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SOME EXPERIMENTS IN STRESS-RELIEVING
CASTINGS AND WELDED STEUCTURES
BY VIBRATION.
By MP_. E. T. McGOLDRICK* AND CAPTAIN HAROLD E.
SAUNDERS, U S N. ¥

INTRODUCTION.

It has become common practice i industry to stress-relieve
castings and welded structures by annealing them i1n furnaces.
If locked-up stresses exist. they relieve themselves by local
stretching. upsetting. or distortion of the structure at the elevated
temperatures. The equipment required for this operation i1s often
large and expensive.

Certain structures are so large that they: cannot be accommo-
dated 1n annealing furnaces locally available. or perhaps not in.

*Senior Physicist. David W Taylor Medel Basin, Washineton, D C.
f Technical Drirector, David W. Taylor Mode] Basin, Washington, T C
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390 SOME EXPEEIMENTS IN STEESS-RELIEVING CASTINGS.

the largest fumace awvailable anywhere. They may be of such
form and shape that the orthodox stress-relieving process would
cause so mmuch distortion as to render them useless for the pur-
pose mtended.

A possible solution of this problem 1s to permit them to weather
or age for an extended period, during which fime the natural
changes 1n temperature and the extended "socalking" cause varia-
ttons and reversals m stress. 1n the course of which the residual
or locked-up stresses are gradually relieved.

Thas aging process has been extensively apphied in the stress-
reheving of iron castings. especially where the retention of proper
shape after machining 1s important. as i cast-iron parts for pre-
cision mstruments and machine tools. It has been more or less
taken for granted by those who have used 1t that this aging
process should continue for twelve months or more; manifestly
no such delay can be tolerated in the mmdst of an important or
urgent development or production program. and equaivalent
alterna-tive methods nmst be sought.

This article describes some expenmental methods undertaken
by the David W. Tavlor Model Baumn and one of its contractors *
in an attempt to expedite the stress-relieving and stabilizing of
welded steel and cast-iron structures by vibration and by a com-
bination of vibration and annealing.

STRESS RELIEVING BY VIBRATION.

Although there has been little opportumty to mvestigate the
theoretical phases of the problemy and it has not been p-:-ssiblt
to uncover amny published literature on this subject. there i1s some
experimental proof that locked-up stresses 1n a complicated struc-
ture can be and are relieved to a considerable extent by the work-
ing which the structure recetves in service.

There 15, for example. the well-known expenence with ship
structures. immmortalized by Kipling. 7 in which the excess stresses
in certain areas are worked out and relieved by the motion of the
ship in the seas which she encounters. Dunng this series of
loadmg cycles, mn which defimite working stresses are developed.

#* The Eutztomn Foundry and Machime Corporaton, Exnt=toem, PA
T "The Shop that Found Her=elf™ from "The Dav's Work.”™ by BEudyard Erpling.
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these working stresses when combined with the residual stresses
reach such high local values that the yield point 1s exceeded *
and plastic flow takes place. reducing the residual stress when
the working stress 1s remwoved. In the aging process, some action
of this kind apparently takes place. but at a mmuch slower rate.
Whether it 1s the combination of the long time of action and the
moderate stresses set up by temperature variation. or the slow
vielding of the metal through plastic action under the mfluence
of stresses i the elastic range applied for long periods. 15 not
known at present. Possibly 1t 1s a combination of both

In fact. it i1s considered by many that the operation of nveting
in a ship that 1s partly welded and partly nveted goes far to
relieve locked-up stresses in the welded portion of the structure,
even before the ship 15 completed and launched. Working of the
ship structure i service undoubtedly does the rest. Recent tests §
hawve proved that 1 smaller structures stress relief can be accom-
plished by the steady application of pneumatic rveting hammers
to some convemient part of the structure for more or less extended
periods.

In the customary ammealing process on relatively small units.
the residual stresses are largely removed by lowenng the yield
pomt temporanly and permutting plastic flow to take place readily
under the elevated temperatures. However. there is a reluctance
among those who produce fine machinery and precision equipment
which mmst remain stabilized for long perniods to accept even the
best of annealing processes as the final and complete answer to
the problem of internal stabilization 1n metal parts.

One solution which has been proposed and on which some ex-
periments have been made i1s a combmnation of the customary
amnealing process with wvibratton of the metal part at a rela-
tively lugh frequency. If annealing cannot be used. for one rea-
son or another, or if it 1s considered not adequate by itself. the
vibration process 15 emploved as a means of subjecting the part to
a great number of working cycles i a short time, 1 an en-
deavor to accomplish the same end.

* Thes achon appears o be exirensaly localized and has no debmmeniz] effect upon
the strenzth or sermviceabibty of the sbuchare a2z a whaole.

7 Thes mformmahon has been kindby fivnished by hir. E. H. Ewerts, of the Electic
Boat Company of Manmtowoc, Wisconzin
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GENERAIL CONSIDERATIONS.

In the application of these experumental processes. mvolving a
combination of annealing and wibration or of vibration alone. a
few simple mules have been followed.

{a) The part has been machined or trimmed down as nearly as
practicable to its finished size before the stress-relieving process
was undertaken.

It was considered that some of the residual stresses, such as
those in the skin of a casting. would be removed with the metal
and that the remaimng metal would vield more readily to the
mternal forces. This 1s the reason for the rather general practice
m mdustry of rough machiming castings before anneahng.

{H) The stresses m the wvibrating operation were made as lagh
as possible in an effort to produce the desired effect. but not so
high as to damage the part unless a weak spot existed 1n 1t

If a weak spot does exist. the best time to find 1t 15 before a
great deal of expensive machine or hand-finishing has been done.
The localized stresses in the other parts must exceed the wield
point. to pernut plastic flow to take place.

{c) The wibrating operation. and the frequency employed. was
selected to suat the particular part or structure.

Setting up resonant vibration in a part will increase the effect
for a given excitation, will develop higher stresses than can
otherwise be produced. and will decrease the vibration time.

VIBEATION EXPERIMENTS TO STABILIZE CASTINGS.

As an example of the apphcation of these procedures m prac-
tice. there will be described the normalizing experiments on two
rather dafferent types of wwon and semu-steel castings.

The first 15 the group of chair castings for the support of the
heavy rails for the towing camage tracks at the David W. Taylor
Model Basin. developed m 1938 and 1939. A section of one of
these castings is shown i Figure 1. Alternate chair castngs
were 12 feet and 4 feet long. For the main rail these weighed
1695 and 530 pounds respectively; for the steady rail 770 and
247 pounds each. They were made of high-strength iron castings,
with about 30 to 40 per cent of steel scrap. Two of the chan
castings installed in the tracks are illustrated in Figure 2.
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FIGGORE 1 -TYPICAL TRACE S5ECTION THREOUGH MATN EATTS CHATN AND
FOUNDATION FOR TOWDRNG CARBIAGE TRACKS.

The chair 1s the box-shaped structure wath lugs on the side. Alternate
chains were 12 feet long, the remamder were 4 feet long.

The specifications for these chawrs called for flat-machined
surfaces on the top where the leveling slums under the rails were
te bear. accurate to withun 0.0015 inch 1n 6 feet. when measured
m any direction. It was imperative that once the chair castings
were machmned accurately, they remain so for indefinite peniods.
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In an endeavor to achieve this result and to elinunate the aging
procedure. the following specifications were developed:

"All chairs shall be of high-test gray won (senm-steel).
general accordance with the requirements of Navy Department
Specifications 4615b. Class B, having a numimum tensile strength
of 30.000 pounds per square imch. and capable of withstanding a
transverse load test of 2250 pounds with a corresponding
deflection of 0.24 inch.

"It 15 the intent and purpose of these specifications to obtamn
chair castings which. when machined to a straight and true sur-
face on top. will hold this accurate surface while being leveled
and adjusted to position. and which wall retain it for an indefinite
time after having been grouted and ballasted i place on the con-
crete basin walls.

"After cleamng, the castings shall be rough mmlled or rough
planed on the bottom of the side flanges to provide a practically
continuous  beanng for support dunng the subsequent plamng
operations on the top. The castings shall then be nulled. planed
or machine ground on the top face and on the end projections.
leaving only sufficient metal to clean up to the fimished
dimensions after the annealing operation.

"Before annealing. the castings shall be wibrated. jarred or
bumped to accelerate the remowval of all residual stramns due to
casting. Each casting shall be subjected to at least 25 definite
heavy blows or vibrations, or to vibration at high frequency for
one (1) minute * This operation may he undertaken in or by any
convement machine in the contractor's plant.

"The chair castings shall be annealed to elimunate stresses in
the metal as a result of the casting operation. They shall be
loaded on a car or table where they will be adequately and um-
formly supported and then be placed mm a suitable annealing
furnace. which has arrangements for automatic temperature con-
trol and recording. The furmnace shall be brought to a temperature
of from 1000 degrees to 1050 degrees F. and maintained at this
temperature for at least six (6) hours. The fumace shall then

*Thiz requurement was adouttedly an arbitraay one, amved at om a basis of pro-
duchon requurensents and the expenence of 2 fim wloch had manufactwmed cast mon

parts successfully for many vears.
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be allowed to cool at a rate not 1 excess of 1000 degrees F.
48 hours. and the castings removed.

"After coolmg. the castings shall agam be wibrated. jarred or
bumped to remove residual strains. as previously described.”

It 15 to be noted that the chairs were vibrated both before and
after anmealing. and that all these operations took place between
the rough machiming and the fimish machining processes. The
contractor used a large molding machine for the vibratng opera-
tion. This machine was available and 1t was large enough to
take the whole chair casting

Before the molding machine was thought of as a wvibrating
apphiance. it -was proposed to use one or all of the following
vibration treatments on these castings:

1. Suspend them dear of the floor and strike them with a
maul, sledge or ram

2. Roll them along the shop floor by parbuckling. 1.e_ . by wind-
ing a rope around them and then pulling on the rope.

3. Carry them around in a springless wagon over rough pave-
ments or roads.

4. Laft them a short distance off their supports and drop them,
repeating this operation a number of times.

Although. in the days of vibration generators. these methods
all appear rather crude, they are still acceptable substimites mn
case a special machine 1s not available.

Several of the expenmental chair castings which had been
mamifactured by the process previously described were checked
carefully at intervals for more than a wvear. without showing
any measureable change in shape. It mayv of course be argued
that this proves nothing_ that the chair castings mught either have
been stabilized without the wvibration treatment. or that no stress
relief resulting in a change of shape took place within the year
in question. It appears at least reasonable i this case. however.
to give the combined wibration and annealing operation the
benefit of the doubt.

The second example of the application of the vibration-anneal-
ing procedure at the Taylor Model Basin was in the manufacture
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of a large surface plate and a. large layour table i 1942 by the
same firm that supphed the rail chairs.

The surface plate 15 12 feet 4% inches long by 8 feet 7%
mches wide by 12 inches deep. and it weighs about 9000 pounds.
It 1s. as shown m Figure 3. a box-shaped iron casting having
completely symmetnical upper and lower surfaces and two sets
of hghtened wvertical webs. one longmitudinal and the other trans-
verse. It 1s. by virtue of its designs. well adapted to preserve its
shape. apart from any aging or annealing process *

It was mamufactured under specifications almost identical with
those for the chair castings. and i1t was wvibrated both before and
after annealing 1n a large molding machine. Its performance since
dehivery has left nothing to be desired.

In the development of this surface plate. it was at one time
hoped to make it of such shape that all the intenior as well as
the extennor surfaces could be machined. It was believed that
still greater stabality could be achieved by removing all the skin
from the origmal casting. This design was found not practicable,
but an attempt has been made to achieve the same end in the
large layvout table shown in Figure 4 by the removal of a con-
siderable portion of the casting skin on the mmternior surfaces
in a pickling operation. The holes in the edges were plugged.
the casting was stood up on one side, and it was filled with a

sulphuric acid solution. which was left there to work for several
davs.

This large table 1s in three sections, each 10 feet 8 inches long
by 5 feet 3/4 inch wide by 9 mnches thack. Each section weighed
6150 pounds when finished

The combined pickling and vibrat:ing -:-permims on these cast-
mgs have been relatively simple, mexpensive, and easy to com-
bine with the usual ﬂladjjﬂjﬂg and annealing operations. Unfor-
tunatelv. neither the time. the facilities nor the personnel have
been available during the war to make precision measurements
on these tables over long peniods. nor have there been available
for companson. anv layout tables of exactly the same design
which were not sulyected to vibration.

*The szane remzrks apply to the box-shaped chaw castmes shovm m Frgure 1 and 2.



Figure 2. — Maimn Fail Chairs for Camage Tracks
Thiz 15 a jomnt between two of the maimn rail chairs shown in section m
Figunre 1. The bosses or "islands" on the top has to be machined accun-
rately and had to remain true to hold the rails in place.
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Figure 3. — Large Surface Plate.

This plate has complete upper and lower surfaces, making it symmetrical
about a horizontal plane through the plate at mud-height It is stiffened
mtemnally by a system of longitudinal and transverse lightened webs.
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FIGURE 4. —LARGE LAYOUT TABLE. 32 FEET LONG.
This table is in three sections. bolted together. Each section is a sym-
metrical stiffened casting, with complete uvpper and lower surfaces.
similar to the surface plate shown in Figure 3.

FIGURE 5. — TOWING DYNMOMETERE. FOE. CARRIAGE T

This vpper gwder. built of 1 by 1 by Ye-inch angles and 0.109-inch sheet
steel, forms the fized foundation stuctire for all the precision apparatus.
The lower beam built of 1 by 1 by Yz-inch angles and 0.079%-inch sheet
steel is the weighing member to which the models are attached.



Figure 7. — Fixed Dvnamometer Girder Setup for Stress Relieving
COperation

The clamping arrangement simulates simple support with nodes near the
ends. The maximmum stress and deflechon occur at the center. The wibra-
tion generator, shown mounted af the mmd-length of the girder, is mun at
a speed shightly below resonance, which produces a steady forced wibration.
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Figure 8. — Fixed Girder with Vibration Generator and Dynanuc
Strain Gages Mounted for Test

The wvibration generator 1s secured to the girder by special U-clamps
and tie rods. Metalectnic strain pickups were cemented to the girder after
the paint had been removed and the surface polished A Tuckerman
optical strain unit was secured to the top of the guder; the fasteners are
not shown The autocollimator with the photographic recording gear was
attached to a stand fastened to the foundation. Note the butt weld in the
side plate of the girder.



FIGURE 17 GENERAL VIEW OF STRUCTURAL FRAME FOR. TOWING CARRIAGE 1.

The height of each of the four transverse tmasses 15 about 9 feet, and the
span between the two rails if 52 feet 8 mches. The frame 15 of welded
seamless steel tubing, with hollow cast steel spheres at the jomnts. The
end of the fixed dynamometer girder can be seen in the center of the frame.
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VIBRATION EXPERIMENTS ON WELDED STRUCTURES.

The welded tubular structure of the towing camage designed to
run on the Taylor Model Basin cammage tracks previously men-
tnioned was too large for any annealing fumace then available.
It was too mmportant a piece of machinery to nsk even a minor
fatlure 1n service. yvet such a failure might have been expected in
so complex a structure.

This camage frame was built to carry a large towing dyvnamo-
meter made up of two large structural parts. a box-shaped foun-
dation girder 15 inches by 16 inches mn section and 29 feer 10
miches long. and a floating beam 8 mches by 8 mches by 21 feet

9% mches long. Both of these parts had to be built with the
precision of the chair castings and the surface plates previously
described. Like them they had to remam stable and true for
long vears of service.

A general view of the two girders assembled in the dyano-
meter 15 mcluded 1n Figure 5. Transverse sections through the
girders are shown 1n Figure 6.

The shorter of the two girders was not too long for the avail-
able annealing furnace but there was so little expenence with

the annealing of a structure having such thin sections. 0.079
inch. that no one was willing to do the pioneer work on this
important assembly.

For the stress-relieving operation on these girders. a vibration
generator was used which had been developed and built specially
for work of thus kand. This generator consists essentially of two
parallel shafts. motor driven. geared together to run in opposite
directions at the same speed and in opposite phase. and carrying
eccentric weights on both ends. The small generator used for
these expernnments was rated at 440 pounds drving force and 1t
had a speed range of from 250 to 3000 Rpm. Both the ampli-
tudes of vibration and the ranges of stress were measured with
modern equupment. The process 1s believed to be of wide general
mterest and 1t will therefore be descnibed 1n some detaal.

The girders were supported near the ends on two kmfe-edges
made of structural angles which m tum were bolted down to a
special vibration-testing foundation anchored to bed rock. The
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FIGLURE §-SECTIONS OF FIXED DYNAMOMETER GIRDER AND FLOATING BEAR

The hollow box-shaped girder structures shown are reinforced at inter-
vals with transverse bulk-heads to hold the sections in shape. The side and
top and bottom members are lightened with flanged circular holes as shown
in the photographs; the edges of the holes are stiffened by shallow flanges.
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girders were held down against the kmfe-edges by smaller angles
and tie rods. as shown in Figure 7. The small vibration generator
was clamped on top of the gwder at the cemter as shown m
the photograph. Figure 8.

A maxinmm dynamuc stress range® of 15,000 pounds per square
inch was adopted. as a satisfactory range for stress relief and
the amplhituude required to produce this stress was roughly
estimated from the simple beam theory. The natural fre-
quency of the girder in the two-noded flexural mode was also
estimated on the assumption of simple support at the knife-edges
with the mass of the vibration generator added at the center.
An expenmental check of the natiral frequency was then made
by applying an imypulse to the girder and tumng a calibrated
reed’ to the frequency of the resulting wvibrattion. A further
check was made ofthe relation between static stress and deflection
by strain gages and dial nucrometers.

The wvibration generator was then adjusted to an eccentricity
sufficient to produce the desired amplitude at a frequency shghtly
below resonance. On the low side of resonance conditions are
stable; that 15, the speed fluctuations encountered here for shight
changes of voltage are not as wide as those on the high side of
the resonance curve. When the amplitude reached the value esti-
mated to give the deswed dynanuc stress in the girder a check
of the stress was made with both metalectnc (wire resistance)
and optical stramn gages set up for dynanuc measurements. The
vibration generator was then left runming at constant speed for
a peniod of 8 hours

VIBERATION TEST PROCEDURE ON WELDED BOX GIFDERS.

The general procedure was as follows:

First. to calculate the elastic constants of the box girders con-
sidered as simple beams.

Second. to estimate their natural frequencies when simply sup-
ported at the ends with the mass of the vibration generator added
at the muddle.

*The termn "range” as uwsed here covers all vahies between the specified siress mn
tension and the stress In compression.

TA Westinghouse reed vibrometer was used.

TAgain this fizure was an arbitrary one, amved at by a considerstion of preduction
requirements and some ten vears of experience mn vibrahon work.
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Third, to estimate the amplitude of vibration requured to pro-
duce the selected stress range.

Fourth, to check expennmentally the static stress produced by
a deflection equal to thas amplitude.

Fifth, to check expenmentally the relation between dyvnamic
stress and amplitude.

Sixth, to determune the form of resonance response of the
girder, from which its damping could be estimated.

Seventh. to wibrate the girder for 8 hours or more at the
required amplitude and frequency

The following constants necessary for stress and frequency esti-
mates were first calculated from the dimensions of the girders;
see Figure 6.

Fired Floating

Constant Guder Bean,
Area of transverse section, square mches 733 3.75
Dhastance from center of gravity of area
to bottom, mches 8.0 3.13
Moment of mertia of area with respect to
center of gravity axis, inches 310.0 38.2

Radmus of gyration of area about hod-
zontal axis through center of gravity

of section, mches 6.51 3.19
Dhastance from center of gravity to ex-

treme fiber. inches 8.0 499
Section modulus. inches’ 387 7.65

The natural frequency of the fixed guwder supported on knafe-
edges over a 28-foot span with the mass of the wibration gen-
erator added at the center was estiimated by the formula

| El

fi = 21.7 IIII( T :_;:wl) I3
N 35
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where f; 15 the frequency in cycles per second
E 1s Young's modulus i pounds per square inch
I is the moment of inertia of cross section® in inches”
W 1s the weight of the vibration generator in pounds
w 1s the weight of the girder per umit length 1n pounds

per inch

1 15 the length of the span in inches.

Substituting numerical values 1n thas formula sives

s 30 X 100 X 310
(140 + 339) (336)°

T

fi &= 21,7

f, = 15.4 cycles per second =
g24 cycles per minute

A prehnunary esttmate was made mn the same manmer of the
amplitude required to produce the desired stress by assummng
the girder to deform into a half-sme wave dunng vibration. On
this assumption the masomum stress 1s given in terms of the
deflection at the center by the formula

n* He A
]!

F =

where E 15 Young's modulus in pounds per square inch
c 15 the distance from the neutral axis to the extreme
fiber 1n 1nches
A 1s the deflection at the center 1n inches
1 15 the length between kmife-edges in mches.

Hence to obtan a stress range of 15.000 pounds per square
mnch or a single stress amphtude of 7500 pounds per square
inch the single amphtude required at the center of the girder 1s

*] 15 the moment of nerha of the full section. because the hghtemng holes were
near the neuhal axis=. Because of the stiffening effect of the flanges around them,
the presance of the hales wasz neglacted.
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_ ¥ 336 X 336 X 7500
T EFea® 0 X 3o X 10° X B

Y

or
D o= 0,36 inch

The acceleration corresponding to a single amplhitude of 0.36
imch at a frequency of 924 cycles per nunute i1s approximately
8% g This value was near the upper linut for the wibration
generator available but was not too high to be miled out Ac-
tually when the girder was clamped down with the kmfe-edges
28 feet apart and the wibration generator was mounted in the
center the frequency was found to be 830 cycles per rmmite. The
reduction from the calculated figure of 924 cycles per munute was
probably due to one or all three causes. the flexability of the kmfe-
edges. the effect of the hghtening holes. and the mcipient insta-
bility of the side walls in compression.

When static loads were applied to the fixed girder it was
found that a load increment of 554 pounds at the center pro-
duced a stress mmcrement of 925 pounds per square inch at a
point 11 inches to one side of the center. equivalent to about
990 pounds per square inch i the center. with a deflection of
0.054 mnch. These stresses were measured by both Huggenberger
extensometers and Tuckerman optical stramn gages. If the static
stress-deflection ratio held in the dynamic case this would indi-
cate that the single amplitude requured for a stress amphtude of
7500 pounds per square mch would have been 0.41 minch When
the girder was set 1n vibration 1t was found that a single ampli-
tude of 0.375 inch gave the required stress amplhitude. This very
closely approximated the walue of 036 inch estimated for a
half-sine wave, which 1s the theoretical dynamic form where no
concentrated mass 15 added to the beam

The dynamuc stresses were checked both by dynamic Tuckerman

gages and SR-4 metalectnic strain gages; Figure 8 shows both
types of dynammc gages in position on the fixed girder. The
Tuckerman gage consists of a stram umt with a rotatable knife-
edge pnsm and an autocollimator for visual reading or photo-
graphic recording. The rotatable kmfe-edge forms an optical
lever. The light from an illumunated slit in the focal plane
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of the objective of the autocollimator emerges from the objective
in the form of parallel rays which are reflected back into the
autocollimator by the strain umt, but at an angle which vanes
with the umit stramn. If the strain i1s dynamic the image of the
slit will move back and forth in the focal plane of the objective.
where it may be observed with an evepiece or may be photo-
graphed. Both photographic and visual methods were used. A
sample photographic record of the dynanmuc strain due to vibra-
tion of the girder 1s shown mn Figure 9.

10000000 ooo00 0o ™D

g —_— R . =

I 0.001" = 200 Ib/in?

{_- 0.1 sac __=!

ZJEJDDDDI'_:IEEDDDD-U'JE%EDD_,I%’%

FIGURE D — STEATN RECORD DUTRTHG VIBRATION TEST

This record was taken with a dynamuc Tuckerman gage on the fixed
dynamometer girder.

The SE-4 gages contain fine wins whose resistance vanes
with stramn. The unmit 1s cemented directly to the stressed member
as shown mn Figure 8. When cument flows through these ele-
ments any change in the resistance due to changes i dynammc
stress causes a change in the potential at the terminals. which may
be amplified and mmpressed on a cathode-ray beam or meas-
ured directly with an electromic voltmeter.

Finally, the eccentnicity of the wvibration generator was reduced
to 10 degrees and the machine was operated through the range
of resonance. Amphitudes were observed with a General Radio
vibration meter. Tlis 15 a direct-reading mstrument consisting
of a prezo crystal pickup unit. an amphlifier. a rectifier. and a
meter on which amplitudes are given directly. The resonance
curve so obtained 1s shown in Figure 10,
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FIGURE 10.-RESONAMNCE CURVE TAEEN ON FIXED DY NAMOMETER GIRDER.
The amplitudes were measured at the center of the girder. The BMS
amplitude = (peak single amplitude)
2
The dampmng of a structure can be estimated very sumply from
the resonance curve obtamed with a doiving force mcreasing as
the square of the frequency. as in the vibration generator. from
the approximate formmula

Nyt — N
N pnx

&
C.

aall B~

where C/Cy 15 the ratio of the actual damping constant to the
critical value and n i1s the matio of the amplitudes at frequencies
N;and N, to the maximmm amplitude occurmng at N, Tlhis
fornmla gave a value of 1.6 per cent of critical damping for the
fixed girder. An ideal system of one degree of freedom wath
1.6 per cent of critical damping has a resonance magmfication
factor of 31. which means that the single amphtude at resonance
will be 31 tumes the deflection that would exist under the same
dniving force acting statically. The girder differs from the ideal
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system 1n that its effective dynanmuc spning constant 1s not the
same as the static constant. because the elastic line has somewhat
different forms in the two cases. The dnving force of the vibra-
tor at resonance i this mnstance was 39 pounds and static loading
measurements showed that this load would produce a static de-
flection of 0.00038 inch. The wvibration amplitude was 0.14 inch,
which indicated a resonance magnification of 37.

The girder was then wibrated for 8 hours at a single amph-
tude of 0.375 inch and a frequency shightly below resomance.
The fact that no change i1n the natural frequency of the fixed
girder was observed after 8 hours of wibration and that the
mtemal damping remained very low was taken as an indication
that no welds had failled. No cracks in the welds were observed.
How much yielding of the matenal took place in regions of lngh
stress could not be deternuned.

A smmular procedure was followed with the floating dynamom-
eter beam This was supported on an 18-foot span The ob-
served natural frequencies were 1310 cvcles per nunute without
the vibration generator mounted, and 870 cycles per munute with
the vibration generator. The machine was min for 8 hours at
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FIGURE 11 -COMPARISON OF VIBRATION PROFILE OF GIEDEERE WITH
THEORETICAL DEFLECTION CURVES OF A SIMPLE BEAM.

The deflection atx / 1 —0.45 15 set equal to unity 1n each case.
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840 cycles per munute with a maxinmm dynanuc stress range of
15000 pounds per square inch and a double amplitude of 0.4
mch  The calculated stress for a deflection of 0.4 mnch. assum-
ing that the beam deformed into a half-sine wave, 1s 12300
pounds per square mch The amplitude profile of the entire
length of beam dunng resonance was determnuned expennmentally
by the use of a small vibrometer. In Figure 11 this form 15 com-
pared with the deflection curves of a sumple beam for the two
most comumon types of static loading. and with the half-sine wave
which 15 the ideal case for free vibratton with no added mass.
These curves are made to coincide at pomts 0.05 of the length
from the center; these are the pomnts where the deflection was
actually measured. The actual deflections fall just about on the
half-sine wave. which 15 mudway between the theoretical values
for umiform and concentrated static loading. so that anv one of
these assumptions can be safely used i estimating the relation
between stress and amplitude in such a case. As the ratio of
the mass of the vibration machine to that of the beam increases.
the formmla for concentrated load becomes the best approxi-

mation.

EXPERIMENTS ON STRESS RELIEVING OF TOWING
CARRIAGE FRAME.

The largest and most complicated stmuctures on which the wi-
bration method of stabilization has been attempted by the Tavlor
Model Basin are the welded tubular frames of the two large
towing carmiages; one of these i1s shown m Figure 12. These
frames are about 68 feet long. measured parallel to the tracks.
56 feet wide, and 9 feet high. While they are made of mne sec-
tions bolted together. for convemence m transportation from the
contractor's plant and assembly i the Basin bulding. the bolted
jomts are very rigid and are considered the equivalent of sohid
material These joints are made up in each piece of tubing
before that prece 15 welded into the frame.

Before any vibrating was done on the frame_ deflection measure-
ments were taken. first with all the construction supports 1 place.
under the whole frame. and then with the frame supported under
the dnving wheel and steady wheel locations only. where the
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reactions would come in service. The deflection at the center
was found to be about 0.1 inch. due to the weight of the struc-
ture alone. Tlus result 15 approximate because it was not certain
that in the first condition the frame was umformly supported

all around.
A check was then made to determune how mmch deflection wounld

be caused by adding a 170-pound dead weight. about equal to the
weight of the vibration generator and its clamps. on the member
to which the generator was to be attached. The deflection for
that load was about 0.0035 mmch. On adjacent members the de-
flection varied from 0.0035 inch to 0.0025 mch, which mdicated
that the member to which the generator was attached was snff
enough at 1ts joints to transmmt most of the vibration to the struc-
ture as a whole.

Deflections mn the center. in the dynamometer girder position,
were measured agamn when a dead load of 3000 pounds was
placed in the dyvnamometer bay to simmlate the weight of the
dvnamometer and personnel, and of the loads the stmucture would
carry elsewhere when in operation. This deflection at the center
of the carmage frame due to increase of load was about 0.1
inch. malking a total deflection of about 0.2 inch.

The cammage frame. supported at the pomnts where the dnve
wheels and steady wheels would later be attached. was then wvi-
brated with the small generator mounted in the center of the
frame. A natural frequency of 600 cvcles per nmnute was ob-
tained and the maximum double amplitude at the center of the
span was about 0.05 inch  This resulted in an increase 1n stress
of about one-eighth of that due to the static load alone, a rather
small value to be used 1in an effort to relieve excess locked-up
stresses in the structure but all that could be obtained with the
equipment then available.

The wibration generator was operated at resonance for a total
period of about 15 hours, with no change in the resonant fre-
qUEenCY.

This operation on the first camage was repeated some three
vears later on the frame of Towing Carnage 2, bult to the same
plans. The natural frequency and double amplitude were found
to be the same as for the frame of Towing Carniage 1. but be-
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cause of other urgent war projects which requared the use of
the vibrating equipment, the carnage frame was wibrated for a
total peniod of only about 10 hours.

On paper. the low stress range and the relatively short period
of vibration. 2 days as compared to an expected life of 50 vears.
appear quite madequate. Actually. however. the frame members
of Carriage 1 wibrated to a greater amphitude i one cycle of
the vibration test than they have been observed to move. at
resonant frequency. in more than two vears of hard service.
There has been not the shightest sign of structural weakness in
that ttme. Again however. there has been no similar structure.
not vibrated, available for companson.

DISCTUSSION.

On the welded structures described, dynammc stress data were
taken dunng the vibrating operation only on the dynamometer
fixed girder and on the floating beam They were taken here
merely to furmish a safe guide in applying vibratory loads. and
not for the purpose of stress analvsis. In general the stresses
observed agree with elementary beam theory except as noted
previously. However. stresses were measured only on the top
and bottom angles. where maxinmm wvalues are to be expected.
and at one pomnt near the center of the beam

While the damping was very low on the girder and beam at
the amplitudes encountered 1t would not have remammed so with
increasing amplitude. In view of the high resonance magmifica-
tion mvolved. of the order of 30 or more. 1t might be feared
that damage would occur i such a method of stress-relieving
owing to accidentally munming through resonance. However. there
is little danger of this because the damping will mcrease rapadly
as the average. stresses approach the elastic linmt.  If the endur-
ance linut 1s exceeded there 1s the possibility of a fangue failure.
but this would occur only after a large number of stress cycles.

It was not practicable in any of the cases described here to
measure the amount of stress relief actally obtamned. Omn test
specimens used to mdicate and measure thus stress relief the pro-
cedure calls for the more or less destmuctive process of dnlling
holes or nulling slits in the specimen:; this cannot be done in the
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testing of parts which are to be used m working structures.
Strain gage readings mught have been taken at selected stations
before and after vibration. This was not done. but observations
were made on the general distortion of the structures afiter the
various methods of stress-relieving were carned out;

The shaking and bumping processes described subjected the
stmictures so treated to vanations of stress bevond those which
would be encountered in subsequent service. It was considered
that if the parts or structures showed no large distortion due to
this process they would not distort i actual subsequent operation.
For instance. the camage structures were vibrated when loaded
to the full service static load and mm the fimdamental mode of
vibration which would occur m actual operation. While the
amplitude of the superimposed dynamic stress was only 13 per
cent of the static stress 1t was more than actual operation would
put mio the structure. Since no observable distortion took place
it was assumed that none would take place in actual operation
A similar line of reasoning holds for the dynamometer beams
which were dyvnamucally stressed far more drastically than the
carriage structure without observable signs of distortion.

CONCLUSION.

The process of wibrating parts and completed structures may
or may not relieve stresses, but it increases confidence mn the
stability of the shaken part. The evidence of achievement 1s nega-
tive but the feeling of safety 1s posinve. and this feeling accu-
mulates with compound interest as the wears go by and the
stmictures continue to carry. their burdens without distress or
complaint.
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