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STUDY ON VIBRATTIONS TRANSWITTED TO PAVEMENTS
DURING WARM-UP PERICD OF AIRPLANES

SUMMARY

The develevment described in this Note was performed as part of a study
of the effect of vioraticons on airport pavement perfermance which is being carried
out for the Technical Development Service of the Civil Aeronautics Admimstration
by the So1l Mechanics Laboratory of Pranceton University  The general scope of
this Progran ana s partial Peport on the progress made was presented in the Highway
Research Boara Proceedings, 1944, and the final report on this project 1s in
preparation

The 1investigation requared the development of 1nstruments to reccrd the
dynamic characteristics of the airplane-pavement-soil system. A description 1is
given of simple i1nstruments which were designed and built for the purpose of
recording vioratory displacements Furtrermore a methed 1s indicated wnich permits
the cetermination of the frequency and magnitude of vibratory forces transmitted to
the pavement and the motion of the pavement by warring-up airplanes Finally trial
fi1eld experiments with a Cessna zirplane are described which demcnstrated the suita-
bility of tne instrumentation developed sc far )

A few results are presented which were gained from tre trial experiments
and which refer to tle static and dynamic forces transmittea to the pavement and
the moticn of the pavement during the warm-up period of the airplane

INTRODUCTICN

A Purpose of the Investigation

1 To develop instrumentation and procedures for the determination of the
frequency and magnitude of vabratery forces transmtted to the airport pavement by
an airpiane during tte period of engine warm-up

2 To develop means for measuring the amplitude and frequency of the vibra-
tory motion of the airport pavement during the engine warm—up pericd

3 To determine the suitability of the develeoped 1nstrumentation by means
of fiela tests employang an airplane

4 To obtain from these first trizl tests some data on the magnitude and
frecquency of the vabratory forces transmtted to the pavement by an airplane during
Warm-—ap

The acove purposes have been achieved ana are described in this paper.

B Method of Instramentation

In order to achieve the first purpose of the investigation, as listed above,
the following method was selected

1
"Effect of Vibrations on the Bearing Properties of Soils", by G P
Tschebotarioff. Proceedings, Higtway Research Beard, Vol 24, 1944. Fp 405-425.



(a)  An instrurert was desigzred and was built permitiine the oro-
Ject_on on the scrzen of a Cattcae-Rsy Osci’lograpr of the iiltratory mo-
tion of the wheel b of a warmir; -up airplane with respect tc the an-
Joznirg pavenent surface Thais 1ins .rument 1s subsejuently referred to
in tris Note as "Displacere~t Irdicztor wath Two Reference Points?

It consists essentially of 2 s.rple pick—up umit provideg with a lucite
cantilever equipred with SR-4 strein sages

(b) A novie-camera wes zdaoted to record tre above vabratory mo-
wior (&) ae projecled on the oscillograph screen

(c) The marmituce of the vinratory displacement of the airplane
wheel hub with respect to the pavemert surface was cetermined from thre
novig-—camera (t) and frem calibrazior curves obtained during calibratior
of the instruments on the elerctro-magnstic vibraticn table 1r the lab-
oratory

(d) The frequency of the relative airplane wheel Yub vabration
was aetermined directl— fron “he movie-camnera record (b) and a time 51g—
ral produced ty & neor Jamp attacrec To the oscillograph

{e) The static spring constant of the zirplane tire was cete-mined
in the laboratory mtn t-e came tire and at the same air pressure which
wzs used during the f1eld tests

{*)  The magmtude of the vertical vibratory forces transTitied
to the pavemert by the wheel of Lhe warming-up airplane was deterrined
fror the s%atzc tire soring constant {e) and from tre ragn-tuce of the
displacerns=t anrlitude {c) of the airplane wreel bub

Tre gsecrmc puracse or the irvestigatoion, as listed abo.e, was achieved in
a ranner very simiiar to the one Just cescr.bed, excerbt that z different type nf
irstrument 1s used

(a) An instrument was designed and aas built permitting the preo-
Jection on the screen of a Cathode-Ray Oscail_ogranr of the wmibratory
notion of the pavement surface i1mrediately adjoining the wheel of a
warrang-up airplare  This instrument was based on the so-called "seis-—
mzc princzple! and is subsequently referred to in this dote as "Lisplace-
ment Indzralor with One Reference Point!

{b}, (c) ard (d} Twe technigues of the follewilng three succes—
s1ve steps were 1dentical to the ones just descr:bed and listed uncer
the corresponding letters of the preceaings description of the "Indicater
with Two Reference Points'.

In oider to protect t e Inisplacement Indicatzor pack-up units of ooth types
from the propeller draft, a waind shield wzs reguired Tris shield served simaltan-
gcously as the suppert for a heldings down device of tre prek—up units

ho specific data were srailable with respect to maznitude and frequency of
the static and dynamc displacererts which could be expected  Hence for a1l 1instru-
ments an exceptionally wide measuring range waz reqlirea

The simplicity of the final set-ap selecled, &5 descrabed above, was
considered to corpensate for the disacvartage that “he -ieasurerent cannot be made
directiy unosr t-e arrplene vheel Tre results obtainea witn this set-up are
considered to be accurate snousn

C Disadvantages of other Methoas

Other nossible methods of measvrement have certain disadvantages  For
exanple, pressure ce_ls, first require a hole 1in the pavement, second, they cisturd



the centiruity of the pavement, +rird, tieir a-curaecy asperas on the centricity of
the loads, and, fourth, 1t 1s difficult +o place a plane 1n the proper posi~ion wath
respect te tre erbedded cell  Furthermore, 4re accuracy cf the resronse to vioratory
Tforces of exasting pressure cells has net et been deterrired Weigbing devices
protruacn: above the ravement and similer instrumerts capable of reasurine vibratory
forees 1ptreduce ar adazficnal element 1nto the vibrating airolene-pavement-soil
system, which may rharze the aynaric characteristics oi the whole system

D figmiticance of ihe Results Obtained

The field neasurements perforted to-date were intended onlsy to ceronstrate
the suitasilat, of the instrumertation developed  Accordingly, these measurements
have beer corfined so far to one type of plane, a two—motored Cessna plzne (Medel
T 50) w1t~ & wirg span of aprroximatelw 46 feet and a total weishi of 5,000 lks
A1l field experimerse vere czarried out on *he concrete zpron before thz Regronal
Depot of tne Civil Aercnant-cs Aeministration, at Le Guardia Field, (llew York, N Y )

Tne maxirmam dynamic torces transmifted through tie =ires to the pavemsnt did
not exceed x4 5% of the oragina’ static whe=l loads durirg these tr-al teste At
first glance this mey cppear to oe an 1nsignificantly small valae Fowever, tras
15 not the case

Ty means o plunger teste, Professar Tsehebotario??! has snown that Tor
certain sc1ls a consideracle penelration of tle plunger iue to dynmarcc [orces may
take place at alrest any fregiercy ard that the plunger oenetrations due bo dynamic
forces alone may bLecore uo to 45 times larger than plunger penetration: caused by
ecnrvalent static forces further, so Tar unpublisied pluncer tess results indicated
that under certain concitiens the e:fect of dynamic vibratciy Jorces might te still
Zreater

Tre above shows that the eiffects o. cren ratrer small vabratory forces are
ro% to be negglected on certain soils  Ir this cornection, further studies apmear
necessary of tre vibrations transtitted So pavements by aifferent tyoes of planes

The maximun aisplacement arplitude ol the edge of the concrete apron was
found trn be+ 0 0022 1nctes hesults of displacement measuranent due to causes cther
than airmlares can be found in tne following references

1 "Ef.ect of Vibraticns on the Beazring Propertiee
ol So1ls", by G P Tschebotarioft Proceedings,
H1ighway Researcr Boarc, Vol 24, 1944  Pp  A405-425

2 "Earthquarse Investigations in California 1934-297350
Specizl Publication Ne 201, U S5 Printing Cftice,
Weshington 1936

3 "Meue Frgebnisse der dynamischen Baugrunduntersuchung',
by H Lorenz, Zertscrrmft Vv D I, Vel 7E, No _2,
March 28, 1934, Pp 379-385.

4 "Highmay Investigatzions by beans of Induced Vibrations™,
by @ K Bernhard The Fennsylvania State College
Bulletin, Vol XXXIII, Mo 49, October 2, 1939, Pp 1-28

5 '"Ine dynamischen Eigenschaften von Strassen", by
F Dleister, Strassenbamver_ag, Boerner - Halle

& "Ismamic Tesling of Pavement", by G Packet, Journal
of the American Concre*e Irsiizute, Vol 16, No 5,
ATril Q45

1"Effe:t of Vibraticns on the Rezrins Properties of Scils", bty G P
jibg

Tschebotario Proceedings, Highway Resesrcn Bozrd, Vol 24, 1244 Fo  405-425



7 "Dynamische Untersuchung auf Betonfahrbahndecken", by
A Ramspeck, Forschungsarbeiten aus dem Strassemwesen,
Vol 1, 1937

e "Noise Tremor due to Traffic from an Engineers Point
of View", by R K Bernhard, Journal of the Acoustical
Scciety of Ameraca, Vol 12, No 3, January 1941,
Pp 338247

A discussaicn of tre interaction in the presence of vibrations between differ—
ent types of pavements and underlying scil: 15 beyend tae scope of this Note  Many
aaciticnal fachors are i1nvolved 1n the performance of airport pavements and the impor-
tarce of these factors has not yet been fully evaluated  Comparative stucies of some
additional related phenomena are being performed at present by the Prince*on Soil
Mechanics Laboratory

DESCRIPTION COF INSTRUMERTATION DEVELOFED

A GENERAL REQUIREMENTS,

In order to decide what 1nstruments can be used during the investigation,
the static and dymamic characteristics governing the measuring range of the particu-
lar type of instrument have to be established The measuring range 1s limited by a
lower and an upper freqguency Between these two frequencies correct indications of
the 1nstruments with respect to excursion, and phase are to be expected

Response curvesd y1eld the easiest representaticn of the measuring range
and are of the most zgeneral character 1f dimensionless unifs are plotted on the X-
and Y- axas A short mathemetical derivation of the mein equations governming these
response curves 15 given 1n the appendix

Response curves mayv indicate the relation tetween

1 Amplafication factor (A), 1 e. the ratio of the dynamc to the
static enplitude,

2  TDarping (J), or the logarithmic darping decremert (b),

3  Phase angle (%), 1 & the lag between exciter and excited
vibration,

4 Discord or tuming facter (z), 1 e the ratio of tre exciting
frequency (W) to the matural frequency (W)

Fir 1 represents the response curves for instruments ~i1th two
reference points, Fig 2, with one reference point and Fig 3, gives
the corresponding values between discord (z) and phase angle ()

Refc¢rence points may be defined as points which have the same moticn whaich
has tc be measured and furthermore are points which can be used to attach parts of
the instruments

£11 curves for displacement (x}, velscity (x), acceleration ( x ), and
thase angle () are plotted for half-azperiodic damping (}=7), a damping which
yields the widest possible measuring range  Half-aperiodic damping 1s a darping
for which each successive amplitude of the cying-ocut vibration 1s recuced to
l/e™ =1/23 14 of tre preceaing amplitude

1
NDetermination of the 5Static and Dynamic Constants by Means of Response
Curves", by R K Bernhard, Journal of Applied Physics, Vol 12, No 12, December
1941, Pp 866-874



The measuring range 15 determned bty an amplificatien factor A = unity (1)
or A = constant

From the seven resvonse curves as shown in Figs 1-3, general requiremenrts
referring to instruments can be set up

Tnsplacement Indicatcrs with Two Reference Points

For instruments with twe reference points, the following conclusiors can be
drawn from Fig 1 Tre horizcntal part of the displacerent curve (x), representing
the measuring range, {A=1), 1s ccnfined to ciscords {z) from z=0 to =0 25. Further-
more the almost straight line relationship between discord ard phase angle (¢31n
Fig 3) from z=0 to 2=1 prevernts any phase distorticn in this range The vibrating
system as a whele, incluaing pick-up and recoraer units, as well as each 1ndi.icual
part of these umits, must have a matural frequency preferacly four times as nigh
as the highest frequency to be weasured Consequently such apparztus are oasec on
a high spring constant ana may be called superfrequency instrurents

Displacement Incicator with One Reference Point

For instruments with one reference poirt, the following conclusicrs can be
drawn from Fig 2 The borizental part of the displacement curve (¥), represerting
the measuring range (A=1), 1s confinea to discords from 2=1 & to z=oc Furthermore,
the asymptotic approach to tre phase angle @ =180% (¥1g 3) from z=6 to z=o0 ylelds
an almest constant phase shift  The vikrating system as a whole as well as each
inaividual part must “ave a natural frequency oreferably not higher than 3/5 of ~he
lowest frequency to be measured Consequently such instruments are basea on the
1nertia mass of the vibrating system  They have a low spring constant and Tay be
called subfrequency or seilsrc instruments,

Acceleration Indicator

In ccse accelerations rave te be measured superfrequency instruments are
preferable  For discords ranging from z=0 to z=0 5, the displacemsnt curve (x) an
Fig 2 follows approximately the same law as the acceleration curve ([ x ) in the
same Fig , 1.e opoth curves increase parabclically  Hence the upper Jamit of the
measuring range for accelerations 1s one-half of the natural frequency Lue to the
parabolic inerease of curve x 1in Fig 2, mechanical or electrical Tilters have to
be introducea hto screen the records against undesirable interference {rom high
frequency accelerations (harmonlcs)

Velocity Indicators

Velocities are proportional teo tre exciting frequency (u%) for discerds
fror =2 to g=o0 The velceity curve (x) in Fir., 2, shows the reasuring range
The simplest indicators to record velocities are subfregaency instruments,
generally based con & moving coil 1n a2 magnetic faeld

B S5PECIFIC REQUIRE'ENTS

In order to simplify the measuring technique the assumption is mrace th at
the difference between tre static anc dynamic spring constants of the airplane tires
15 snall and can be neglectec  Hence static and dynamic forces transmititea o the
pavement may be determined with sufficient accuracy by measuraing the ceformation of
tne tires

"Mechanical Vabrations", by R K. Bernhard, Fitman Publishing Corporataicn,
New York 1943.



A large difference 1n magnitude between the static deformation of the tire
(maxamum approxamately = 0 75 inches) and the dynamic ceformation {maximum cisplace-
ment amplitude approximately + 6 x 107° jpches) exists Let us assune that static
and dynamic deformrations have to be measured simultaneously and that the statice
deformation can be recorded with a deviation from the zero line egcual to C.75 inches
Consegquently this O 75 inch deviation will be superimposed by a vibratory motion of
+£6 x 102 1nches Any record of £ 6 x 102 1nch amplitudes 15 too small to permit
the required evaluation of such details as frequency, wave, shape, phase differences,
etc

Hence an indepencant measuring technique of static and dynamic phenomena is
desirable, a separation which at the same time facilitates the instrumentation

STATTC FCRCES

4 redistribution of the static loads on the plane wheels takes place during
the warming-up period This redistribution depends appreciably upen the rotational
speed and the pitch of the propellers The static deforration of the tires, 1 e
the change 1n distance between hub and pavement multiplied with the tire spring
constant, yields the static forces transmitted from the plane to the pavement

The static defcrmation has been measured by means of a spring mechanism,
sandwiched between the hub of the tire and the pavsment {(Figs 4, 5 and 6). TFor
these tests the strain gage carrier was blocked Springs of varicus strength can
be enclosed 1n a cylinder and corpressed by a piston. Piston and cylinder are
locked by remote contrel via a self-locking worm and gear drave  This arive 1s
connected toc a flexable shaft which 1s cperated manually at the cther end by a small
crank shaft The change 1in position of the piston within the cylinder can be
measured by means of divider and scale. These measurements must be made, first,
before the motors are running and, second, after the test, L e after the system
has been locked at the desired rotational speed of the propellers

It has to be emphasized that this method yi1elds approximate values cnly
No attempt has been made to improve the methed and to record the statac forees.
A simple slide wire instrument would y1eld more accurate results

DYMAMIC FORCES

Receiver umt

The dynamic effects are superimposed on the static forces. Due to the
type of excitation the dynamic forces have 1n general a guasi-periodic characteris—
tic and no significant transient phencmena have to be measured The image on a
standard cathode-ray oscillograph screen appeared adequate The screen was photo-
grarhed on a 35 mllimeter film movirg with a constant speed of approximately
6 in /sec (Fig 7) The camera was kaindly loaned by the Physics Department
{Rocknak Lab )} of Princeton Umiversity The simultaneously recorded image of a
neon lamp yaelced a continucus time signal of 60 ¢ p 5 Unfortunately only & long
persistance, green oscillograph screen {(Dumont Cathode-Ray Tube type 5 5 P 2)
was avairlable which explains the fuzzy appearance of some of the records

Pick—up umt

To determine the dynamic forces transmitted to the pavement, the change in
distance (vioratory motion) between the hub of the tire and the pavement was
measured Hence two reference points, one on the hub and a second on the pavement,
were -vallable The pick-up unit was placed under the above mentioned piston-
cylincer connection. The pick-up umt responded only when the cylinder-spring
connection was locked. A free metion of the piston waithin the cylinder was
necessary 1n order to prevent an overstress in the pick-up unit in case cf large
statie deformations



Tne rack-up unit cin513ts of a cantilevered plate (Figs & and 9) eguipped
with four S5R-4 strain gages 32. Several contact points at the Iree end of tre canti-
levered arm are proviaed for the comnection to the hub of the airplane wheel  The
cuter points yielc the highest sensitivity  Since only dynamic phenoriena are Lo be
recorded and no long time tesls are involved, direct current from ary cell batteraes
could be used to feed the bridge circual  The freely vibrating cartilever system

has a natural frequency of 25 c p s (Fig 10) The ratural freguency is substan-
t1ally increased as socn as the ripid connection to the airplane hub 1s locked, sa
that tre ratio of the excitinr frequency to the natural frequency 1s in general

below 0 25. The magnitude of the damping 15 not critical  Hence the vibrating
gystem fulfills the requairemente of the above described aisplacement indicater w-th
two reference points

4n ancrease of tre matural frequency of the free cantilever system, however,
1s desirable.

MCTION OF THE PAVELMENT
Receiver unat

The receiver unit comsists of the same cathede-ray osciilograpt and
camera &5 described before (see Fig 7)
=

Pick—up unit

To uetermne the weticn of the pavement only cne reference point 1z avail-
able, 1 e the pavement 1tself The pick-up umit consists essentially of the same
parts as the indicator with two reference points However, the cantilever arm 1s
extendec anc carries adjustable weights on tris extension (Figs 11, 12 and 13)

The vabrating system has a natural freguency of 7 ¢ p 5. (Fig 14) %o frequencies
below 15 ¢ p 5 have to be measured Hence the instrument fulfills the reguirements
for tre above nescribea seismic iype (ome referencze point) The low naztural fre-—
quency 1s cbtained by increasing the weights up to 2 kilograms and by mounting the
S5B-4 strain gages on the cantilever arm in a prestressea position (bens dowmvards)
This 1s necessary 1in orcer to orevert an overstress of *he gages

A Turther reduction of the natural frequency and an increase ol the darping
15 desirable

SENSITIVITY

Tne sensaitivity of both displacement indicateors has to be increased as much
as5 possicle In order to remair below the noise level, 1 € to prevent the record-
ing of inducea curre-ts and hum, two steps are necessary First, all cables, unats
and cennections have to te shielded and grounced very carerfu’ly  This i1s of partic-
ular impc: tance since the radio traffic on the airfiela causes a substantial amount
of disturbance Second, the mecnamcal sensitivity of the pick-up umits has to be
1ncreased, using only as much arplification 1n the electronic amplifier as 1is
necessary to produce a one i1nch deouble amplitude on the oscillograoh screen

1"SR—4 News Letters  Baldwin Southwark Division, Philacelohia, Pa ",
May 1944 to August 14645

2"Measurement of Stresses in Rotating Shafts", by W F Curtas,
Electronics, July 1945, Fp 114-122



¥echamical parts

1, Four SR-4 straln gages are cemented on the cantilever arm, two on top
and twc on the bottom. Eack of the four gages forms one arm of the bridge circait
(see F1g 8) This set-up eliminates all dummy gages and assures simultaneously
an automatic temperature compengatlon

2. One set of two gages 1n aiagonally cpposite arms of the bridge circuit
1s fixed on the upper side of the cantilever arm, the second set cn the lower saide
(see Fig. 9).

3. The cantilever arm 15 made of lucite with a low modulus of elasticaity
of only 5 x 10° P § 1. and a flexural strength of 18,000 ps 1 at 779 F. The low
modulus of elastacity causes the required large sirain in the gages at a small
deflection of the lucaite arm The lucite (methyl methacrylate resin type H C
202), which 15 finally selected, 15 of a gpecial high heat resistance grade with
heat distortion temperature of 199° F, and outstanding weathering resistance The
lucite is donated by the Plastics Department of the E I. du Pont de Nemcurs and
Company, Arlington, New Jersey, for which the reporter 1s greatly indebted. For
further protection the complete gage carrier 1s covered mith wax

Electrical parts

4 The cathode-ray oscillograph responds pramarily to changss in inpuv
voltage. hence high resistance strain gages (Baldwin Southwark type C 14) are used.
Two dry cell batteries of 45 veolts each are connected 1n series

5 The large resistance of the gages combined with the high voltage of
the batteries nad the further advantage that small changes 1n resistance due to
longer cable connections play a minor rcle only

& A one stage amplifier (Fig 15) 1s sandwiched betwesn braidge circuit
output and oscillograph. The controlling potentiometer of the amplifier is
equipped with a 5 inch vermier dial, thus allowing a sufficiently reliable calibra-
tion of the complete set-up

The amplafier 15 designed by Professor J § Barry, Princeton Universaty
ACCURACY

1 Both instruments have been calibrated on an electronomagnetic vaibration
tatle

Drsplacement Indicator with Two Reference Points.

For this displacement umit an aceuracy of + 3% has been obtained within a
displacement range from 7 x 10~ to 7 x 1072 1nches and within a frequency range
of 65 to 200 ¢ p.s These values are based on a cne inch double amplitude on the
oscillograph screen By using different contact points the displacement range can
be shifted to higher or lower values respectively

l"Electromagnetlc Vibration Table®, by R. K. Bernhard and J G Barry,
submtted with Report No 6 of Princeton Umiversity, School of Engineering, to
the Civil Aeronautics Administration of October 15, 1945
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Displacement Indicator with One Reference Poirt

For this dasplacement unit an accuracy of + 5% has been obtailned within a
displacement range from 5 x 1079 to 5 x 1073 inches These values are oased on a
cne 1nch amplitude on the oscillograrh sereen and two weights, 1 kilogramr each, at
the outer snd of the cantilever arm extension  For frequencies over 20 ¢ o s tre
amplitude records beceme unreliable It 15 assumed that additacnal torsicnal moticns
distort the readings.

In order to check ahether batteries, tubes, gages, amplifiers, etc are in
good working condaticn, fixed resistances of 5, 10 and 20 Megchms have been used
Corresponding to the specific setting cn the amplifier dial cne of the fixed resist-
ances 18 connected 1n parallel with one of tre sirain gages (See Fiz 2) A
vibrating make and break contact at one end of the fixed resistance produces a
square wave on the oscillograph screen The amplitude of this square wave has to
cerrespond at all times to an accurately predeterminea amount  Slaght correcticns
are possible by adjusting the current in the bridge carcurt

The advantages and disaavantages of the above described measuring systems
may be summarized as follows

Advantages
1 No aisturbance of tre continuity in the supporting pavement
2. Large measuring range for static and dynamic displacements.

3  No amplitude-modidaticn or freguency—medu.ation carrier
system required

Disadvantages
1 Measuring point not directly under the plane wheel
2 Btatic and dynamc effects “o be measured ssparalely
3 Ko record of static effects

4. Torsional motions not completely eliminated
EXPERTMENTS WITH THE INSTRUMENTS DEVELCTED

A. TFIRST TRIAL IN THE IABORATORY AND CALIBRATION ON THE VIBRATION TAELE

The experiments 1n the Laboratory have been confined to the determination
of the static spring constant of the airplane tires, the contact area of tre tares
and tre calibration of the instruments.

Alrplane fires

Two tires rave been used 1n the field (Firestone 24 x 7 5-10 and General
26 x & 5-10) and the same tires dismounted and tested in the 400,000 1b universal
testing machine of the Princeton Materials Testing Laboratory (Fig 16) To
simplify the tect procedure the load 1s applied on top of tre tires (double com-
pression) Previous experiments performed by the Armour Institute for the Techniecal
Development Service oif the Cival Aeronautics Admimistration have srown that a load
applied to the hub of the tire yrelds approximately the same ceformation Fig 17
represents the vertical deformation of the tires plotted against the applied load.
The air pressure in both tires 15 30 p s 1 The spring constants for a static load
of 2,000 lbs corresponding to the static load of the plane, are 1,724 1b /in and
1,470 1b /an respectively
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An 1mprant of the secend tare under & static load of 2,000 1lbs 1s shgwn
ir Fag 18 The contact area of the tire has increased to approximately 55 in<,
hence the amit load between the tire and the pavement 1s 36 ps 1 The large con-
tact area demonstrates the difficulties which arise when pressure cells are being
used

Influence of Fatigue, Terperature and Long Time Tests

To check the influence cf fatigue, temperature and long time tests, in
particular with respect to the lucite carrier, a couolete pick-up unit ras been
Flacea in an oven and heated to 1309 F for two hcurs  Thereafter the instrument
was vibrated on the vibration table at varicus frequencies and amplituaes for six
hoars while cocling down to 4L0° F

No difference of ithe osciilograph record couloc be detected

Influence of cable lengtr

Cables of various length up to approximately 50 feet were 1nserted between
pick-up umts, oscillograph and battery pox  The difference 1n i1ndication on the
screen for various frequencies and amplitudes did not exceed i.l/2%, hence can be
neglected  The high resistance of the strain gages, as mentioned previously, may
have been the main reason for the small effect of changes 1n outside resistance

However, the necessity of very carefully shielding and grounding tne shields
of all cables, connections and awxiliary unmits cannot be overemphasized

FREQUENCY RESPOLSE

Periodic motion

Both instruments were subjected to sinusoidal motions on the vibration
table The frequency was varled from 6 5 to 200 ¢ p s TFaigs 19, 20 and 21 show
the reccras of a sinuscidal vibration at 6 5, 70 and 160 ¢.p.s as transmittead by
the displacement xndicator with two reference points. Figs 22 and 23 represent
a simlar motion at 6 5 and 70 ¢ p s, as traced by the displacement indicator with
one reference point. No significant deviation from the original sinuscidal form
and frequency of the execiting motion can be seen on the records. 1In Fig 19, 21
and 23 a photograph of the oscillograph screen preceeds or follows the actual
record. The graduation on the screen facilitates the determination of the magni-
tude of the recorded excursions

A continuous frequency spectrum trom 7 to 60 ¢ p s of the vabration
tablel as recorded by both irstruments 1s plotted 1n ¥1g 24  The X-ax1s represents
the excited frequency, the Y-ax-s the recorded displacement double ampilitude A
close coincidence between the records of both instruments exists The rescnance
ranges of the vibration table first at approximately 8.5 ¢ p s with the springs
of the electromagnet in resonance, second at approximately 13.5 ¢ p s with the
main spraings of the table in resonance and third, at approximately 25 ¢ p s. with
the table platform at resonance (membrane act10n3 are clearly indicated

Finally, Fig 25 represents a sinusecidal displacement of the vibration
table at 50 ¢ p 5 and 102 1inch double amplitude as recorded by both instruments
Ar electronic switch was uwsed to trace the two records simultanecusly  ho differ-
ence 1n indication 1s detectable

l"Electromagnetlc Vibraticn Table", by R. K Bernhard and J G Barry,
submitted with Report No 6. of Princeton Umiversity, School of Engineering, to
the Caval Aercnautics Administration of October 15, 1945
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Hysterisis loop

Another type of simultaneocus recora of bolh instruments 1s shown in Fig. 20.
The elliptic curve represerts the hysterisis loop »2 of a rubber azmper. This
damper 15 vaibrated on the vibration table The elastic effect 1s recorded by one
displacement indicator on the Y-axis of the coscillegraph, the damping effect 1s
traced by the other displacement indicator on the X-axis of the cseillograph, For
further details see the appendix. Tre importance of these tests lies i1n the possi-
bility to determine the damping effect of certain parts of the vabrating system
airplane-tire-pavement-subsoil

Nouperiodic motlon

Fig 27 shows the motion of the vibraticn table, excited by impulses at
1irregular time-intervals The record indicates the steeper wave fronts of the
impulses followed by tre simusoidal dying-cut motion after each impulse

Calibration curves

The final results of all these tests are summarized in a few calibration
curves Fig 28 shows the calabration curves for the displacement 1ndicator with
two reference points anc Fig 29 the corresponcing calibration curves for the
displacement 1ndicator with one reference point The X-axis represents the position
of the potentiemeter dial controlling tre amplafier The dial 15 always adjusted
so that one 1nch double amplatude appears on the screen of the osciilograph Cn
the YT-sxis the doubls displacement arplitude of the vibration table i1s plotted
This double amplitude 1s varied from 7 x 104 to 7 x 102 1nches and measured by
means of a micrometer-microscope 1lluminated by a stroboscop93 Three different
curves corresponding to 10, 12 5 and 15 milliamperes in the bridge circuit are
plotted

Al11 e¢alabration tests on the vibration table have showr so far that the
excited displacement amplitude 15 proportional to the amplitude as indicated om the
screem.,

The presetting of the double amplitude on the screen for a constant value,
in this case for one inch, ras the following practical advantages

1 The excursions zre always large enough te distinguish detaills of the
vibratory motion withoub further photographic enlargement

2 A vhotographic negative {transparent) of the oscillograph screen,
stowing the graduation of the screen 1n inches with 1/10 inches suwbdivision (see
Figs 19, 21 and 23) allows a direct evaluation of the magnitude of the reccrded
eXCcurs1ons.

3 Substantially larger amplituces cn the screen combined with high
frequencies might result in an under—exposure cf the film, substantially smaller
amplituaes combined vith low frequencies might yi1eld an over—exposure of the film

4 The total number of requirea farilies of calibration curves can be
reduced censiderably by this decrease of unknown variables

l“Experlmentelle Untersuchung veon Schwingurgsdaempfenden Unterlagen fuer
Maschinen", by E Schmdt, Gesundheitsingemieur, Vel, 46, No 6, February 10, 1923.

2y Vibration Investigation", by L & Muller, Mechanical Engineering,
Vol 67, ho 11, November 1945, Pp. 723-728.
> 3

3“Electromagnetlc Vibration Tzble", by R K Bernhard and J. & Barry, sub-
mtted with Report No 6 of Princeton University, School of Engineering, to the
Civail Aeronautics Administration of October 15, 1945.
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B FIELD DEMONSTRATION OF SUITABILITY OF THE INSTRUMENTS

Airplanes

Figs 30 and 31 show the Cessna plane (Model T 50) used for the experiments
in the field The two motors (type Jacobs) of the plane have 7 cylinders and 225
h.p each. The total wing span 1s approximately 46 feet and the total weight 5,000
1bs.

Pavement.

The plane was standing on the concrete apron before the Regaonal Depot of
the Civil Aercrautics Admimistration at La Guardia Field (New York, N T ).
Adjacent to the outer edge of the apren was a flexable pavement The front wheels
were standing approxamately two feet from the outer edge.

Instruments

Figs 32 and 33 show the indicator for two reference points with the wind
shield removed In Figs. 34 and 35 the corresponding set up for both pick-up
units, 1 e the first indiacator wath two reference points and the second i1ndicator
with one reference points are represented.

Waindshield

Figs. 36 and 37 show the windshield which protected the pick-up units from
the propeller draft. The shiaeld consisted of four steel plates, 1/4" thick, which
could be assembled 1n the field The assembled shield was rigid and heavy encugh
not to move under the propeller draft  One of the side walls of the shield served
as support for the holding-down device of the pick-up units.

Test procedure
The records were taken for various speeds of the propellers ranging from
600 to 2,000 r.pm Cne or two motors were running, both with low or high pitch of

the propeller blades At most tests the double amplitude on the oscillograph screen
was adjusted to approximately one inch.

RESULTS OF FIELD DEMONSTRATIONS

In Figs. 38, 39 and 40 small sections of three characteristic records are
reproduced.

Natural frequency of wing

Fig. 38 shows the dying-out motion between hub of airplane wheel and pave-—
ment recorded by the displacement indicator with two reference points The motion
was excited by an i1ntermittent force applied manually at the end of one wang

The dying-out frequency 1s approxmmately 20 c p.s and correspondes pro-
bably to the natural frequency of the excited w1ngl.

The maximum force amplitude transmitted via the tire to the pavement
amounted to approximately + 1 1b

The time signal along the upper edge of this record represents 60 c p.s.

LuMeasurement and Prediction of Aircraft Tibration", by E F Critchlow,
S AE Jourmal, Vol 52, No 8, September 1944. Pp 368-379.
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Motion between hub of airplane wheel and pavement

Fig 39 shows the motion between the hub of the airplane wheel and the pave-
ment, recorded by the displacement indicator with two reference points. This motion
was traced while the right propeller rotated at apprommately 1,000 r p m. at high
pateh and the left propeller was idling

The maximum force amplitude transmitted via the tire to the pavement amcunted
to approximately + 22 lbs

Two main freguencies are predominant A low frequency in the range of 3
c p s represents probably the natural frequency of the plane on the tires A high
frequency 1n the range of 50 ¢ p s. which was transmitted to the pavement, may
correspond to the matural frequency of the vibrating system  pavement-scil mass

The overlapping parts on the record are due to a small amplitude and low

frequency sweep cf the cathode-ray The time signal of thas record on the upper
edge represents 75 c p s

Motion of the pavement

Fig A0 shows the motion of the pavement recorded by the displacement
indicator wath one reference point. This motion was traced while the right pro-
peller rotated at 1,200 r.pm at high patch and the left propeller was adling.

The maximum displacement amplitude 15 £ O 0022 inches

Two main frequencies are predominant, a medium frequency in the range of
15 e.p.s. ard a high frequency in the range of 50 ¢ p s The low frequency of
3 ¢.p.S., a5 recorded in Fig 39, 1s apparently not transmitted to the pavement.
As mentioned before, the high frequency range coincides wath the 5C ¢ p s frequency
range of the hub—pavement motion

The time signal cf this record on the upper edge represents 60 ¢ p s

CONGLUSIONS

Static forces transmitted tc the pavement

The redistribution of the static load of 2,000 lbs on each of the frent
wheels of the plane depends appreciably upeon the rotational speed and the pitch of
the propellers The maximum change of the static load amounted to approximately
+1,100 1bs. Hence the static load may have been reduced to a mnmimum of + 900 1bs

Dynamic forces transmitted to the pavement

The maxamum dynamic fereces transmtted through the tires to the pavement
amounted to approximately + 90 1bs  Thas dynamic load represents £ 4 5% (total
9%) of the original static load of 2,000 1bs and % 10% (total 20%) of the mimmum
static load of 4 900 1bs.

The main frequencies observed are 1n the range of 3 and 50 c p s

Thsplacement amplitudes of the pavement

The maximum displacement double amplitudes on the pavement surface amounted
to approximately 4 x 107~ inches These displacements 1f transmitted to the subsoal
are of a ten times larger magmtude tlran the soi1l vibrations as mentioned in the
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introducting of tms reportl viath referen.e to the Hiphway Rosearch Beard Proceedings

1944
The mair frequencies obseriea are 1n the rarge of 25 and 50 ¢ p s

All conclusions are only preliminary, Tairly due to the fact *that but one
series of rescmided field tests havse been perforwed so far and that Zrem 1C0 feet
filn recorcs, exposed on these testes, tre evaluaticn of a few sections nnly could
be includea in tlis report

1 The irstrurents to measure the dvnamc characterist_zs of the navement
under war ing-up airplanes seers to yield reliable resalts It 15 understoed,
howe.er, that further improvements to tneze instrurents <re desira.le

2 The {i1eld tests indicate that vibratory motiors transruttbea wvia the
plane wreels and t e pavement to the subsoil are of such a magnitide t-at they may
canse cettlements of ary subsoll sensitive to aynaric forces
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APFENDIX

A fow fundamental equations and ccncepts used in the report will be discussed
a- follows

2 Response Curves  Relative vascous dammirg can be Jdefined by the eguation

_ I1)

Vem -1
E = —== 1b 1in sec
. ( ) (1)
where A = amplification factor at rescnance (Dirensinnless)
¢ = spring ccnsbant (1b an "l)
and m = mass (1b 1n ~Lsec 2)

For instruments witn two refererce points, the general equat—on of the amplification
factor {Ay )} referring to the excursion (x ) 1s

1|)
Ay = — L (2)
,"'(z2 —1)% x (zk)?
mg,n
where 2z = tuming factar = % (a1mensicnless)
e = exciting frequency (sec ‘1)
and n = natural freruency (sec "l)

Equation (1) yielas Ay=1for z=0, and Ay =0 for z == (Fig 1).

Equataon (2) 25 the same as for a "one-mass" system (cne degree of freccor), where

tre mass 15 excrted by a constart force vector

3

For instruments witn one reference point the zeneral acuatica of the ar-li-
fication factor l%xl) referring to tre excursien (x)1s

11 -
AX = Zz ) (J)
1 - - -~ —_—
l/(zl_nz+ (zk)?

M wn

and yields Ay =0 for z=0, and Ay =1 for z =« (Fig 2)
Equztien (3) 15 the ssm= as for a "one-mass" system (one degree of freedrm), where
the wass 15 encited by a {orce vector 1nc-casirg wita the square of the exciting

frequency twi)

In case ¢ a sinusoidal motion

X = a sin {wet) = excursion
X = awe cos {wet) = 7velooily
and X = —awl sin (@, t) = acceleration

hence tre velocity response curve (x) can ve oblained by multiplying the
corresponding displacement curve (x) with we, and she acceleratior curve {x} by
multiplying the corresponaing velocity curve (x) wiih w;
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TABLE T

Relation between Discord (z) and Displacement (x}, Velocaty (x)

Acceleration (x) and Phase Angle () for Half-Aperiodic Damping (¢ = )

where the values Ay

the values Axl

and the values ¢

refer to instruments with two reference points
or constant force amplitudes

refer to instruments wath one reference point
or force amplitudes increasing with the
square of the exciting force

refer to both types of instruments or forces

z W, Ay Ax=WeAy Ay TAx, TWA Ay TwlAy AT wlAg 7]
00 0 ¢ 1 000 0 000 0 000 0 000 0 0000 0
0.2 0.2 1 000 0 200 0 040 0 008 0 0016 10251
0.4 0.4 0.985 0 394 0 158 0 063 0.025 33758
06 0.6 0.940 0.564 0 338 0 203 0.121 52°581
08 C8 0 841 0.673 0 538 0 430 0 344 72210
10 1.0 0 707 0.707 0 707 0.707 o 707 90°
12 12 057 0 684 0 821 0.985 1183 107°33"
14 14 0 455 0 636 0 890 1 246 1.744 115°52!
1.6 1.6 0 364 G 566 0 905 1.449 2.320 1247351
18 18 0 295 0 531 0 956 1 752 3 155 131° 211
20 20 0 243 0 486 0 972 1.945 3 890 136 411
30 30 0 1104 0 331 0 993 2 980 £.940 152°04
40 40 0.0625 0 250 1.00 4.000 16 0CO 159%20"
5.0 5.0 0 0400 0 200 1 00 5 000 25.000 163°35¢
60 60 0.0278 0 167 1.00 6 000 36.000 166° 221

]

= meaguring ranges
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Table I represents the numerical evaluation of eguations (2) and (3) for
the logarithmec damping decrement ¥ = m, '?) which 1s called half aperiodic damping

1
V2
Hence all six curves, as shown in Fig 1 and 2, pass through the same point
with the abscissa z = 1 and the ordinate A = 0 707

For half aperiecdic damping A =

2

a. Phase Angle The combined recerd of two pickup units on one cathode ray oscillo-
graph 1s of special importance Connecting the farst pair of plates of the oscillo-
graph with the exciting force measuring unit, 1 e the aeformation due to elastic
action, and the second pair of plates with the excited force measuring umt, 1.e

the deformation due to damping action, yields the sc-called hysteresis loop. The
area of this loop represents the energy dissipated during one complete cycle and may
be used to determine the internal damping, This hysteresis loop for sinuseidal
vabrations is pletted in Fig. 41.

The hysteresis ellipse degenerates, depending on the phase angle (¢ ), into
the following forms, as demonstrated in Fig. 42.

a2  an ellipse with horizontal and vertical principal axis 1f the phase angle
m
=3
b a diagomal of the enveloping rectangle 1f the phase angle ¢ =0 or =
and ¢ a straight horizontal line 1f P = constant

The phase angle {¥), that 1s the angle indicating the lag of the deforma-
tion vector behind the exciting force vector, can be determined from the following
equation (see Faig. 43)

15)

(p = sIin ‘l_d._ (4)

where d = half amplitude of deformation due to
damping action (in )

and e = half amplitude of deformation due to
elastic action (in.)

The general equation for the phase angle 1s

ll)

k
tan — ___"’92_ (5)
cC—m ue

Substituting in equation (5) for the relative damplngk::}ﬂﬁﬁ(equ 1) and for
the damping factor at half aperiodic damping A =

yields

—1 “Zz . (6)

@ = tan
1-2

From this equation the values for the phase angle (qo), as shown 1n Fig
3 and Table I, are computed.

Dampi An equation for the relative damping (k), 1n connection with the
hysteresis loop, may be derived as follows For the stable dynamic equilibrium the
energy input Wp {for cne cycle) due to the exciting force P must be equal to the
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energy d1s5s1patinn Wp (for one oycle) zas *o *he darping force Assuming aroitrarily
that the dampirg 1s essentially viscous in character, tren lfor sinascidal vioraticns

1 wat =2 12)

wetzo

Substitaning for P=P_ sin(W.t) nd for d, = e cos(W.t—¢)dt yields
o e X e e

2 WP = P,sm@m (4
2 12)
wel =
wp = Okadx (9)
= =
Sabstituting for x = _j’t‘_:ewe cos (Lt —¢) yielas
Wy = ketwem (10}

From equating (8) Lo (12) follors

P
k = eo sin 0

e

and since smcp:% {equ 4)

Finally

P, 1 -1
kK = —2 — d {1b in.""sec ) {11)

ez e -

where P,= excitarg force vector (1b)
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8 STRAIN GAGES g SPRING
b STRAIN GAGE CARRIER h LOCK FOR e AND f
¢ FRAME FOR b I WORM AND GEAR DRIVE
d CONTACT POINTS k FLEXIBLE SHAFT FOR
REMOTE CONTROL
e CYLINDER
| CONNECTION TO HUB
f PISTON OF AIRPLANE WHEEL

Figure 4 Dhagram of Displacement Indicator with Two Reference Pownts
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I B '3 L H

a CONNECTING ARM HUB OF AIRPLANE WHEEL f HOLDING DOWN DEVICE FIXED
b PISTON TO WINDSHIELD
¢ CYLINDER £ RUBBER INSULATOR BETWEEN f
d WORM AND GEAR DRIVE TO LOCK b AND ¢ AND INDICATOR
e FLEXIBLE CABLE h STRAIN GAGE CARRIER
I, K, | CONTACT POINTS ON h
. m STEEL FRAMFE FOP h ANDd

Figure 5 Displacement Indicator with Two Reference Paints
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Figure 6 Displacement Indicator with Two Reference Points
Holding Down Device and Windshield Removed
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d AMPLIFIER UNIT
e BATTERY BOX

a OSCILLOGRAPH
b NEON LAMP FOR TIME SIGNAL

¢ CAMERA

Figure 7 Auxihiary Equipment for Pick-Up Units
(Light Shield Between Camera and Oscillograph Removed)
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Il —

a AND b STRAIN GAGES ON TOP OF STRAIN GAGE CARRIER
C AND d STRAIN GAGES AT BOTTOM OF STRAIN GAGE CARRIER
€ FIXED RESISTANCE FOR CALIBRATION
f VIBRATING CONTACT FOR e
v

g DRY CELL BATTERIES (2 X 45 VOLTS)

h AMPLIFIER

1 CATHODE RAY OSCILLOGRAFH

Figure 8 Winng Diagram of Strain Gage Carrier
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da ANDC

Figure 9 Strain Gage Carrier for Displacement Indicator with Two Reference Points
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3
1

STRAIN GAGES ON TQOP OF LUCITE CARRIER
ELECTRIC CONTACTS FOR CONNECTIONS OF 37
STRAIN GAGES AT BOTTOM LUCITE CARRIER
ELECTRIC CONTACTS FOR CONNECTIONS OF C

STEEL CONTACT POINTS FOR CONNECTING ROD
TO HUB OF AIRPLANE WHEEL

dANDC




NATURAL FREQUENCY 83CpS5s

DAMPING €=1131, J=0122

MAXIMUM DISPLACEMENT AMPLITUDE AT QUTER STEEL CONTACT POINT O 05 INCH
MAXIMUM AMPLITUDE ON OSCILLOGRAPH SCREEN APPRCX 25 INCHES
MAGNIFICATION ON OSCILLOGRAPH SCREEN 50X

TIME SIGNAL 60cCcps

Figure 10 Determination of Natural Frequency of Dhsplacement Indicator with Two Reference Points
{Stramn Gage Carrier Alone) Record of Dying-Out Motion
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a. STRAIN-GAGE CARRIER
b. EXTENSION OF a.

c. ADJUSTABLE WEIGHTS
d STRAIN GAGES

e. STEEL FRAME

Figure 11. Diagram of Displacement Indicator with One Reference Point .
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HOLDING DOWN DEVICE TO BE CONNECTED TO WINDSHIELD
RUBBER DAMPER BETWEEN a. AND INDICATOR

STRAIN GAGE CARRIER

EXTENSION CF c.

ADJUSTABLE WEIGHTS

®oo T

Figure 12. Displacement Indicator with Onc Reference Point Ser-Up for Vertical Motion.

Figure 13. Displacement Indicator with One Reference Point Set-Up for Horizontal Motion.
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NATURAL FREQUENCY 7 Ccp s

DAMPING € =141 ,3= 0336

MAXIMUM DISPLACEMENT AMPLITUDE AT FREE
END OF LUCITE CARRIER 005 INCH

MAXIMUM AMPLITUDE ON OSCILLOGRAPH
SCREEN 25 INCHES

MAGNIFICATION CN OSCILLOGRAPH SCREEN 50X

TIME SIGNAL 60 Cc p S

Figure 14 Determination of Natural Frequency and Damping of Displacement

Indicator with One Reference Point
Record of Dying-Out Motion
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Figure 16 Static Calibration of Airplane Tire in 400,000 Ib
Universal Testing Machine
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Figure 17 Static Deflection Load Diagram of Airplane Tires
Air Pressure 30 1b persq



34

Figure 18 Imprint of Aiwrplane Tire Under a Statnic Load of 2000 1b
Air Pressure 30 1b persq m
Contact Pressure 36 Ib persq m




FREQUENCY 65CpP S MAGNIFICATION ON OSCILLOGRAPH SCREEN
DOUBLE AMPLITUDE ON OSCILLOGRAPH SCREEN 09 INCH TIME SIGNAL gD C P S
ON TABLE 000I INCH

Figure 19 Calibration of Displacement Indicator with Two Reference Points
Record of Sinuserdal Motion of Vibration Table

FREQUENCY 70C PSS MAGNIFICATION ON OSCILLOGRAPH SCRELEN
DOUBLE AMPLITUDE ON OSCILLOGRAPH SCREEN 08 INCH TIME SIGNAL 60 C P s
ON TABLE 0001 INCH

Figure 20 Cahbration of Displacement Indicator with Two Reference Poumts
Record of Sinusordal Motion of Vibration Table
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FREQUENCY 160Cp S MAGNIFICATION ON OSCILLOGRAPH SCREEN 700X
DOUBLE AMPLITUDE ON OSCILLOGRAPH SCREEN 07 INCH TIME SIGNAL 60 cCp s
ON TABLE 0001 INCH

Figure 21 Cahbiation of Displacement Indicator with Two Reference Points
Record of Sinusoidal Motion of Vibration Table

FREQUENCY 6&5CPpS MAGNIFICATION ON OSCILLOGRAPH SCREEN 2500X

DOUBLE AMPLITUDE ON OSCILLOGRAPH SCREEN 25 INCHES TIME SIGNAL 60CPS
ON TABLE 0001 INCH

Figure 22  Calibratton of Displacement Indicator with One Reference Point
Record of Sinusoidal Motion of Vibration Table




FREQUENCY 70 Cp S

DOUBLE AMPLITUDE ON OSCILLOGRAPH SCREEN 3 INCHES
ON TABLE 00Ol INCH

MAGNIFICATION ON OSCILLOGRAPH SCREEN 3000X

TIME SIGNAL 60 Cp s

Figure 23 Calibration of Displacement Indicator with One Reference Point
Record of Sinusoidal Motion of Vibration Table
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~—»— DOUBLE AMPLITUDE ON QSCILLOGRAPH SCREEN IN INCHES
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FREQUENCY INCp§ ——— 3

¢ ———— INDICATCR WITH TWO REFERENCE POINTS
X —————INDICATOR WITH ONE REFERENCE POINT

Figure 24 Calibration of Dhsplacement Indicators
Frequency Spectrum of Vibration Table from 7 to 60 cps
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FREQUENCY 50 CpSs

DOUBLE AMPLITUDE ON OSCILLOGRAPH SCREEN 17 INCH
ON TABLE 0001 INCH

MAGNIFICATION ON OSCILLOGRAPH SCREEN 1700X

Figure 25 Calibration of Displacement Indicators
Sinusoidal Motion of Vibration Table Recorded Simultaneously
with Both Instruments by Means of an Electronic Switch
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Figure 26 Calibration of Displacement Indicators Record of Hysteresis
Loop of a Rubber Damper
X-Axis Effect of Damping Action
X Axis Effect of Elastic Action
Phase Angle 14°20¢/




IMPACT FREQUENCY APPROX 3cps

NATURAL FREQUENCY OF VIBRATICON TABLE PLATFORM (MAIN SPRINGS
IN RESONANCE) APPROX 13

MAXIMUM DOUBLE AMPLITUDE ON OSCILLOGRAPH SCREEN 2 5 INCHES
ON TABLE APPROX C© 0005 INCH

MAGNIFICATION ON OSCILLOGRAPH SCREEN 5000X

TIME SIGNAL 60 cps

Figure 27 Cahbration of Ihsplacement Indicator with Two Reference Points
Record of Nunpeniodic Motion of Vibration Table
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———3— DOUBLE AMPLITUDE OF DISPLACEMENT IN INCHES
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DOURLE AMPLITUDE OF DISPLACEMENT IN INCHES
AGAINST POTENTIOMETER DIAL OF AMPLIFIER
BASED ON A LONSTANT DOUBLE AMPLITUDE OF
ONE INCH ON THE OSCILLOGRAPH SCREEN
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Figure 28 Calibraton Curves for Displacement Indicator with Two Relerence Points
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= DOUBLE AMPLITUDE OF DISPLACEMENT IN INCHES
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Figure 29 Cabhbraton Curves tor Displacement Indicator with One Reference Pownt
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Figure 30 Cessna Plane on Apron Before the Regianal Diepor at
La Guardia Field (New York, NY ) Side View

Figure 31 Cessna Plane on Apron Before the Reglonal Depot at
La Guardia Field {New York, N Y} Rear View
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Figure 32 Indicator with Two Reference Points Connected to Aurplane Figure 33 Indicator with Two Relerence Points Connected to Arrplane
Wheel (Windshield Removed) Side View Wheel (Windshield Removed) Rear View
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Figure 34 Indicator with Two Reference Proints and with One Reference
Point (Windshield Removed) Side View

oy g

Figure 35 Indicator with Two Reference Paints and with One Reference
Point (Windshield Removed) Rear View



Figure 36 Wundshield and Airplane Wheel Front View

INgure 37 Windshield and Arrplane Wheel

Side View

Ly
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DYING OUT FREQUENCY APPROX 20Cp S
EXCITER FORCE FREQUENCY APPROX 15Cps

DAMPING € =125, ¥ = 0233

MAXIMUM DOUBLE DISPLACEMENT AMPLITUDE (HUB-PAVEMENT) 00013 INCH
ON OSCILLOGRAPH SCREEN 18 INCHES

MAGNIFICATION ON OSCILLOGRAPH SCREEN 1380X
MAXIMUM FORCE AMPLITUDE (TIRE PAVEMENT) APPROX *1 LB

TIME SIGNAL 60 Cp 5

Figure 38 Record of Displacement Indicator with [ wo Reference Poinrts
Dying Out Motion Between Hub of Airplane Wheel and Pavement
Caused by an Intermuttent Force Appled at the End ol One Wing
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RIGHT PROPELLER HIGH PITCH FREQUENCIES n1=3¢Cp 5
LEFT PROPELLER IDLING

n2=APPROX 50¢C p s
MAXIMUM FORCE AMPLITUDE (TIRE PAVEMENT) t22 LB

REDUCED TIME SIGNAL APPROX 75Cp s
Figure 39 Record of Displacement Indicator wiy Lwo Refoerence Points
Mouon Beotween [ub of Auplane Wheel wd Payvcment
Frequenecy spectrum for Propeller Velocities Around 1,000 rp m

RIGHT PROPELLER 1200 pm , HIGH PITCH FREQUENCIES Nni1=APPROX 15C p's
LEFT PROPELLER IDLING

n2=APFROX 50Cps
MAXIMUM DISPLACEMENT AMPLITUDE OF PAVEMENT £ 0 002 INCH TIME SIGNAL 60C P s

Figure 40 Record of Displacement Indicator with One Relerence Point
Mouon of Pavement
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a =

= MAXIMUM EXCITING FCORCE

AMPLITUDE OF DEFORMATION
DUE TO ELASTIC ACTION

AMPLITUDE OF DEFORMATION
DUE TO DAMPING ACTION

Figure 41 Hysteresis Loop Exciung Force versus Deformation for
One Complete Cycle
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Figure 42 Relation Betwecn Phase Angle ((0) and Form nl Hysteresis
Loop for Sinusoidal Vibrations
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AMPLITUDE OF DEFORMATION
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Figure 43 Relation Between Phase Angle ((p) and Force Vectar (P)



