In this way
“hard spots” may be produced in the welded construction, and these hard spots
are brittle. It is true they may have a high tensile strength, but under bending
stress they tend to crack. Indeed, the hard spots may by themselves lead to
cracking, on account of the volume changes which attend the transformations
even without the presence of any external load.

The hardening capacity of St. 52 would appear to depend in the first place
on its carbon content. In accordance with the relevant regulations of the German
Reichsbahn the carbon content in St. 52 is limited to 0.20 0/, for thicknesses
up to 18 mm and to a maximum of 0.25 0/ for still greater thicknesses, this
being done in direct reference to weldability. There might be other inducements
to the metallurgist to increase the carbon content, especially since strict com-
pliance with the limits imposed thereon makes it difficult to obtain the prescribed
yield point (minimum 36 or 35 kg/mm?). All our experience, however, is to the
effect that with due regard to the safety of welded constructions the limit 0.20 0/
of carbon should not be exceeded. As early as 1933 Buchholiz and the author
showed that the hardening capacity of the parent material, and especially its
carbon content, has much influence on the fatigue resistance of welded St.52.2
Thus welded connections made with St. 52 containing 0.240/ of carbon were
20 to 300/ less strong than those made of St. 52 showing the same mechanical
strength but containing 0.16 0o of carbon. We established the fact that it is
desirable, where possible, that the carbon content should not be allowed to
exceed 0.18 0/p. It should be clear, however, that a limit on the carbon content
— and still more, as will be explained below, on the other alloy constituents —
is to some extent bound to be detrimental to the yield point.

The part played by the other alloy constituents in St. 52, from the point of
view of weldability, is more difficult to ascertain, and the conditions in regard
to silicon appear partlcularl) complex Silicon in itself does not tend to any
great extent towards an increase in hardening capacity, but the dislike of most
steel\\orks for a pure or only slightly altered s1hcon steel is due to other reasoms.

1 H. Biihler and W. Lohmann: Elektroschweifung 5 (1934), p. 226.
2 Stahl und Eisen 53 (1933), p. 545/52.
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In spite of this, the silicon content has for some time been limited to a fmaximum
of 0,40, and the author would wish particularly to emphasise that this is so
despite the preparation of a large number of meltings with a higher silicon con-
tent, approximately 0.6 0. It was quite obvious, however, that the steelworks
experienced difficulties with this high silicon steel, with the result that the limit
of 0,40/, is now strictly adhered to.

The maximum content of manganese which we allow is 1.1 0/. According to the
experience of some other works 1.5 0/p is permissible, but doubtless only with
a correspondingly smaller content of other alloy constituents. In this connection
it may be mentioned that according to Sandelowski,? and also according to Schulz
and Piingel* electrodes with a high manganese content tend to a greater amount
of shrinkage in the seam and greater stress in welding.

Copper is added to the Union-Baustahl up to 0.8 0/, without any difficulties
or disadvantages from the point of view of the safety of welded connections
being disclosed. In this connection it is of interest to note a recent publication by
S. Epstein, 1. H. Nead and 1. W. Hally,> who, in attempting to develop a weldable
steel with a good strength at high temperatures, arrived at the following com-
position:

C Si Mn Cu Ni P
Maximum:  0.10  0.15 0.50 1.00 0.5 0.12

Here the limit of carbon content is very much reduced. The manganese and the
silicon are also kept low, while a copper content of 10/ is regarded as advan-
tageous. The high content of phosphorus is also of interest from this point
of view.

The presence of chromium, when it exceeds certain limits, gives rise to
undesirable effects in welding, and chromium also tends to hardening. Regarding
this matter of the influence of the chromium content we are in possession of very
extensive observations, and from these the rule has been laid down that the
chromium content should not be allowed to exceed 0.4 0/p. Up to this limit, the
presence of chromium has not given rise to any difficulties. In other works
a higher limit is allowed, and mention may be made particularly of the British
Chromador steel, wherein, to the author’s knowledge, the chromium content is as
much as 0.8 0/o. It would be of interest to learn what experience has been obtained
in the welding of this steel.

Molybdenum, within the limits that it is present in St. 52, may doubtless be
ignored from the point of view of the quality of welds.

In reproducing the chemical composition proposed by Epstein and his colla-
borators special attention was drawn to the phosphorus content, which reaches
the high value, according to our ideas, of 0.12 0. We now know, on the basis
of work carried out in our own company, that very often the phosphorus content
of steel is not attended by the grave disadvantages which are frequently ascribed

3 Elektroschweiung 2 (1931), p. 48/53.
¢ Stahl und Eisen 53 (1933), p. 1233/36.

5 American Institute of Mining & Metallurgical Engineers, 1936, Technical Publicalion
No. 697; Metals Technology, 1936. Vol. 3, April.
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to it, but that on the contrary, under certain conditions, it may be regarded as
a useful and desirable element. For our steel St. 52, the author would not indeed
regard so high a phosphorous content as in the American steel as desirableS:
but to say this is not to imply anything against the American steel, for it would
appear that the danger from phosphorus decreases in proportion to the carbon
content, and in the American steel the latter is very low. It would be of great
interest to learn more about the behaviour of this American steel in welding.

In the German St. 52 the phosphorus content is manifestly so low, since it is
a basic Siemens-Martin steel, that as regards the performance in welding and on
the site no difficulties can arise through its presence. The same is true in regard
to the sulphur content.

Addendum.

While the report was in the press, regulations were issued by the German
Reichsbahn allowing increased amounts of alloy in St. 52, the main object of
this being to obtain a better guarantee of weldability while at the same time
approximating the various kinds of St. 52 more closely to one another as regards
composition. In accordance with these regulations the following upper limits
are laid down for the alloy constituents:

Carbon . . . . . maximum 0.20 0
Manganese . . . . maximum 1.20 0p -
Silicon . . . . . maximum 0.50 0
Copper . . . . . maximum 0.55 0.

In addition to these constituents the St. 52 may receive a further addition
of either chromium up to a maximum of 0.40 ¢ or of molybdenum up to
0.20 9. Finally, an additional manganese content of 0.30 9/o may be present,
bringing the total content of manganese up to 1.50 0%, but only in the absence
of either chromium and molybdenum.

At the same time, however, the prescribed minimum yield points in respect
of the greater thicknesses were stepped down.

6 K. Daeves, A. Ristow and E. H. Schulz: Stahl und Eisen 56 (1936), p. 889/99 and 921/2%.
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Stress and Distortion Due to Welding.
Schweiflspannungen und Verwerfungen.

Contraintes internes et distorsions provoquées par la soudure.

W. Heigh,
Welding Superintendent, Babcock & Wilcox, LTD., Glasgow.

- One is apt to glean from the leading papers in this discussion that welding in
its present state is a very inexact science. There are too many doubts and
fears — too many unknown factors.

Those of us who are concerned chiefly with getting work done cheaply, quickly
and well, detest the unknown and avoid it at all costs.

Some reassurance seems to be necessary.

For example, the fear is expressed in one of the papers that the weld metal
may be in a dangerously chilled condition and that it is liable to be dangerously
stressed.

Since the weld metal obtained from certain good and quite cheap covered
electrodes is consistently ductile, no real danger exists. An elongation of 22 to
25 0/p on a gauge length of four diameters is commonly obtained in the as-welded
condition.

Dangerously chilled metal could not be so ductile, while with so much stretch
left in the weld metal the stressed condition is much less important than it
seems. ‘

We are also warned to be careful of the stressed condition in the parent
material — the metal in the pieces being joined together.

But rolled steel sections and mild steel plates are almost invariably cold
straightened before being applied to important structures and are therefore in
a stressed condition. Hundreds of very high self-supporting steel chimneys
(that is, chimneys without guyv-rope supports) sway in high winds over populous
workshops and cities; yet no one thinks of excessive danger to life although all
the plates have been cold rolled and therefore stretched far more than any weld-
stretched piece of metal.

If inequality of stress distribution is feared, the analogy of hot bent rolled
sections is a comfort. Those are used freely in important structures, yet the fact
that most of the bends are made by local heating and forming leaves the metal
in a condition precisely similar to that in a weld and the surrounding material.

Speaking practically, all those fears may easily be exaggerated. If a good
electrode and a sound welding procedure are chosen and if the chilling effect
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of large masses of material, very cold weather and weather-exposed welding
positions are allowed for by slight preheating welding may be used with full
confidence.

It is, of course, an advantage to relieve the stresses by heat treatment and in
certain cases, notably in thick welded pressure vessels, stress relief is a normal
part of the manufacturing procedure. Apart from the extremely high pressures
frequently involved (a sufficient argument for special treatment) the stressed
condition of the cold formed thick plates and the locked condition of many of
the welds in pressure vessels are such as are seldom if ever met with in struc-
tural work.

From another point of view, the desire is general in design offices and work-
shops for quick safe rules for the control of distortion in the final shape of
a structure. Some suggestion are offered by the leaders in this discussion. Possibly
those which follow will add something of value. Distortion in those notes refers

J__h,___t;:q i,
38_}@@ R I 3
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to the visible change of shape. not to the displacement within the material
which 1s its root cause.

1) Clamping need not be rigid to be effective. For example, Figure 1 shows
two test plates in position in a clamp designed to reduce the distorsion. Welding
the plates free, dimension “a” was 1”7 (25 mm). Welding the plates in the
clamp, dimension “a” was reduced to 3/,;” (5 mm).

The moment of resistance of the clamp was one quarter that of a weld of
plate thickness, or equal to the resistance of a plate one half the thickness being
welded.

No resistance (except friction) was offered to the transverse contraction. This
1s deemed important.

The flats of mild steel were of such a length that the angular movement due
to the shrinkage of each run of welded did not strain the flats bevond the
elastic limit.
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The principle of the clamp has many applications and has been used freely
with success.

2) Size of electrode and method of deposit used are of importance.
Figure 2 illustrates three conditions in a butt weld.

a) N° 8 w. g. electrodes (4 mm diameter) bead runs, gave an angular distor-
tion of 89.

b) 1/,” (6,3 mm) diameter electrodes, bead runs, gave an angular distortion
of 49,

c) 1/, (6,3 mm) diameter electrodes, woven layers, gave an angular distor-
tion of 30.

A further test in a clamp gave an average angular distortion of only 10 11’

Tests a) and b) were repeated with fillet welds with somewhat similar
results.

Large electrodes certainly reduce this very troublesome type of distortion. It
is also important to add that welds a), b) and ¢) were all submitted to mechanical
tests and met the requirements of the American Fusion Welding Code for
Pressure Vessels so that in this sense the welds were of equal value.

j: ! ana 122 Schweissung

T Tige 2 Weld
%" oia
b) § j-
=1 /éialr.m}
jj % vie. 22t Schweissung
1y L (63nm) 22 Spudure
I3° 8 22 weid
Fig. 2. Fig. 3. Fig, 4.

3) Rotation of welding assists in reducing distortion.

a) Approximately equal effects are obtained by running two welds, placed
symmetrically at an equal distance from the neutral axix of a symmetrical
section, simultaneously.

b) If a first run of welding distorts a symmetrical section, a first run of
double the volume on the opposite side or edge will approximately balance
the first distortion. Figure 3 illustrates a simple test to check this. In
multiple run welds distortion from later runs requires a much greater
opposing effect.

¢) The first in order of two welds in an asymmetrical section as illustrated
on Figure 4 should be that nearest the neutral axis.

With training, assemblers and. welders acquire considerable skill in checking
and controlling distortion. For important non-recurring work, however, the
assembly should be planned beforehand and a check kept as the work proceeds
so that rotation of welding may be changed, as is found necessary, to correct
distortion and keep the assembly in shape.
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Internal Stresses in Welded Joints.
Innere Spannungen in geschweifiten Stoflen.

Efforts internes dans les joints soudés.

J. Orr,
B. Sc., Ph. D., Glasgow University.

The lecturers have given very thoroughly the disturbing effects of welding in
producing distortion and internal stress. They have also spoken on the danger
of cracking and of the need for further investigation on the actual weakening
effect of the disturbances due to heat and of the internal stresses. Qur experience
is that the danger of cracking is the cause for real anxiety.

Internal Stress. The writer carried out a series of tests on mild steel and on
steels of higher tensile strength (37—43 tons/in.2), the increase being obtained
by small additions of carbon, manganese and chromium. They were interesting
in that a comparison was made of the welded specimen in the unannealed state
with the specimen annealed by heating for a few hours at 600 C. In the latter
case the internal stresses are removed so that the tests detected any effect due
to internal stress.

The tensile strength and the impact value of the joint were reduced a little by
annealing; the fatigue strength obtained in a machine capable of testing the
complete joint, remained the same; the bend test for ductility in the butt joints
showed an improvement in the annealed specimens, but several of the electrodes
used gave welds satisfying the standard bend test in the unannealed state. The
conclusion from these tests is that internal stresses adjacent to the weld are not
a weakness, practically speaking, if good electrodes are used.

Tests on the value of residual stress.

A series of tests was carried out by the writer to find the actual value of
internal stress in a severely constrained condition. The arrangement is shown in
Fig. 1. Two 1/,” plates prepared for a butt weld, were first welded to a 3"
thick plate at their ends. They were then welded together. After mounting
a tensometer, the plates were sawn through. The reading on the tensometer gave
the release of strain and therefore the amount of residual stress. The results
were as follows, as shown in Table 1.
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Table 1.
Specimen Ler?gth X Welding Residual Stress
ins. tons/in?
1 9 With 3/16“ rods 12.0
2 b8 » et 4.2
3 9 . Yeto, 13.0
4 58 L. 7.2
5 9 Hammered hot cracked
6 9 " » 5.0
7 9 » cold 4.5

The first point of interest in this table is the effect of the length of plate.
Increasing the length of plate reduces the stress and emphasizes the point made
by the lecturers that there should be flexibility in the part bordering on the
welded seam, in this case it is the flexibility of the long plate.

ou
Tensomeler scré dicke Plslfe
Tensoméire Saw cut Plague épasse
.r’ll/’5:1
|
|
A x__
—_—— |
f— 7" L 7 |
| o o
Fig. 1. Fig. 2.
Contraction Stress in Butt Welds. Angular Distortion in a Single-V Butt Weld.

(Plates Welded at Ends Before Butt Welding.)

The second point is the effect of larger compared with smaller electrodes.
These results agree with those quoted by the lecturers, that the larger rods
produce less residual stress.

The third point is the effect of hammering, which certainly reduces the stress,
but increases the danger of cracking. From later tests using a wide variety of
different makes of electrode, the writer is of the opinion (1) that only a few
electrodes give weld metal capable of being hammered without the danger of
cracking, (2) that the first run of welding should not be hammered as it was
shown from hardness tests to be a danger spot and where welds failed, the
cracks started from this part, and (3) that the outer layer should not be
hammered.

Tests on angular distortion of a single-V butt weld.

These tests are of interest in showing the effect of a small amount of restraint.
The restraint was obtained by placing two weights on the plates as shown in
" Fig. 2. The distortion “A” was measured after cooling and is given in Table 2.
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Table 2.
Specimen Welding Current DlStOT‘thn A
amps ins.
1 5 runs !/’ rod 110 0.28
2 3 . he , 170 0.05
3 3 . he 220 0.044
4 2 ., 5" | 340 | 0.031

Plates '/2* X T X

The restraining effect of the weights is small as it produces a calculated
. : 1 : : ;
bending stress in the weld of only 0 tons/in2. This test confirms the effect of

the smaller rods in building up a greater distortion, and therefore where the
restraint is more definite, in building up a greater stress.



[IIb4

Allowance for Temperature Stresses in the Design and
Execution of Welded Structures.

Beriicksichtigung der Warmespannungen bei der bau-
lichen Durchbildung und Herstellung geschweif3ter
| Konstruktionen.

Les contraintes thermiques dans la disposition constructive.
et I'exécution des constructions soudées.

Dr. Ing. K. Miesel,
Griinberg.

Professor Bierett draws a distinction between those shrinkage stresses which
are produced by internal and those produced by external agencies — a distinction
which is important not only as regards the distribution of stress in structural
members, but also from the point of view of combatting the effects of shrinkage.

The internal stress can be dealt with only by making use of the properties
of the weld metal and by control over the welding process, or by mechanical action
such as clamping the work and hammering the seams. Annealing, which would
be the most, effective remedy, cannot be applied in bridge and structural work.

Difficulties from external stress can be met by due attention to the design of
the structure, and also at a later stage in the construction. Recently the attention
of engineers has mainly been concentrated on the jointing of plate web girders,
and Professor Bierett shows in his paper how shrinkage may be compensated
by the insertion of a previously
bent strip of plate in the web.

In two large structures the
flanges were connected by wedge
shaped cover straps after the web

|
|
g
l
|
]
Jd
1

> - ¢ z had been welded (Fig. 1). The
— angle of bevelling was decided
% from the relation between longi-
Fig. 1. tudinal and transverse shrinkage

Wedge joint for plates.

as found by experiment. As wel-
(Schweissrichtung = welding direction). Y P

ding was carried out from the
narrow to the long side of the wedge, the longitudinal components of the
shrinkage were relieved and the transverse components were increased, with the
result that the cover plate was drawn uniformly into the joint. This effect was
confirmed by preliminary experiments on thin plates.
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In the formation of thick flange plates for bridges it was found, however, that
the expected action was saon defeated by the internal stresses which arose through
the welding of the tulipshaped seams, and when these seams had been filled to

ﬁ o b . L i ——11]

L J

Fig. 2.

Testing arrangement

for wedge joint.

Proposal.

=
i

L__ 3§ 4

two-thirds of their total dephth a powerful angular contraction occurred, which
had to be counteracted by continually tightening the clamping on the parts to
be joined. Fig. 2 shows the design of a clamping arrangement, and Fig. 3 in-

) AV |
[ o oy ]

Fig. 3.
Testing arrangement
for wedge joint.

Final arrangement.

- R

dicates how strongly this has to be constructed in order to overcome the angular
distortion in welding. It was found possible to make girders of St. 37 completely
free from shrinkage cracks, but in St. 52 a tendency to these was observable and

23°



356 IIIL 4 K. Miesel

they were avoided by hammering the second half of the seam, a procedure
whereby the direction of the shrinkage can be controlled. It is not yet definitely
established, however, whether hammering may exert an unfavourable effect on
the mechanical properties of the material.

Shrinkage cracks may also be avoided by adopting a proper sequence of ope-
rations in welding, and by pre-heating the parts. In one instance a plate girder
of St. 52 was being welded in very hot summer weather when the operation had
to be interrupted on account of a hailstorm, and the sudden cooling of the thin
web plate, connected as it was to the much thicker flanges, resulted in this being
torn away over the whole length of an incompletely welded joint. The latter was
re-welded after preliminary heating, and by this means a perfect new weld was
obtained.

It may be inferred from a number of publications that the chief part in
avoiding shrinkage stresses is played by the designer, but, as these examples
show, he is powerless against intermal stresses. The external stresses may be
reduced by the adoption, where possible, of sufficiently resilient connections.
There should be no hesitation in preferring rivetted connections in situations
where excessive shrinkage effects are to be apprehended and where rivets are
not entirely ruled out by aesthetic considerations. It is a matter in which the
demands of the architect may frequently be in conflict with the clear obligation
of the engineer not only to secure the most economical arrangement of structural
parts, but to combine this with safety and efficiency. Where rivetted connections
are so used they may be
regarded as playing much
the same part as the discon-
tinuities which are introduced
into reinforced concrete struc-
tures on account of shrin-
kage effects.

Fig. 4 is a diagram sho-
‘ wing a bridge floor in which
Fig. 4. the main and cross girders
were welded on the site. The
shrinkages accumulated to
different totals on either side of the end cross girders, and this being the
case it was found expedient to make the connection between the main girders
and the end cross girders by means of rivetting. In this way the cross girders
in question are not restricted as to position, and a more accurate alignment of
the track is obtained.

Special difficulties attend the construction of members wherein the shrinkage
effects are two or three dimensional. Fig. 5 shows the framed main girder of
a bridge, and to a larger scale the corner of the frame. The statical stresses at
different sections are indicated in the diagram, and the heaviness of the loads
which have to be transferred by the fillet welds from the flanges on to the web
is made apparent. The excessive thickness which had to be given to these fillet
welds was especially conducive to cracking, especially since St. 52 was being
used, and such cracking can as a rule only be avoided by hammering.
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Shrinkage of main girders of a grated bridge.
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In this instance, as is true of web plates in general, the shrinkage stresses
may lead to bulging, or what is even more dangerous, may be superimposed on
other stresses so as to cause failure of the plates. It 1s to be recommended,

Mm 5500 )

Normalspammungen in }Hem?
Efforts normaux en Hem?®
Normal slresses in Hem?

Fig. 5.

Static stresses in frame connection.

therefore, that in the region where the shrinkage stresses occur the stif-
feners should be designed to carry the same longitudinal and transverse
loads as would occur in a framed girder assumed to take the place of the
plate web girder, and should not merely be dimensioned for the degree of
stiffness required by the buck-

ling theory. = 105-12-400
Observations and measure- \e60.6042

ments carried out in reference —T] A

to distortion agree in indicating ;

that the shrinkage stresses duc

both to external and to internal 25 125

effects may approach the elastic : 80° W%@

limit. The experimental appa- - i %7 [T S ot ¢26
ratus shown in Fig. 6 was used : ':ni i = o m; ”
for the purpose of measuring R 3 §’= S| Aéee de fixation
shrinkage stresses due to ex- i :*T-{  Gome

ternal loading. The test pieces,
to be connected by a V seam,
were held in place during the
welding process by pins fixed into a thick piece of steel, so as to prevent any
movement. The free end of the specimen was held in the testing machine and
was subjected to tension umtil it became possible to withdraw the pins by light
hammering, thus indicating that the whole of the shrinkage stresses had been

Fig. 6.

Arrangement for measuring shrinkage stresses.
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transferred from the pins to the machine. Fig. 7 shows the shape of the stress-
strain curves obtained for St. 37 and St. 52, the shrinkage stresses being in
the neighbourhood of the limit of elasticity. This also occurs when the specimens
are repeatedly loaded and unloaded within the range of the stress that will arise
in practice, namely 1.4 to 2.1 tons per sq. mm, before making the experiment. If
the specimens are stretched by only a small amount in excess of the shrinkage
stress value first measured, the shrinkage stress obtained on a second attempt
amounts to only 50 to 7504 of the first value. The values which correspond 1o
this higher degree of tenacity correspond to the upper limit for St. 37 and to the
lower limit for St. 52. In this case it could even be observed that the steel
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Elongation diagrams for shrinkage stresses.

requires a certain amount of time to take up its shrunken condition. The
reserve of strength which remains after taking up the shrinkage stresses is
usually adequate in the case of St. 37 but is very small for St. 52, and this
accounts for the greater susceptibility of the latter to cracking.

Under external static loading, shrinkage stresses after welding are no more
dangerous than other dead load stresses, but stresses which cause unstable
equilibrium form an exception to this statement. Additional shrinkages due to
neighbouring welds, or new internal stresses due to temperature effects, may
lead to cracking, and this occurs more readily in St. 52 than in St. 37 on account
of the smaller margin of stress and elongation possessed by the former.

It would be desirable to carry out fatigue tests using the experimental appa-
ratus shown. Pre-stressing, in the sense the term is applied to ordinary fatigue
tests, is present only if the loading acts in such a way as to counteract the
shrinkage stresses. In such a case the fatigue strength must approximate to the
elastic limit, and the available amplitude for butt welds, according to the fatigue
tests carried out by the relevant German Commission,! amounts to 10 kg/mm?2
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for St. 37 and 13.1 kg/mm?2 for St. 52. According to German regulations
when Y = 1 this requires a value of o« of approximately 0.65 for St. 37 and
approximately 0.58 for St.52. Where the shrinkage stresses are of the same sign,
and usually also when they are of opposite sign, there can be only one distri-
bution of stress in the member for which the fatigue strengths may be at
a maximum but require to be determined in each case.

Thermal stresses still frequently offer difficulties to the engineer both in the
drawing office and in the workshop. It may be hoped, however, that research and
experience may in the near future, lead to welding processes being so far per-
fected that shrinkage stresses will cease to offer any more difficulty than secon-
dary stresses in rivetted work.

1 Dauerfestigkeitsversuche mit Schweillverbindungen (report of the commission on fatigue
tests in the welding technical committee of the Verein Deutscher Ingenieure), p. 27 and 35—37.
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Temperature stresses observed in welded constructions in
Belgium.

Bei Schweiflarbeiten in Belgien festgestellte thermische
Beanspruchungen.

Contraintes thermiques constatées lors des travaux
soudés en Belgique.

A. Spoliansky,

Ingénieur des Constructions Civiles et Electricien A.I.Lg., Liége.

This note will be limited to a consideration of thermal stresses, regarding which
it may be observed that although we do not know their exact magnitude we
do know, only too well, that it is considerable. As a single example in support of
this fact mention may be made of a Vierendeel girder wherein no special pre-
cautions had been taken, as they should have been, to relieve the thermal effects
of the thick weld seams of 36 mm side: when the last site weld was being
formed the end of the bridge was observed to be lifted off its bearing, and
a fold appeared in the lower boom. In this instance the weight of the longitudinal
member in question was approximately 80 tons.

Elastic action appears in the following forms:
1) Shortening of the members.
2) Deformations.

3) Internal stresses, which may or may not be attended by cracking and
breakage.

1) Shortening of members.

Members are shortened as a result of shrinkage from welding, but by making
the members slightly longer than necessary it is possible to ensure that the
final dimensions are sufficiently accurate.

2) Deformations.

Deformations are more especially apt to be considerable at places where the
weld seams are asymmetrical. Any given deformation is proportional to the free
length of the member in question, where the latter is able to deform in the
direction of the seam, and it is inversely proportional to the thickness of the
member. Most of the welded bridges in Belgium are Vierendeel girders with
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a parabolic upper boom, and since this boom is in compression there is
every advantage in making it as stiff as possible. There are two methods of
doing so:

a) The use of double T girder having its flanges in the form of standard
rolled joists 400 to 500 mm deep, or broad flanged beams (Fig. 1). Tech-
nically, from the point of view of welding, the second of these methods
is open to the objection that the weld is formed on the web of the joist
which is of limited thickness, so that the deformation is considerable.
Moreover, most of the methods commonly used in the workshop for
straightening bent pieces when cold are dangerous: for instance, in certain
shops where joists used for booms of girders had been straightened cold,
a series of cracks were found running at right angles to the weld in the
web, due to a partial cold working effect on the metal (Fig. 3).

Fig. 1. Fig. 2.
Types of booms for Vierendeel bridges. Fractured beam of an upper boom

of a Vierendeel bridge.

The amount of these deformations can and should be reduced by suitable
choice of

a) The thickness of the pieces to be joined, and
b) The sizes of electrodes to be used.

For this and other reasons, electrodes of large diameter should be avoided,
especially for the first layers. In most cases deformations can practically be
eliminated if a symmetrical arrangement of the beads is adopted.

In Vierendeel girders and rigid frames. such as are becoming general in
Belgium, use is being made of connecting gussets having a section built up from
a web with a flange (Fig. 3). Such gussets may be formed from four flanges b),
with symmetrical beads, or with two flanges a). The arrangement shown at b)
1s evidently to be preferred, but it calls for a large number of welds. In box-
shaped members (Fig. 4). notwithstanding the symmetry of the welds, a twisting
effect has been ol)scned due partly to the amount of metal deposited in thn
different beads not being precisely equal and partly to the fact that the elements
themselves are not precisely similar.
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3) Internal stresses.

The shrinkage of welds gives rise to stresses extending over a considerable
zone, and these may be dangerous especially where there already are pre-existing
stresses. For instance, in rolled sections of great thickness the deposition of
a weld bead may have the effect of causing fracture, and in Belgium breakages
have often been found in Grey beams which, as is well known, are subject to
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Fig. 3. Fig. 4.
Inverted camber given to a Details of panet point with tangential jointing.
welded plate.
heavy rolling stresses. The drilling of a hole may render a rolled piece unsuitable ;

for welding because of the interruption of the cold worked zone, giving rise to
cracks and breakage in the sound part of the piece. The crowding of many weld
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Fig. 5. Fig. 6.
Welded bhox girder. Details of panet point with characteristic cracks.

beads into a small space should be avoided, and in the same way it is desirabie
to avoid placing welds of widely different dimensions close together.

‘In Belgium there have been cases of accidents arising in the welding of the
bracings to the intersections in Vierendeel girders with a number of stiffeners
(Fig. 7), and also in the welding of the cruciform-sectioned verticals of these
bridges (Fig. 8). In plate web girders the stiffeners are a source of great trouble,
and if it were possible to diminish their number by suitably increasing the thick-
ness of the web the design of such bridges would be improved. Another evident
improvement in the design of stiffeners would be to contirrue them as far as the
tensile boom (Fig. 9).
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The chief danger attending the presence of these thermal forces is that any
resulting cracks or breakages may not appear in the workshop immediately after
the welding operation. Microscopic cracks may then be imperceptible, and escape
detection until some months later: a form of delayed action which is peculiar to
welding and which has never been completely explained. The effect may perhaps
be similar to that sometimes observed in accidents to cast pieces where, likewise,
the breakages have occurred at unexpected places.

An instance occurred in which the presence of a large number of cracks in the
parent metal and weld metal was disclosed in the course of alterations to a girder
of double T-section when a welded plate was being cut out with the blowpipe
(Fig. 10); these cracks were probably due to will scale on the plate,

Fig. 7. Fig. 8.

Characteristic cracks in uprights of Connection of cross girder and standard.

Vierendeel bridges.

Another example worthy of mention is the following: some months after the
welding of a bridge had been completed and the concrete decking had been laid
down a sudden breakage occurred along the axis of the welded joint of the web,
accompanied by a moise (Fig. 11). In the author’s opinion the shrinkage stress in
the seams of the flanges, which were 36 mm thick, had been sufficient to initiate
cracking in the bead along the web.

Precautions to be taken to reduce the effects of thermal stresses.

Advance precautions.

A) Positions and dimensions of welds.

Welds should be so placed as to receive a minimum of stress under all con-
ditions, and their close proximity to one another should be avoided. The proper
detailing of connections is a matter of the first importance to which, in Belgtum,
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a great deal of consideration has been given and this has led to the perfecting
of a curved form of joint with tangential connections, which is suitable for
use both in bridges and in building frames. Mons. Campus has described this
form of joint before the present Congress.

B) Dimensions of the members {o be joined.

The thickness and length of the members must be carefully proportioned, and
for the following reasons the thickness of plates should not be

( ) below a certain minimum:
1) It has been found that in thin sheets at temperatures of
600 to 8000 C the elongation is considerably reduced, with
a consequent increased tendency to cracking.
2) Excessive penetration of the welding is to be apprehended,
1 and this, from an operating point of view, fixes a mini-
Fig. 9. mum thickness.

Stiffener to a single 3) 10 minimise warping.
web beam. 4) To reduce the number of stiffeners.

C) Sequence of welding.
The sequence in which the various beads are deposited should not be left to
the decision of the welder, but should be laid down in a programme with a view

to minimising the shrinkage of the welds, just as is done for the shrinkage of
concrete work.

D) Metallographic analysis of the parent metal and weld metal.

This is a 'matter of the first importance, for it is necessary to be quite cerfain
as to the weldability of the parent metal.

E) Fabrication of members.

This must be done with special care so as to avoid excessive tolerances which
might call for an excessive amount of weld metal, with harmful effects.

F) Special precautions.

In special cases a particular procedure, such as pre-heating before welding,
may need to be laid down.

Working arrangements.
G) Electrical apparatus.

Since it is important to be able to ensure a uniform deposition of weld metal
great attention should be paid to the electrical installations and these should be
specially designed for welding work. The transformers and cable leads must be
such that drop in voltage and amperage is limited to a reasonable amount.
A sufficient number of electric measuring instruments should be provided and
continuously observed.
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H) Choice of electrical characteristics.

This choice is a matter of great complexity. The temperature of deposition
should be kept down in order to reduce thermal strains, but at the same lime
this temperature must be high enough to ensure good penetration. For any given
jobthat is to say for steels of known composition when using electrodes of suitable
type, where the pieces to be joined are of given thicknesses — there are certain
optimum electrical characteristics which should be adopted.

I) Limit of marimum diameter for the electrodes to be used.

In Belgium a large proportion of the accidents which have occurred have been
attributable mainly to the desire of the workshops to lessen their labour costs
by working with too large a diameter of electrode. It is essential that this
diameter should be kept down, in the first place on account of the danger which
attends too rapid cooling and secondly because of the danger of using too heavy
a current and causing correspondingly high thermal stresses. The maximum
diameter of electrode has been provisionally fixed by the Ponts et Chaussées
Belges at 5 mm, except for the bottom layer where the limit is 4 mm.

J) Precautions to be taken in winter work.

In Belgium it is now forbidden to carry out welding at temperatures
below 4¢ C.

K) As a imeans of deciding the best method to adopt it would obviously be an
advantage if the order of magnitude of the thermal stresses could be related
to the various methods of procedure available, and in Belgium a group of
engineers has entrusted a government laboratory with the task of making a com-
plete survey of this subject.

Procedure after Operations.
L) The handling of pieces while still hot from welding should be forbidden.

M) Arrangements should be made to ensure that welds are allowed to cool
slowly.

N) It is to be hoped that the experiments now embarked upon in Belgium will
lead to the development of special devices which will be both practical and
economical for lessening thermal stresses after welding.
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Recorded Failures of Electrically Welded Wrought
Iron and Mild Steel Bridges.

Versager bei elektrisch geschweifiten Briicken aus Schmiedeeisen
und Fluf}stahl.

Ruptures enregistrées sur des ponts en fer forgé et en acier
doux soudés électriquement.

H. J. L. Bruff,
Bridge Engineer, North Eastern Area, London & North Eastern Railway. York.

In connection with welding work on existing bridges, I have searched for but
failed to discover any paper describing failures of welding, and as failures have
been experienced in the carrying out of bridge welding by my Chief, Mr. John
Miller, Engineer of the North Eastern Area of the London and North Eastern
Railway, England, I submitted my paper “Recorded Failures of Electrically
Welded Wrought Iron and Mild Steel Bridges to this meeting in the hope
that not only failures experienced by others might be brought to the attention
of the International Association of Bridge and Structural Emgineers, but that
these failures as well as those described by me might be considered and their
true nature and portent be determined, and if considered of sufficient im-
portance, that the correct procedure to be followed and the necessary precautions
to be taken to avoid similar failures be agreed on and laid down.

Since submitting my paper, failures somewhat different from those described
by me have been recorded, and I am therefore taking this opportunity, so
generously extended to me, to describe these.

The failures occurred in the course of carrying out the repairs to an old
Wrought Iron plate girder bridge in the City of Leeds, which, apart from having
suffered very badly from corrosion needed to be strengthened, as it was con-
sidered of inadequate strength to carry modern traffic.

When constructed in 1867, the local authorities insisted that the bridge should
be given an ornamental appearance, as it was situated close to the chief centre of
worship of the City and spanned the main approach to it. The main girders,
of box construction, were therefore encased with ornamental C. I. plates in the
then prevailing Gothic style of architecture, while the underside, until recently,
was similarly boxed in with ornamental Gothic panelling. As a consequence,
large portions of the bridge had remained inaccessible for painting and inspec-
tion since it was constructed, and when recently the casing plates were removed
the ravages from corrosion were found to be serious and extensive.



Recorded Failures of Electrically Welded Wrought Iron and Mild Steel Bridges 367

There were two alternatives:

a) To renew the bridge, which would have been very expensive, as it was
hemmed in on all sides with valuable business property, as a stoppage of
traffic for even a short period was out of the question, it being one of the
most important railway lines in the North of England.

b) To repair and strengthen the old bridge by electric welding, which method
was adopted.

The observed failures of the welding occurred in the cross girders, which were
of box type construction. They were badly corroded and had also suffered
distortion of the webs due to overloading. This was caused by the removal, at
some time, of certain rivets and their substitution with bolts which had rusted
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Section of Cross Girder. Details of Web Butt Welds as designed.

away. The work, therefore, became more extensive than anticipated, and of a very
difficult nature. )

The most difficult portion of the work was the welding in of new web plales,
as these had to be fitted in between the vertical flanges of the cross girder
angles, which necessitated using fairly large butt welds. The procedure of car-
rying out this work was to tack weld the new web plates to the angle toes and
then to weld alternately the top and bottom butts in runs of six inches, the
number of runs being in some cases as many as seven. The butts when prepared
were of the usual f01m adopted by my Chief for welds of this kind and the
welding was as indicated in Fig. 2, A and B.

It was found that when the final weld had been deposited, a fracture developed
along the parallel to it, as shown on the photograph (Fig. 3). It was considered
that the deposition of further welds (Fig. 2, A 6 and B 7) would not of necessity
guarantee that these would reach sound metal at the root of the fractures.

After a number of experiments it was found that the method indicated in
Fig. 4 was most satisfactory.
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The lower or bottom weld was run first the full length of the web and then
the upper or top weld. As will be noted, there was no chamfer in the case of
the top weld, and in the case of the bottom weld, there was no face to the
chamfer, which was run to a sharp edge. The sharp edged type of chamfer has

I'racture in angle parallel Weld.

since been adopted mstead of the form shown in Fig. 2 above, as it secures better
fusion at the junction of the plates.

The fractures seem to be caused by the contraction of the metal at right
angles to the rolling direction extending as the welding proceeded. A piece of the
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angle cut out disclosed a fibrous structure parallel with the length of the bar,
such as wrought iron of good quality invariably shows.

The idea underlying the method finally adopted was to provide a coating weld
(Fig. 4: G2 and D 4) which would offer greater resistance to the contraction set
up by the shrinkage of the welds (Fig. 4: C3 and C 4 and D 5) than the W. 1.
of the angles. After adopting the method described. no fractures have taken place
when the welds were made, nor have any fractures developed since.
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The Reduction of Thermal Stresses in Welded Steelwork.

Verminderung der Warmespannungen
in geschweiflten Stahlbauten.

La réduction des contraintes thermiques dans les constructions
métalliques soudées.

Dr.Ing. A.D6rnen,

Dortmund-Derne.

In welded steelwork thermal stresses are a combination of the rolling stresses
which are present in the individual members as the result of rolling, and of the
welding stresses which are caused by the welding operation. These two kinds of
stress are superimposed on one another, and two problems consequently arise:

1) That of minimising thermal stresses in welded steelwork, and —
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