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PREFACE 

The purpose of thx mvest~gatmn, sponsored by the Technxal Developent 
Service of the Clvll Aeronautxs Admnmtratmn and conducted by the Sml Mechanics 
Laboratory of the School of En~neermng, Rmceton Umverslty, IS to obtam some 
mslght mto the relative mportance of the various factors affectmg the bearing 
popertles of smls III alrport sub-grades and base courses when subjected to vibra- 
tory and to slow repetltional loadmg by w-ng-up and by taning axcraft. 
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omnt of thm ProJect. Special acknowledgments are due to Edward R. %x-d, Research 
Assocute, FLxhard Held; David C. Hall, John K. Wlnte, Charles R. Burke; A. U. A&n; 
J. R. Bayll~s, P. P. Bra, RSSSarCh ASslStSntS, ~. E. K. Tan, Research Associate; 
and ~SS J. mffarella, TeChmClanj aho performed most Of the tests. ~ Frank 
BarOn; ~. J. G. Barry; Dr R. X Bernhard, and ROfSSSorS N. SOllenberger and A. E. 
Sorenson acted as Specul Consultants on certain phases of the problem. H. Ashworth; 
C. E. KjetSaaj and M 'AatSOn Of the PrlnCStOn School Of EngLneerlng Staff have built 
and assembled many of the units of equlpmnt described in this Report. 

The miters are also Indebted to D. Ma Stuart, John EaStOn, F. H. GrIemej 
David S. Jenlans, and R. C. Mainfort of the Technical Developent Service for valu- 
able suggestmns. 
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Facts of practical and theoretIca importance are reported as establIshed 
during a study of the effect of vlbratlons on airport pavement performance carrxd 
out for the TechnIcal Developent Servxe of the Civil Aeronautxs Adnnmstratlon by 
the Sol1 Mechanics Laboratory of Rlnceton Unlverslty A brief sumnary 1.~ given of 
the llrmted amount of publlshed work previously performed elsewhere concern=ng the 
effect of sustaIned vlbratlons on ~011s Specxl features presented by the vlbrat- 
mg system plane-tire-pavement are brlefly dIscussed The vlbratlon studies at 
Rlnceton are outllned 

The fmdlngs are explalned by which It was demonstrated that controlled 
strain load tests or CBR tests cannot be applied to the study of vlbratlon effects 
The results of a series of small-scale controlled stress Z-In and 5-In diameter 
plunger tests on two types of sand are reported These tests nere performed at fre- 
quencles below the establxhed resonance range of the vlbratmg systems Diagrams 
are aven shomng the relatlonshlp between observed plunger penetrations and the 
time of vlbratlon, also the relatIonshIp between the relative density, the satura- 
tlon condltxns of the sands and the observed plunger penetrations under static and 
dynarmc loadmg. Comparisons are made between the observed effects of a dynamic 
vibratory force and an equivalent static farce shoailng the greater relative magnl- 
tude of the former Uniformly graded sand vfas found to be most easily deformed by 
vibratory loading For equal densltles and both static and dynamx plunger penetra- 
tlons the greatest were recorded for submerged sand and the smallest for dry sand, 
wxth sand saturated by caplllarlty glvlng lntermedlate values. Complete submergence 
more than doubled the plunger penetrations, as compared to dry sand 

Vibratory plunger tests on two types of clay were performed and showed that 
on cohesive ~011s the deformation producing capacity of a vibratory force 1s no 
greater than that of an equivalent static force Thx flndlngwas conflrmed by com- 
parlsons of static and vibratory unconfined compressive strength tests and consol=- 
datlon tests. 

Actual measurements of -bratory forces transmltted to pavements by the 
wheels of an axplane during engine x'arm-up pernutted the adaptation of laboratory 
tests to field condltlons. 

The effects of a horizontal force applied to the pavement surface by the 
blocked wheels of an aIrplane during engine warm-up are estimated on the strength of 
a mathematical analysis and are shown to be negllpble, except In the upper portlon 
of the pavement proper 

Comparisons are made of the results of slow repetltlonal and of nbratory 
plunger load tests, brlnglng out the fact that, outslde of the resonance range, only 
the number of load repetltlons and the magnitude of the static and dynamic loads are 
of unportance, xrespectlve of the frequency. 

An outlIne 1s given of the manner m which the fIndIng of this Investlga- 
tlon can be applied to field problems of aIrport pavement design 

II. INTRODUCTION 

The fact has been recogrnaed for some time that foundations of factory en- 
genes require special treatment because of the vlbratlons transmltted to them HOW- 
ever, It 1s only recently that some conslderatlon has been given to possible detrl- 
mental effects of the vibrations transmltted to ax-port pavements by warmIng or 
revmg up axcraft motors 

It 1s current practice ln the design of axport pavements to requxe an in- 
crease In thickness for areas subJected to dynamic forces caused by the warm-up of 
aircraft engmes, these are, aprons, hardstandlngs and ends of tanways DeSlgn 



procedures for these areas vary. I" one case' It 1s speclfxd that the desqn load 
be increased 25 percent over that used for the rurmays; I" another case2 speclfxa- 
tlons state that the thickness of pavements shall be 20 percent greater than that 
found necessary for the runways Some cases of damages to pavements and of strong- 
ly increased pavement deflectlons as a result of the actun of arcraft motors have 
been reported 1" techmcal publxatlo"s3 Nevertheless, it appeared posslble that 
slow repetltlonal loading of pavements produced by the repeated passage of taxying 
airplanes over the same spot rmght be more severe I" Its effects than vibratory 
loading during enpne warm-up4 . 

No systematic study appears to have been made so far of the relative im- 
portance of the various factors Involved m the performance of pavements under the 
actlon of vibratory or of slow repetItIona forces Imposed by axcraft. Some basx 
research concermng these factors appeared advisable. 

System&x observations on airport pavements during the warrmng up of air- 
planes are valuable However, such observations alone are not likely to permit a 
separation and evaluation of all possibly important variables Further, only ISO- 
lated and incomplete field obsen'atlons of this )a"d appeared to have been made so 
far4 They are lnsuffxlent to perrmt any definite conclusux,s 

A basic study of the component parts of this problem appeared advuable. 
The follomng conslderatlons 1"fluenced the method of approach to this study 

The nature of the vibratory forces transnutted by axplanes to airport 
pavements not only may vary mth the type of ax-plane but may differ for lndlvldual 
planes of the same type. It 1s eve" probable that the nbratory forces may change 
for the same auplane depending upon the adjustment of Its motors and the resonance 
characterlstlcs of Its component structural parts. There IS also reason to belleve 
that different types of pavements and of ~011s ml1 react differently to vlbratlons 
and to slow repet~tuxal loading It 1s further possible that the dynanx charac- 
terlstics of the component parts of a vlbratlng plane-shock absorber-tire-pavement- 
so11 system ~lll xrfluence each other. Field observations alone are therefore not 
likely to provide conclusive lnformatlon concermng the most detrimental possible 
combux,tlons of relevant factors Hence It appeared ad-sable to split up the prob- 
lem and to study separately and 1" limlted groups the effect of the numerous varia- 
bles uwolved 

The TechnIcal Development Servxe of the Clvll Aeranautxs Admunstratlon 
sponsored a research project at the Sol1 Mechanxs Laboratory of Princeton Univer- 
slty nhlch undertook the study of airport pavement performance 1" the presence of 
vibrations and of 510~ repetltlonal loading unposed by ax-craft 

For purposes of study the above problem can be separated Into the followug 
mal" component parts 

(a) The deterrmnatlon of the character1stlcs of the vibratory forces 
transrmtted to pavements by dlfferent types of alrcraft. The magnitude and direc- 
tlo" of the forces as well as the frequency and the amplitude of the vlbratun 

1 nl&litzy Alrflelds.--A Symposuim --Constructlo" and Design Problem," by 
Colonel James H Stratton Proceedings, Ameruxn Society of Cavil Engineers, 
January 1944, PP 29. 

2Vesqn h!anual for Alrport Pavements, n C A A Publlcatlon, Washmgto", D C , 
March 1, 1944 

3 
"Foundations for Flexible Pavements," by 0. J Porter, Roceedlngs, HIghmay 

Research Board, Vol 22, pp. 115-117 (1942). 

%ertai" Requirements for Flexible Pavement Design for S-29 Planes," U S. 
Waterways tiperiment Statlo", Vicksburg, MMS., 1 August 1945. 



produced have to be considered 

(b) The estmtion of the changes in mgnltude and of the redistribution 
of the shearmg stresses mduced m a pavement by the horizontal forces transmlttsd 
to It by a r-ng up au-plane nhen Its vheals are blocked, as compared to the 
corresponding values for vertical loadmg only 

(c) The effect of vibratory and of slow repetltlonal forces of varying 
characterlstlcs on the bearmg properties of different types of sol16 of varymg 
degrees of density and satui-atlon. This may be estimated by small-scale laboratory 
tests of the vibrated plunger and of the vlbratlng table types under controlled 
condltlons of so11 mouture and density 

(d) The dynamx characterxtlcs of dlfferent plane-shock absorber-tire- 
pavement-sol1 systems, special conslderatlon being even to posslbllltles of 
resonance 

(e) Field control tests on different types of airport pavements by means 
of forced vibrations of the same characterlstlcs as the most unfavorable ones estab- 
lished by observations of actual arcraft 

It may be seen that the problem 1s a vest one, requrmg for Its study spe- 
clal equpment and techruques Conslderatlon was given to all of the above parts of 
the general problem However, for practical and orgaruzatlonal reasons, emphasis 
had to be placed on the study of the fxst three Items, sspecully on the laboratory 
phases of the work A sumnary of the most Important data obtained du-lng this study 
IS pven m this Report It 1s hoped that It may help to clarify samwhat the prob- 
lem of the bearing propertles of soils I" the presence of vlbratory and of slow re- 
petltlonal loading, and that It may stimulate field recordings of essential data 

First shall be oven a brxf outlu,e of sol1 vlbratlon studies previously 
performed elsewhere 

III. PREVIOUS PUBLISHED DATA ON 
ENGINEERING SOI~VIBRATION STUDIES 

Wave Ropagatlon Studies for Purposes of Sol1 Exploration 

Most early englneermg sollvibratron studies were performed in Europe for 
the purpose of exploring sol1 foundation condltlons'.Z. These studies were based 
largely on the deterrmnatlon of -eve pi-opagatlon velocltlesl 

The investlgatlon of mave propagation velocities through sol16 has not 
entered Into our studies. It should however be mentloned that the use of forced 
vlbratlons for exploration of 6011 conditions has certain advantages as compared 
to tests on small samples because vlbratlon recordings provide dvect data concern- 
ing the average propertles of the whole deposit Errors Inherent to all extrapola- 
tions are thereby avolded. Nevertheless vibration recordings have to be supplemented 

'.Ner Results of Dynamic Investlgatlons of Foundation 50115,~ (1" German) 
by H. Lorenz Zeltschrift d.V.d I., &arch 24, 1934 

2 
q Deterrmnetion by Means of Forced Vibrations of Sol1 Properties of 

Particular Importance for Constructlo" Work, I' (I" German) by A. Hertmg, G. Fruh 
and H. Lorene, Publlcatlon No. 1 of the German Research Society for Sol1 ldechanxs 
("Degebo"), Berlm, 1933. 

3 "Geophysical Study of Sol1 Eynaxs," by R. K. Bernhard. Technical 
Publlcatlon No. 634, Amerxan Inatltute of tinlng and Metallurgical Engmeers, 
Jamaary, 1938. 



by borings I" order to provide the necessary data for foundation design, as the same 
velocltles and other vibratory characterlstlcs may be obtained for a clay and for a 
sand deposit However, once the nature of the sol1 has been deterrmned from borings, 
or where It 1s known I" advance, as 1s the case mth new fills, forced vlbratlons can 
pronde valuable data concerning the average density of the deposit For mstance, 
in one case the velocity of wave propagation through an unconsolidated sand deposit 
ms 160 meters (523 ft ) per sec. 
ft ) per sec. 

After compactlo" It ws Increased to 470 m (1540 

Vibratory Eqrupaent Used 

Qmamite cartridges were at first used to create vlbratlon waves through the 
upper sol1 layers in a manner solar to the one used by geophysxlsts for deep ex- 
p10rat10*5 Shocks created by a droppIng nelght were sometimes substituted when only 
a llrmted so11 area was available. Shock naves of thx type could not svnulate con- 
tlnuous vlbratlons caused by operating machwery Special machines were then built 
to create continuous forced nbratlons and transrmt them to the sol1 

The man feature of these vibrators lay XI two parallel horleontal shafts 
placed m the same horizontal plane and geared to revolve at the same speed but in 
opposite dxectlons Eccentric weights were attached to these shafts I" such a 
manner that the horizontal components of their centrifugal force canceled each other 
at all times. A continuous vertical harmonic slnusoldal vlbratlon was thus produced 

Resonance Studlee 

Vibrators of the type Just described were sometimes used for the study of 
resonance characterlstxs of machinery foundations' 

Every mass system nhen allowed to vibrate freely has tne tendency to do so 
at a certain deflnxte frequency known as Its natural frequency. Wlen the frequency 
of forced nbratlons happens to canclde mth the natural frequency of the system 
the phenomenon known as "resonance" occurs. The amplitude of undamped vlbratlons 1s 
thereby continuously Increased as well as the vibratory forces transmItted to the 
supports of the nbratlng system. A basic requx-ement for the design of all founda- 
tlons whxh have to absorb vibratory forces 15 to so design them that no resonance 
can occur at operating speeds. 

The conventlone resonance formula for undamped vlbratlons reads 

where 

ti = natural frequency of the vlbratlng system 

m = mass of the vlbratlng system 

k = spring constant of the support 

DampIng I" sol16 appears to change only shghtly the natural frequency of 
the vibrator-sol1 system 

It was found that the observed resonance frequencxs of the vibrator-sol1 
system could be satlsfactonly explaIned only If It were sonsldered that a certain 
mass of sol1 takes part XI the nbratlon. 

1 
"Vlbratlons of Foundations"-(In Fluselan mth English abstract)-A Symposium- 

Paper Wxperxnental Study of Vlbratlons of Mat Foundations Resting on Cohesive 
Saturated S011s,~l by D D. Barkan Transactions, Institute for EngJneermg Founda- 
tions Research ("Vlos") P C for Heavy Industry, Moscow, U.S S.R., (1934). 



Lorena' transformed Formula I to read as follows 

0” = i 
1/ 

k’ AB 
2x ws •t W” 

where 

(II) 

A = contact area between vibrator and so11 

k’ =“/A = coefflclent of subgrade reactlo" 

B = accelerat.1on of gi-avlty 

W,= welght of the vibrator 

W, = aelghi of the vlbratlng so11 

Loranz contended that the sol1 mass absorbing the energy of vlbratlons-- 
'Qls" 1" Formula II--could be assumed as having a deflnlte and llmlted value Its 
waght was deterrmned expenmentally by two Independent procedures and It ras shonn 
that vrlthu, the llrmts of the experiments performed, e g., for (0 lq<~~,'&<O.26) 

(a) The weight of the vlbratlng sol1 mass depended only on the 
energy of vlbratlon It had to absorb, e g , on the dynamic 
forces expressed by the values of the centrifugal force of 
the vibrator 

(b) The weight of the nbratlng sol1 mass was Independent of 
the nelght of the vibrator Itself and of the contact area 
between vibrator and sol1 

An exarmnatlo" of Formula II shorvs that, all other factors remalnlng un- 
changed, the natural frequency of the system vibrator-sol1 ml1 lnci-ease w.th 

(1) a" increase of the modulus of subgrade reactlo" nk"', e g , 
mth denser ~011s. 

(2) an increase of the contact area between vibrator and ~011, 
e g mth a decrease of the unit pressure on the sol1 surface, 

(3) a decrease I" the welght of the vibrator; 

(4) a decrease I" the weight of the vlbratlng ~011, e.g Rth a 
decrease 1" the value of the dynarmc (centrifugal) forces of 
the nbrator. 

Field experxnents performed by the "Degebo"' have confu-med 1" a general 
mannei- the above theoretxal conslderatvans It should however be noted that the 
"vlbratlng sol1 mass" as defined above does not necessarily have a deflnlte boundary 
I" a physxal sense. 

Table 1 shons that, for a large standard tme "Degebo" vibrator welghlng 
5950 lb on a loaded area of 9 3 sq ft., the natural frequency of the system 
vibrator-sol1 varled from 750 cycles per rm" on peat to 2040 cycles per rm" on 
sandstone 

Table 2 shows that on the same kind of sol1 (the nature not Indicated) the 
natural frequency of the system vibrator-sol1 decreased mth a" increase of the 
centrifugal force. Further, the natural frequency decreased nlth a" lncreaslng 
relght of the vibrator. 

InNew Results of DJIM.DX I"vestu&lo"s of Foundatlo" Soils," (ln German) 
by H Lorenz. Zeltschrlft d V.d I, March 24, 1934. 

%erman Research Society for Sol1 Mechanics. 



TABLE1 

NATURALFREQUFXIES OF A "DEOEBO" 
STANDARD TYPE VIEFiATOR ON 

DIFFERENT KINDS OF SOIL5 

Nature of Soil 

6 Ft. of Peat, Overlymg Sand . . 

6 Ft. Thick Old Fill Consistmg of Medium Sand with 
Re!nnants of Peat 

Gravelly Sand mth Clay Lenses . . . . . 

Old, Well Compacted by Traffic Slag Fill . . . . . 

Very Old, Well Compacted Fill of Loamy Sand . . 

Tertmry Clay, Mololst 

Lias Clay, Yolst 

Very Umform Yellow Medium Sand 

Fine Sand mth 30 Per Cent Medium Sand 

Uruform Coarse Sand 

Non-Uniform Compacted Sand 

&te Dry Tertiary Clay . . 

Compact, Medium Sue Clay 

Lunestone, Undlstwbed Rock . . 

Sandstone, Undisturbed . . 

. . . . 

. . 

Natural 
Frequencies 

Cycles 

Ed 

la.5 750 

19.1 l,l45 

19 4 1,165 

21 3 1,280 

21.7 1,300 

21 8 1,310 

23.8 1,430 

24 1 &445 

24.2 1,455 

26 2 1,570 

26 7 1,600 

27 5 1,650 

28.1 1,685 

30 0 1,800 

34 0 2,040 

Cycles 
per 

Minute 



TABLE 2 

NATUUL FREQUENCIES OF DIFFERENT "DEGEBO" VIBRATORS ON THE SAME KIND OF SOIL 

Weelght of Vibrator Pressure on So11 

kg. kg. 

2,000 2,000 

kg per kg per 
lb lb cm2 cm2 P.S.1 P.S.1 

4,540 4,540 0 27 0 27 3 3 85 85 

2,700 2,700 5,950 5,950 0.27 0.27 3 3 85 85 

Natural Frequencies for Eccentrxlties of Natural Frequencies for Eccentrxlties of 

100 
Lower 

lo" 1 12' 1 16' 1 30' ( ;z; 120 16' 30° LMlt 

/ / 

29 0,' 29 0,' 

/ / / / / / / / 
26.9 26.9 

/ / 
/ 2461 23.2/ 23 / / 2461 23.2/ 23 / 

Ai75 Ai75 

(/ (/ 

,:740 ,/1612 ,:740 ,/1612 
/ / / / 

b<90 /Lo b<90 /Lo 

/ / 

/ / / / / / 

26.7 26.7 
// // 

23.7 23.7 
,I ,I 

22 3 22 3 

/LOO /LOO 

,I 22,/1 ,I 22,/1 

/ / / / 

/U25 I1335 /U25 I1335 
/ / 

,132O ,132O 

/ / / / 

NOTL. The centrifugal forces correspondmg to the "angular eccentrlcltles" 

of the 30 4 kg. = 67 lb eccentric nelghts are not mdlcated m the 

paw From data given concernmg standard eccentrxltles, It would 

appear that for loo and 29 c.p.s. the centrifugal force equals 

CF. = 2,300 lbs. 



The detemunatlon of the soil constants k and k' used 1" Formulas I and II 
presents considerable practxal dlfficultles Russmn expermentsl showed that 
an approxmately correct value of the constant "k' could be obtamed from the rebound 
curve of static load tests only If the unloadmg was performed very rapidly so that 
the recorded expansion characterutxs could not be affected by tme lags. 

It may be seen from Table 1 that the natural frequencies of vibrator-soI1 
systems can be used for the overall class1fxatmn of the compactness of ~011s 
However It should be noted that attempts to establmh any direct relatlonshlp between 
the dampmg charactermtms of a sol1 and Its engmeermg propertIes so far do not 
appear to have been successful. 

Settlements Induced by Vlbratmns 

It 1s generally lmovm that vlbratlons of machinery are sometmes liable to 
produce settlements of adjmnlng structures Settlements of loaded test plates as 
the result of forced vlbratmns transmtted to the sol1 by an attached vibrator were 
recorded durmg the Degebo tests' The propertIes of the underlying sol1 hmever 
were numerically recorded only m a few cases. Settlements were naturally greatly 
mcreased at resonance frequencies of the vlbratmg system. 

No systematic studies of the effect of vlbratlons on the stress-&ram 
charactermtlcs of different soils of varymg density and mmsture content appear 
to have been made so far 

IV. PRESENT STUDIES AT FWNCETON 

The purpose of the first sei-les of tests was to detemne the changes III 
the bearmg pi-opertles of a sand as a result of vlbratlons applied under vaymg 
condltmns of satwatlon and density A smple type of test permlttmg the perfor- 
mance of a large number of experments had to be selected. 

Callfornm Bearmg Ratlo or Other Controlled Stram Load 
oi- Plunger Tests Found to Be Unsutable for the Study 

of Vxbratmn Effects 

It was at first attempted to use the Callfornm Bearmg Ratlo test smce, 
If successful, this method would have provided an easy basx for comparxon mth 
hm CBR values of other ~011s. A vibrator of the same type as shown on Flgure 1 
was Inserted between the plunger and the head of a umversal testmg machIne The 
CBR test was then repeatedly performed nlth and mthout the vibrator runmng. No 
difference was found between the results. This 1s not surprlslng If one stops to 
consider that a CBR test 1s of the controlled strain type, that IS, the resutance 
of the sol1 to the plunger penetration 1s reglstered as a function of the induced 
penetration. 

The lnertla of the various parts of the testmg machlnes 1s apparently too 
great to peat their use in connection mth vlbratvan studies. As soon as the dawn- 
ward force of the vibrator causes some addltlonal compression of the sol1 the contact 

'"Vlbratlons of Foundations"-(In Russian mth English abstract)-A Symposium- 
Paper "Experimental Study of Vlbratlons of Mat Foundations Resting on Cohesive 
Saturated Soils," by Il. Il. Barkan Transactlox, Institute for Englneermg Founda- 
tions Research (l'Vux"). P. C. for Heavy Industry, Moscow, U S S R , (1934). 

'"Deterrmnatlon by Means of Forced Vlbratxms of Sol1 PropertIes of Partxu- 
lar Importance for Construction Work," (1" German) by A. Hertmg, G. Fruh and H. 
Lorene, Publlcatlon No. 1 of the German Research Society for Sol1 Mechanics 
("Degebo"), Berlin, 1933. 



pressure between the vibrator and the head of the testmg machines decreases The 
head of the testing machrre is then unable to follow the vibrator down in the frac- 
tlon of a second before the dlrectU,n of the centrifugal force of the vibrator 1s 
reversed The pressure exerted by the machIne head on the so11 specimen through the 
vibrator 1s thereby reduced As a result, the static pressure on the so11 speclme" 
can "ever be exceeded m a controlled strain machine so long as the centrifugal force 
of the vibrator 1s smaller than the statx pressure applied through the testing ma- 
chx,e. This xas to be the case I" all OUT tests 

It ,GLS then concluded that controlled stress tests would be requxed. These 
tests would better correspond to actual field condltlons when a vlbratlng load actu- 
ally rests on the 8011 surface A prellrmnary test of thx kind showed that vlbra- 
tlons markedly increased the penetration of plungers mth a dead welght resting on 
them. 

The foregang fIndIng should naturally also apply to most field load bearing 
tests when a hydi-aullc jack 1s inserted between the test plate and a loaded truck 
against which the Jack presses. This type of test 1s essentially a controlled strain 
test and therefore should not be used for the study of nbratlons by means of -bra- 
tors Inserted above or below the hydraulx Jack The lnsertlon of spi-lngs below OP 
above the .nbrator rmght change the sltuatlo" but would complxate It canslderably 
by altermng the resonance character~strcs of the whole system 

Equipment Used for Controlled Stress 2-I" Diameter 
and 5-I" Diameter Plunger Tests 

Figure 1 shm a small vibrator of a type developed by the General Motor 
Corp. It 1s built along the same lines as the vibrators described on Page 4 of this 
Report The centrifugal force cannot be changed xndependently of the R P M. of the 
two horizontal shafts as the eccentric vrelghts form part of these shafts. The 
centrifugal force l~lll therefore change mth the square of the speed. The rotating 
shafts can hr,xever be easily changed before each experiment A set of such shafts 
mth different eccentrx weights IS avaIlable, producing different ce"tr~fu@l forces 
ataknou"RPM 

Figures 2 and 3 show a larger -brator of the Laean (BaldvnnSouthwark) 
tYP= This vLbrator 1s capable of producing a centrifugal force up to 1600 lb. at 
speeds up to 3000 I p m The centrifugal force can be changed dwlng a test wIthout 
StoppIng the vibrator or changing the I‘ p m. 

The amplitude of the vlbratmn produced ma6 recorded by means of a pxkup 
attached to the vlbratlng frame and conneCted to a Vlbrometer of the Televlso system. 
on the diagrams of this paper the amplitudes of the vibration are give" as recorded 
from the instrument I" order to obtain the peak-to-trough displacements a multi- 
plxation factor approlnmately equal to 3 should be used A later re-callbratlon 
of this instrument on a nbratlo"tableI showed that the multlplicatlon factor i-e- 
melned fairly constant for the same range setting, but could vary by as much as 
+lOO$ for different range adJustments. The same range setting was used during each 
test. 

Controlled stress tests us=ng plungers of 2 and of 5 1" diameter were per- 
formed In the case of the smaller plunger the usual CBR equipment was employed a6 
Illustrated by Flyre 1 for a test I" a completely submerged condltlo" of 'the sand 
Figures 2 and 3 show the tests nlth the larger-sized plunger (5-111. diameter) whereby 
the dlmenslons of the cylinder were increased correspondingly (diameter of 15 1". 
Instead of 6 I".) Figure 3 sholAs the arrangment for the applxatlon of the static 
load The vibrator mth enclosing cage, plunger and weights was suspended from a 
steel rope slung cwer pulleys alth counterweights at Its other end The static load 
was applied I" r,crements by gradual removal of We counterweights. A slmLtar arrange- 
ment, not sh- on Figure 1, was used for the small plunger. 

'"Electromagnetic Vibration Table", by R. K Bernhard and J 0. Barry, 
Bulletm, American Society for Testing Materials, March 1946. 



Vibrator Plunger Tests Performed mth Relatively 
Kgh Values of the Centrifugal Force Ranging from 
?25$ tok6$ of the Orlena Static Load on the 

Plunger 

Sands Used 

Two sands were used for the tests The grain s1r.e dlstrlbutlon curves of 
both sands are given on Figure 4 ticrophotograohs 1llustratlng the shape of the 
grans of both sands are given by Fvgures 5 and 6. 

The sand designated m this Report as "Sand A" was a clean (washed) well 
graded sand from Jamesburg, New Jersey Approximately 5% of the sand grains were 
composed of lmomte (iron oxide), the remainder conslstlng of quartz 

The fine sand designated III this Report as "Sand B" came from the ate of 
the famous racetrack at Daytona Beach, FlorIda 
quartz grains of very uniform size (Figure 6) 

It was composed exclusively of 

Compaction and Saturatlon Procedures Sand "A" 

Tests were performed on completely dry sand, on submerged sand (Figure 1) 
and on sand saturated by caplllarlty In the latter case the sand was frst sub- 
merged and then rnthdrawn from the water contalner and allowed to di-an ho tests 
under condltlons of capillary saturation were made on the larger plunger since the 
depth of the sand XI the caee of the larger cylinder appreciably exceeded the height 
of passive capillary i-1%~ of the sand. By means of the negative head caplllarxmeter 
this height was found to equal 6 M. 

To obtaln different densltles the sand was compacted in a 400,000 lb machlne 
under statx pressures of 2000, 1500, 1000, 500, and 100 p s 1. applred over the 
whole area of the sample. The void ratlo of the compacted sample was recorded in 
all cases and It xaxs found that =n this way relative densltles ranging from about 
20 to 1OC per cent of A A S.H 0 optimum could be obtaned 

A fresh sample of dry sand "A" was used each time because It -was found 
that some cr?ahlng of the grains occurred even under 1000 p s 1. compactlo" pressure 
as can be seen from the sieve curves on Figure 7, the slevlng having been performed 
on the same sarrple before and after the test. This probably can be explained by the 
crushing of the weaker lurmnlte grains 

Compactxznwas usually performed mth dry sand Several chesk tests were 
made with sand "A" which had been compacted m a completely submerged condltlon. 
Subsequent plunger tests performed I" a submerged condltlon gave only slightly 
smaller penetrations for sand compacted after flocdlng, as compared to sand com- 
pactea to the same density m a dry state. Some sand samples were compacted by the 
standard and the modlfled A A S P 0 procedures (tampIng) The dynarmc penetrations 
recorded were approximately the same as for samples of equal density compacted by 
static pressure 

Apart from the void ratlo "et' the relative density "Dd" of the sand was 
deterrmned The maximum density was deterrmned I" a 4-l" diameter cylinder using 
the standard A A S P 0. compactran technique. The least density was obtaIned by 
pouring loose dry sand Into the cylinder Under high statx compactlo" pressures 
relative densltles over 100 per cent were sometmes obtaIned, especially 1" the 
larger cylmaer. In general It was notxed that for the same unit compactlo" pres- 
sure applied over the whole area of the cylmder slightly greater densltxs were 
obtamed m the 15-m dumeter cylinder than m the 6-m dmmeter cylinder, pre- 
sumably because of the smaller relative effect of frlctlon on the side walls. 



Rssmance Characteristics of the Vibrating System 

It was necessary to perform the tests without any ampliflcatmn of the CB"- 
trifugal force of the vibrator due to resonance. In order to determine the resonance 
characterxtxcs of the nbratmg system a method developed pi-evlously by the "Degebo" 
was wed. The vibrator was started at a low speed of about 900 r p.m and was per- 
lntted to run for 1 min. The speed nas the" increased by 100 r.p.m. every rmnute 
and the increment of penetratmn plotted against the r.p m Smce the centrifugal 
force increases nlth the square of the speed, a contmuous increase of the penetration 
lncrementa could have been expected However, since the dynaudc forces are greatly 
increased at resonance the increment of penetration--r.p.m. CWVBS generally showed 
a pronounced peak at resonance This method vias checked by us and gave satisfactory 
results L" the case of dense sands In addltlo", the vlbrometer readlngs of the 
displacement amplitude were also recorded, as shown on Figure B. Theu peak generally 
colnclded very closely mth the peak of the uxrement of penet.ratxxw.p m. curve. 

Thu method however &d not produce satisfactory results for loose and 
medium density sands as show" on Figure 9, since I" such 0888s the increment of 
penetration-r p.m. curye had two or three peaks, only the last one colncldw,g mth 
the peak of the amplitude c"rve. 

Table 3 gives a ~umn!ary of the results of the resonance tests made mth the 
small plunger 

It may be see" that the general trends confrm earlier flndlngs of the 
"Degebo" Denser sands Eve higher values of the natural frequency "v. A higher 
value of the centrifugal force at the same density decreased the natural frequency. 

It may be see" from Figure S that speeds below 1500 r p m. lay well below 
the natural frequency of the system. It was deslred to perform our routine uwesti- 
gatlons at speeds where no resonance could occur since It appeared likely that no 
resonance of the whole plane-shock absorber-tire-pavement-soil system would take 
place. For that reason the first series of 2-i" diameter plunger tests were run 
at 1500 r.p.m. before the larger-szed 5-m tiameter plunger and the corresponding 
cylinder were ready. A later test of the reso"ance characterlstxs of the large 
plunger and cylinder (see Fig. 10) however showed that the speed of 1500 I p.m. lay 
too close to the resonance range of that system. All further comparative tests on 
both sizes of plunger were then perforiaed at the speed of 1000 i- p m. 

Eynauu Plunger Penetrations Recorded Sand "A" 

Figures 11, 12 and 13 eve some typIca time-dvlc plunger penetration 
curves obtalned durx,g the tests In all tests mth a swcharge a parabolx shape 
of the curve of the type show" on Figure 13 nas obtained. This was not the case of 
zero surcharge as show" on Figure 11 when fatigue effects producing effects producing 
a" rregular shape of the curve were often apparent The amplitude of the nbration 
generally rapIdly decreased mth tune and decreasing rate of dynarmc plunger penetra- 
tlon a8 shown on Figure 12 

A surcharge strongly decreased the penetratxms. 

For later comparlso" mth the results of slow repetltwnal loading tests, 
it proved advisable to plot some of the tune-dynamic penetration curves on a semi- 
log scale, as shown on Fig U, and to substitute the number of load repetitions for 
the corresponding ""Its of tune. 

Tests mere made alth the Z-in. dxunater plunger as shcm" on Figure 1 on dry, 
moist and submerged sand and on sand saturated by passive caplllarlty Three types 
of rotors were used prcduc1ng at 1500 r.p m 10 3, 23.2, and 40 4 lb centrifugal 
force. It may be see" from Figure 16 that the amplitude of displacement increases 
mth a" increase 1" the centrifugal force For dry and moist sand and for sand 
saturated by capll1arlt.y the rate of increase 1s appro~mately the same. For 



TABLE 3 

NATURAL FREQUENCY WI-I VMLlF.5 OBTAINED 
AT PRINCETON DUFXNG TESTS WITH 

2-IN. DIAMETER PLUNOKR 

Compactlo" Natural Frequency 
Ressure p.s.i. Void Ratlo e U"C.P.Ul. 

I. Centrifugal Force = 40.4 lb.- Ih-y Sand 

2,000 0 574 2,100 

1,500 0.632 2,100 

II. Centrifugal Force = 10 4 lb. -Dry Sand 

2,000 0.563 2,700 

1,500 0.623 2,550 

1,000 0.663 2,500 

III Centrifugal Force = 10.4 lb.-Moist Sand 

2,000 0.512 2,750 

1,500 0 5@ 2,700 

1,000 0 583 2,600 



submerged sand, however, the increase 1s more rapId Appreciable dynarmc plunger 
penetrations were produced at displacement amplitudes of approxlrnately one 
thousandth of a" Inch and less. 

FIgwe 17 shows the increase of the dynauc plunger penetration at 10 min. 
vlbratlon for different centrifugal force values and varying compaction pressures 
(and therefore also densltles). 

Figure 15 shows the total dynamic plunger penetrations after 10 rmn vlbra- 
tlon plotted against the relative density and the void ratlo of the sand It should 
be noted I" this connectlo" that penetrations did not entuely stop after 10 mln 
vlbratlon, as can be seen from the time cwves on Figures 12 and 13 The greater 
part of the penetrations had however already occurred after 10 mn vlbratlon 

It may be seen from Flgwe 15 

(a) that for the same condltlon of saturatvx the dynarmc pene- 
tratxons rapldly mcreased xath decreasing density of the 
sand Tins 1s a natural result 

(b) for the same density submerged sand showed much larger pene- 
tratlons than dry sand to a" extent greater than could be 
expected 

(c) sand saturated by caplllarlty gave IntermedIate values ThlS 
result 1s contrary to conventional conceptions concerning 
increased effective stresses and unproved bearing propertIes 
due to capillary satwatlon. 

It was at first believed that this latter result could be attributed to an 
actlon of water in the pores of the sand whhlch took place only m the presence of 
vlbratlons. Studxs of static penetratvans however produced a slmllar relatIonshIp. 

The 5-m diameter plunger showed apprecubly greater dynarcx penetrations 
than the 2-l". diameter at the same density The dlfference waz particularly 
pronounced in the dry state 26) and to a lesser degree m the submerged state 
(Fig 25). 

Statx Plunger Penetrations Recorded Sand "A" 

Figure 18 gives typlcal static pressure-plunger penetration curves obtaned 
for different densltles. Time consuming measures for exactly level lmtlal seating 
of the plunger mere not taken Irregular uutlal penetrations at the first load 
uxxement resulted Because of this, for all later summaries the zero point was 
taken at a" untlal pressure of approumately 0 5 T per sq ft. corresponding to B 
total load of approximately 23 lb 

A sunmay of all statx load tests on the 2-111 diameter plunger 1s eve" 
on Figure 19. The increment of static penetration from 23 to 93 lb designated by 

the symbol Szz 1s plotted aganst density, different symbols being used for different 

conditions of saturatlo" It may be seen that for the same density submerged sand 
produced much greater penetrations than dry sand and that sand saturated by passive 
caplllarlty gave intermedlate values. In other words, the same relatwnshlp as for 
the dynamx penetrations was obtained. 

tis result 1s contrary to conventional conceptlons on the matter and there- 
fore requires discusslon 



Data ObtaIned from Samples Saturated by Capillarlty Shows 
Limitat1on.7 of Conventional Effective Stress Theories 

It eras at frst believed that the surprlslng result obtalned on sand samples 
saturated by caplllarlty mrght be attributed to the manner m whhlch the statx load 
was applied, that IS, to the removal of the counter-weights m lo-lb increments 
It was thought that the sudden removal of these aeIghts might change the neutral 
stresses in the capillary mater mth a resulting momentary decrease of the effective 
stresses between the sand partxles A large water tank was then substituted for 
the eon counter-welgbts and the statx load was applied by gradually dralnlng the 
counter-weight tank over a period of one hour. Three tests were performed m thx 
manner- whereby the orlgxmlly submerged sand was first allowed to drain for 5 min. 
only, as had been done on all tests It can be seen from Figure 19 that very little 
decrease of plunger penetrations, If any, was observed for these three tests It 
was then surrmsed that the time of dranage might have been xxuffxlent Accordingly, 
three tests mere then performed after 48 hr drainage, but gave, as shown on Figure 19, 
only a slight further decrease of the static penetrations 

A series of tests on the active and passive caplllarlty of sands, performed 
at the PrInceton Sol1 Mechanics Laboratory by Mr Valle-Rodas, should be noted I" 
thx connectlo" They showed, among other things, that XI the case of draInage the 
water content held by passive caplllarlty 1" a uniform sand continued to decrease 
appreciably during the fxst five days and probably longer' This can be seen from 
Flgwe 5 of ldr Valle's paper. On the other hand a test made mth the well graded 
sand "A" used m the present experiments showed, as can be seen from Figure 21, that 
after 20 mm aranage the water content remaned practxally unchanged along the 
whole 6-l". depth of the sample, whxh depth corresponded to the height of passive 
capillary rxe. Decrease of the water content through draInage might therefore 
continue I" this well graded sand for a longer tvne than 1" Lb? Valle's expervnents 
mth uniform sand 

It 1s generally assumed that capillary saturation xxi-eases the effective 
stresses m the sand2 It 1s further generally consIdered that the bearing proper- 
ties of a sol1 depend largely on Its shearIng strength whshlch in turn depends upon 
the effective stresses between the sand grams. Therefore, the bearing capacity of 
a sand should be Improved by a condltlon of capillary satwatlon. Figure 20 lllus- 
trates the dxtrlbutlon of effective stresses under the three conditions of satura- 
tlon determIned m accordance with conventional theories on the matter2. These 
conventional Ideas appear to be based on the assumption that a sand remans com- 
pletely saturated by caplllarlty at least up to the height of pasave capillary 
rise and that up to that level the mater IS under tenslo" Mr Valle's experiments' 
have however shown that complete saturation by passive caplllarlty 1s not mantaned 
The gradual decrease with time III the water content, lndxatlng continued slow down- 
nard seepage of the water, and other unevaluated phenomena may be responsible. 

Two tests were made with sand which had 6 per cent moisture before compaction 
As can be seen from Figure 19, the results colnclde mth those of dry sand, pre- 
sumably because the slight apparent cohesion produced by the moIstwe was neglipble 
as compared to the magnitude of the external stresses applied 

Deformation Producing Effect of a Vibratory Force on 
Sand "A" Found to be Relatively Greater Than That of 

an Eqmvalent Static Force 

Plunger penetrations produced after 10 rmnutes vibration by an applied 
centrifugal force were compared to the penetrations produced by an equivalent static 

"Caplllarlty m Sands," by FL. Valle, Proceedmgs, Highmy Research Board, 
Vol. 24, 1913 

2 "Neutral and Effective Stresses in Soils, " by P C Rutledge, Proceedings, 
Purdue Conference on Sol1 Mechanics and Its Alllcatlons, 1940. 



force. In order to make this comparlso" separate static plunger penetration tests 
had to he made, the loading bevlg then continued beyond the point reached by the 
statx loading during dynanc tests. Some scattering of the results was inevitable 
suxe the same density and grad&lo" could not be exactly reproduced by a second 
test. Figure 22 shows one set of such comparisons Nhere the dynauu plunger pene- 
tratux,s produced by a centrifugal force of 23 lb after a static load of 93 lb. had 
bee" applxd, were compared to the increment of penetration produced during a dlf- 
ferent test at approximately the same density of the sand by a 23-lb uxrement of 
the static force during Its lncrea~e from 93 lb to 116 lb This ratlo 1s lndlcated 
on the diagrams by the symbol DIO,S1;; It can be see" from Figure 22 that for that 

particular set of condltlons this effect of the dynarmc force IS five to ten tanes 
greater than that of an equivalent static force Some scattering of the results 1s 
notIceable mth a fm tests on submerged sand glvlng apprecubly higher values of 
the dynamx to static pen&r&u," ratlo This, however, was not a general trend 
and I" some other serxes of tests not reprcduced I" thu Report dry sand gave the 
highest values of the relative dynamu effect. 

The rat=o %s 
appeared to decrease 

somewhat mth decreasmng centrifugal force values 

Figure 27 shows the above ratlo of equivalent dynacuc to static plunger 
penetrations obtaned from the 2-l". dx.meter and 5-1n. diameter plunger tests at 
1000 r p m The same scattering and relative mamtude of the ratlo was ohtalned 
In the series recorded by Figure 27 the centrifugal force for the 2-113 diameter 
plunger ,vas equal to 10 3 lb. and therefore equal to approximately one half of the 
force during the tests at 1500 r.p m. to whdnlch Figure 22 refers Both static and 
dynauac unit pressures on the larger 5-l" dxuneter plunger were equal to the unit 
pressures on the 2-l" diameter plunger It may be see" from Figure 27 that for 
submerged sand the ratlo of dynamx to static plunger pe"etratuxE sholrs conslderable 
scattering mth no defunte trend as to effect of plunger size bang notIceable FOi- 
dry sand as shown on Flgure 28 the effect of size 1s notlceable, Indxatlng a" I"- 
crease 3f the relative effect of the dynauac forces produced by the 5-l". diameter 
plunger. 

The Fine-GraIned Uniform Sand "B" from Dayton?. 
Beach Racetrack Found to be Most Strongly 

Affected by Vibratory Loading 

It was desired to check the results of the fu-st sa"d "A" series of vlbra- 
tory plunger tests by means of ldentxdl tests on a different kind of sand Selected 
RXS sand from the Daytona Beach racetrack I" Florida, which 1s referred to as sand 
"B" I" this Report. This sand had been credlted mth having a partxularly high bear- 
Ing value due to the effects of capAlary saturatun It was of further Interest 
because of Its extremely mform size (see Figures b and 6) Tests were performed 
mth oven dried sand "B", mth completely submerged sand, mth sand saturated by 
caplllarlty from the bottom of the sample, and xath sand which orl&nally had 6% 
moisture. Some samples were compacted by static pressure only, others were slightly 
tapped during theu compress=on 

Figure 29 gives a sunmary of the results of the static loading static 
plunger penetration 1s plotted against the void ratlo "e" and the relative density 
l'Dd" . Several facts emerge from a study of this diagram 

Fust, It may be see" that the density of the samples is not appreciably 
affected by the compactlo,, pressure -vnth the sole exceptlo" of the samples which 
orl~nally had 6% moisture These latter samples showed a" increase I" density 
'Clth u,creas="g compactlo" pressure. Presumably thu was due to the fact that this 
very fine sand had highly viscous adsorbed water films which could be deformed by 
u,creasx,gly high compaction pressures. The reu!a~n~"g samples gave erratx pressure - 
density results 



The second observation 1s that the sand saturated by cap1llarlty from the 
bottom on the whole did not show any hgher bearmg power as compared to the dry 
naterml. The results w'ere on the average approxmately the same for both condxttlons 
of saturatlo". In general, there was a considerable scattermg of the results, but 
submerged sand appeared to show higher penetrations 

Figure 30 gLves a s mmary of the results of the dynamc plunger tests. The 
dynmx plunger penetration after 10 rmnutes nbratlon ("DlO") 1s plotted agalnst 
the sol1 density The same general remarks made concerning FIgwe 29 (static pene- 
tratum) are also valid for the results of the dynamic penetration 

Figure 31 Illustrates the relative effect of a vibratory force on plunger 
penetrations as compared to that of an equvalent static force It may be seen that 
this dynanc effect 1s quite considerable and 1s from 9 to l&2 times greater than 
the effect of a corresponding static force It 1s decreased by the presence of 
some 68 mouture XI the sand, for this condltlon the 40,SlE& ratlo varying from 15 

to 50 No defunte effect of the condltlons of saturation on the value of this 
ratlo IS dxcernlhle 

Flgure 32 illustrates the shape of the ""umber of load rep&Ions - plunger 
penetration" curves when plotted on a serm-log scale Thx diagram 1s of unportance 
MI connectIon rnth sunlar curves plotted during slow repetltumal load tests 

Hxh F?earm~ Power of Daytona Beach Sand ("B") 
Is Due to Its Improved Resistance, When Moist, 

to Tangential Forces 

A s~ple test was performed as follows A wheelbarrow xnth a pneumatic 
tire was placed on our 15-l" diameter cylinder fllled with sand "B". hi-mg the 
fust test the sand aas dry, durmg t>e second It was saturated by caplllarlty 
from the bottom of the cylinder The he&+ of pass=ve capillary rise was deterrmned 
I" the laboratory by means of the usual procedure as bang equal to 15 m A tan- 
gentlal force was applied to the rux of the wheel by means of weights and a cable 
s:u"g over a pulley. 

It was found that the tangential load which produced a sllpplng of the tu-e 
over the surface of the sand was greater by about 50% I" the caee of sand saturated 
by caplllarlty as In the case of dry sand Also, the depth to which the Rheel sunk 
whole It spun around wa appreciably greater in the case of dry sand than In the 
case of sand saturated by caplllarlty. 

Thx fIndIng 1s only of theoretIca Interest, but serves to explain the 
good performance of the Daytona Beach sand, Instead of the earlier theories on 
the matter whxh were 1" contradxtlon nth our own fmdlngs made during the first 
stages of this program when It was found that reelstance to vertical loading wxs 
not unproved by capillary saturation. 

The Two Types of Clay Used for the Plunner Tests 

Two types of clay were used, which, for purposes of brevity, shall be 
referred to as "Red Clay" and "Blue Clay" Actually, the Red Clay 1s a material 
conslstlng mau~ly of partuzles of slit 5lee The gral" size accumulation curyes 
of both clays are given on FIgwe 33. The density - moisture relatIonshIp of the 
Red Clay and Its consutency llmlts are given on Flgure 34 The corresponding 
values of the Blue Clay are given on Figure 35, which also lndlcates the varutlons 
MI density oi that material after different periods of swellmg. 



St&x and Eynamc Plunger Penetrations 
Recorded for the Two Olays 

Flgoi-e 36 pves a sumnary of the statx loadug results and Fqare 37 
summarizes the dymamc loading results for the Red Clay. It my be Seen that m 
both cases a rapld mc~ease of both statx and dynanc penetratmns 1s observed 
when the -nater content of the clay approaches the plastic lirmt. The time - dy"emic 
penetration curves have the same general shape as the correspondmg curves on sand 
illustrated by Figure 13, when plotted at a plam coordmate scale However, when 
plotted et a serm-log scale, they have a somen%at different shape, as illustrated 
by Figure 42. 

F1gu-e 38 gLves the ratlo of the dynamc penetrations to the penetrations 
produced by an equvalent static force. It my be seen that for thm clay the effect 
of the dynamc force 1s approlamtely equal to the effect of an equivalent static 
force and 1s therefore relatively smaller than durmg correspondmg tests on sand. 

Plunger tests mth the Blue Clay produced the same general trends, as show" 
on Figures 39, 40 and 41 

Vibratory Plunger Tests with Sand-Clay kxtui-es 

Tests were performed mth five different mxctures of Sand "A" and of Red 
Clay, contalnlng respectively lOI, 2@, 3O$, 40% and 50% of the latter. At low 
-Aate= contents even a small addltlon of clay was found to appreciably decrease the 

%/s ratlo, e.g , the relative unportance of vibratory forces, as compared to the 

deformatvan producing capacity of static forces of equivalent magrutude However, 
at water contents exceeding the optuwm moisture, the Dlo/S ratlo Increased some- 
*at, especially for low clay contents 

Field Lkasurements of Vibratory Forces 
Transmitted to Pavements by Aucraft 
During the Period of Englne Warm-up 

At the tue this proJect wes started (1943) no data was avaIlable concern- 
mng the actual magmtude of vibratory farces transmltted to pavements by warrmng-up 
arplanee. The centrifugal force values used during the plunger tests and varying 
from+258 to?b$ of the orIgIna statx load were selected subJect to later sub- 
stantutmn by actual field measurements. 

Some uncertainty was attached to the accuracy of response of sol1 pressure 
cells when measwlng vibratory forces. For that reason, Dr R K Bernhard, acting 
as Special Consultant to the Project, was requested to develop a special device for 
the purpose of measuring In the field vibratory forces tranemltted to pavements by 
alrcraft during the pen& of engine warm-up This development and the results of 
some trial measurements are described I" Referencel. 

It was shown by these trxal measurments that for the type of plane tested 
troth properly adJusted engines the vibratory force transmitted to the pavement had 
the order of magnitude of?18 tok2% of the orl&nal statw load, but could reach 
a maxurmm value off4.3% This maximum value did not correspond to the highest 
speed of the motors, lndlcatlng posslbllltles of resonance of certain component 
parts of the plane at xkermedlate speeds. Indxatlons were also obtalned of 
possible much higher values of vibratory forces transmitted to pavements by planes 
mth improperly adJusted motors. 

I 
"Study on Vlbratmns Transmitted to Pavements during Warm-Up Peruxl of 

Auplanes," by R K Bernhard,CAk Technical Development Note No. 48, 1947 



ImGw"' 
At about the same time the results of other field measurements became 

, which had given results of the came order of magnitude. 

Some supplementary plunger tests mth lower values of the centrifugal force 
appeared necessary and were performed. 

Vibratory Plunger Tests Performed mth 
Relatively Low Values of the Centmfugal Force 

Rangmg from? 2.0% to + 0 9% of the 
Or&ml Statx Load on the Plunger 

Tests WIthout Partial Release of Static Load 

Figure 43 Illustrates the effect of the relative density of Sand "A" on 
the ratlo Dlo,sl$;, as a result of the applxatlon of a vibratory force equal to 

+O.% of the orlg~nal sta'ac load on the plunger It may be eee" that the value 
of this ratio u~creases from app. 5% for dense sand to 30% for loose sand In 
other aords, a vibratory force equal to less than+l% of the statx load l~lll pi-o- 
duce deformations equal up to 30% of the deformations caused by that static load 

Figure 44 illustrates a SUX&J relatlonshlp for Sand "B" In the case 
of this uruform sand the effect of density aas less pronounced, both loose and 
dense sand beug more sensltlve to vlbratlons than Sand "A" The value of the 

==tm so/&f varied from 28% to 56%. 

Tests nlth Partial Release of Statx Load 

Drlng field tests It was observed that the nar,u"g up of motors produced 
a redlstrlbutlon of load between the vrheels I" one case' this redlstributlon aas 
found to produce a decrease of the load on the mal" wheels by some 15% 

A senes of plunger tests were then performed to simulate these conditions. 
Figure 45 illustrates a typIcal test result on Sand "A" and Figures 4.6 and 47 on 
Sand nB”. 

Table 4 sunnnariees the test results on Sand "A" and Table 5 on Sand nBn. 

In the case of Sand "A", the partial removal of the static load appreciably 
decreases the residual addltxral dynarmc penetratxa, only when the vibratory force 
is very small and equal to less than 1% of the orlgmal statx load 

Values of the vibratory force equal to 2% of the static load produced 
addItIona residual dynarac penetrations vaylng from 1% to 6% of the penetratu," 
caused by the orlglnal static load for dry sand; of app 10% for sand saturated by 
caplllarlty, and 15% to 4% for submerged sand. 

In all cases the relative density of the sand samples exceeded 608, so that 
they could be classlfled as "dense" 

In the case of Sand "B", the partial removal of the static load did not 
noticeably decrease the residual dynarmc penetratlans of this poorly graded sand. 
When the vibratory force was particularly small and equal to only 0.9% of the 
original static load, the residual adtitlonal dynarmc penetration varied from 17% 
to 42% of the penetratun produced by the orl~nal static load 

W-hen the vibratory force equalled 2% of the orlglnal static load, the 
corresponding relative dynarmc penetration values were uxreased to values ~r~l"g 
from 33% to 13s for dry sand; app. 73% for sand saturated by caplllanty, and from 
46% to 143% for submerged sand. 

'Wertal" Requuements for Flenble Pavement Design for &29 Planes," 
U. S Waterrrays Experiment Statlo", Vxksbwg, MMS., 1 August 1945. 
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.0326 0326 @is 

.0407 0116 63% 

156-J .1582 97% 

.I522 .1509 91% 

.474a .4754 63% 

.1019 .1005 6’3% 

.0403 0000 96% 

.a42 0110 63% 

.0237 .0047 6% 

Condltmn of 
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Note El0 = Resldw.1 statx penetratmn after 15% reductmn of the 
static load 



TABLE 5 

SANE "BE 

Rat10 Of Dynamic to 
Centrifug al Force 

Void Ratm 
Static Penetratmns Relative 

ne" % of static 
wsl;: Rio/s% 

Denaty Condltmn of 
Lbs Load "Ddn Saturation 

850 3 31 20 .3892 .3323 43% w 

847 I " 1414 1387 44% II 

829 II II 1370 1357 51% n 

817 n I 4552 4672 588 Submerged 

821 " I 1.427 1.426 55% II 
Capillary 

834 " Ii 7277 .7297 5og Saturat10* 

836 1 47 0.9 .1597 .1885 7 m 

804 I, " 2049 .2029 62% n 

831 II II .275-l .267b 52% II 

846 fl !I 1929 .1786 45% n 

855 n " .4032 a94 4M n 

Note: Rio q Residual static penetratm" after 15% reduction of the 
static load. 



In all cases the relative density varied from 4C$ to 625, so that the aand 
could be classified as bemg of medunn density. The above percentages refer to 10 
rmnutes vlbratlon. ContInned mbratlon appreciably increased the penetrations. 

Our above tests have clearly shown the fallacy of the reasomng according 
to whxh the effect of vlbratory forces transrmtted by airplane wheels to pavements 
cannot be of importance since the vlbratcry forces are usually equal to only 1% to 
3% of the static load, whereas the statx load was reduced by sOme 15%' 

It has now been demonstrated that, I" so far as sands are concerned, even 
a small vibratory force has a much greater deformation producing capacity than a 
statx force of corresponding magnitude. As a result, any decrease of statx load 
acccrmpanylng engme warm-up 1s not only compensated for by the effect of vlbratlons, 
but deformations of the sand may be greatly ampllfled 

Vibratory Consolv3atlon Tests mth Three Clay Sol16 

Vibratory plunger tests wei-e not possible to perform on very plastx and 
soft clay muLures. For that reason It was decided to perform a few consolldatlon 
tests on a vlbratvzm table to deterrune the effect If any of a vibratory motwn of 
the whole system on the canpressiblllty characterlstlcs of the clay 

Comparative vibratory and standard type consotidatlon tests were performed 
on three types of clays A vlbratxm table deslgned for the ProJect by Dr R X 
Bernhard and ET J G. E!arry2~as used for the purpose. The man use of thx table 
conslsted, however, in the callbratlon of lnstruments3 

Rro parallel tests were performed mth the same materul, using standard 
type 2 5-In tiameter and 1-l". high consolldometers. One test was performed under 
statx contitlons, and the other was performed in a consolldolneter nhlch was attached 
to the vlbratlon table 

Three clay ~011s were tested The first sol1 was the PrInceton Red Clay, 
ldentxal to the material used dung the plunger tests The second sol1 was sorxe 
undutwbed clay from a boring at the Flushing Mebeadolr site m New York Ths clay 
WEB used III its natural condltlon and had a structure which was easily duturbed 
and weakened by remolding. The third sol1 was pondered Wyyormng Bentonlte, of a type 
stated by its manufacturers to have particularly pronounced thlxotroplc properties 

Figures 48, 49 and 50 eve the pressure-compressum curves of all three 
50115 It can be seen that the vibrated specimens did not show any apprecv.ble 
increase of compressum, as compared to ldentxal specxr~ns tested under statx 
co"dltlo"s 

It 1s the opuuon of the alters that vlbratlon table tests are not sutable 
for the uwestlgatlon of the compresslblllty of so116 I" the presence of vlbratlons 
The entare sol1 and loadlug plunger system, as well as Its base, performs a vibratory 
motxxn mthout any relative displacement occurring. Therefore, thx type of -bratory 
m&Ion corresponds more to the type of vrbratlon produced by shock waves, rather than 
to the motion of the sol1 partxles m the lmmedlate vlclnlty of a source of vlbra- 
tlons when the particles closer to the source are bound to have a greater amplitude 
of motion than there 1s further away from It. 

1 "Certan Requrements for Flexible Pavement Eeslgn for B-29 Planes," 
U S Watemays Experunent Statlon, Vicksburg, MISS , 1 August 1945 

2 "Electromagnetx Vlbratlan Table", by R K Bernhard and J G Barry, 
BulletIn, American Society for Testing Materials, March 1946. 

3"Study on Vlbi-atxns Transrmtted to Pavements during IVarm-Up Period of 
Airplanes," by R. R Bernhard, CAA TechnIcal Development Note No. 48, 1947 



It 1s the latter tm of motion which 1s of practxal interest in connec- 
tmn mth the studies of this Fvoject, ati it is believed that only such relative 
displacements of so11 particles are lmble to cause permanent deformatmns of the 
5011 system This type of condltmn IS much better smulated by the plunger tests 
which have been performed so far 

For this reason no further consolldatlon or other tests were performed 
mth the nbratlon table. 

The above remarks apply naturally only to a cohesive 6011 In the case of 
a granular, non-ccheslve material, a vibratory m&Ion Imposed on the entu'e system 
may cause the lndlvlaual partxles to move I" respect to each other Hmever, con- 
solldatvan tests cannot very well be performed on sands, and they wei-e not attempted 
on the table, since the results could not be du-ectly applied to practical problems 
of pavement design 

V=bratory Unconfined Compressive Strength Tests 
With Red Clay 

Four trial tests have been performed, the results of whxh are given by 
Figure 51 Four cylinders were prepared I" an ldentxal manner Two of them were 
loaded by means of the arrangements shown on FIgwe 1, whereby a flat plate was 
substituted Instead of the plunger I" order to pronde a uniform bearing surface 
Immng two of these tests the vibrator was not nmrnng Ewmg the two other tests 
It was I" operatlon with a centrifugal force of 3 31#, which produced a vibratory 
stress increment of + 0 026 T/sq ft It may be seen from Figure 51 whhlch mves 
the stress-strain curves for all four samples that in spite of the relatively high 
water content of these samples the vibratory force did not produce any decrease of 
the shearurg strength of the specimen III excess of the strain corresponding to the 
value of the vibratory stress uxrement 

Truxu.1 Shear Control Tests with Sands "A" and "En 

A series of trGala1 shear tests were performed at the suggestion of the 
~uruor author for the purpose of deterrmnlng any possible relatlonshlp whhlch rmght 
exist between the so-called "crltlce.1 void ratlo " and observed bearing propertIes 
of the ~011. The "cntlcal void ratlo" 1s a standard term used I" sol1 mechanux 
to designate the density of a sand at whhlch shearlng deformations can occur mthout 
any volume changes. A sand denser than the "crltlcal void ratio" ml1 have to elr- 
pand I" order to shear A looser sand may shear mth sxnultaneous decrease of 
volume. 

FIgwe 52 summarizes the results of this test. At lateral pressures of 
l/4, l/2, and 1 T/sq ft a certain scattering of the results was observed ahlch 
was partxularly pronounced in the case of Sand YIn Therefore, only general ranges 
of the varlatlon In the "cntlcal void ratlo" are Inbcated. 

It can be seen that in the case of Sand "An the "crltvzal void ratlo" 
varled fro-o 0.55 to 0 65 Thu range corresponded to the density range whhlch during 
our plunger tests was found to be of a crltxal nature It can be seen from Fig-ore 
19 that static plunger penetrations xxi-ease rapldly for this sand at densities 
looser than a void ratlo of 0 65. 

For Sand "B" the scattering of the trlaxlal test results was particularly 
pronounced and the "crltxalvox. ratlo" varied from 0 54 to 0 90. It can be seen 
from Figure 29 that a range of considerable xmtabl1lt.y and a scattering of our 
results during static plunger penetratran tests exlsted for densltles XI the nclnity 
of a void ratlo of 0 9 

The need for the compactum of sands well above the "critical void ratlo" 
1s therefore apparent This compactlo" should be well above 70 to 80 percent of tne 
maximum possible density 



Slcv Repetitional Plunger Load Tests 

Tammys, aprons and hardstandings are subJected to vibrations transmitted 
to pavements dunng en&"e nana-up and are also repeatedly stressed by the nelght of 
tzamg airplanes 

Laboratory plunger teats were performed to ascertain the effect of slew 
repetitional loading of varying magnitude as compared to the effects of vibratory 
lcaamg. The results of prelxmnary tests with slcu repetltxmal lcadlng and sand 
"B" are eve" co Figure 59, where the "ember of load repetlticns IS plotted against 
the plunger penetrations. It may be see" from thle diagram that the slcw repetitumal 
loadlug performed at the rate of 1 cycle per rmnute gave a" almost ldentlcal curve as 
did two vlbratcry tests performed mth sands of ahost equal density It therefore 
appeared that the only thing of lmpcrtance 1s the nmber of load repetitions irres- 
pectlve of the frequency. Of course this was true only so long ae no reec~ance of 
the soil vlbratlng mass systm was present to magnify the actual forces transmitted 
to the SC11 

Photograph Figure 53 illustrates the constructlo" of the 6-bar& plunger 
testmg machIne desIgned and bruit by the School of Engneermg, Princeton University. 
The motor and the reduction gear boa 'F" drive a horleontal shaft which operates 2 
crank shafts "H" at each end of the hcrizontal shaft. These crank shafts are connected 
to a puton "J" mcvrng I" a" up and dam dlrectlon I" the bronze-lined cylinder "I". 
The pistons "J" are connected to a hcrlzontal beam "?J". The whole system 1s geared 
for one repetltlon of the up and dcwn movement of the beam 'II" per rmnute. The "um- 
ber of these movements 1s regutered by a counter uG". 

The machx?e can simultaneously operate mth c=x sol1 containers of the 
standard CFXtype. These contamers are marked "A" on the photograph. The usual 
2-111 dumeter (3 sq I" area) plungers are employed ati are loaded to the desired 
amounts by the welghts "E" The plungers are connected by means of wire ropes and 
pulleys to the counter weights "C" These counter weights are raised by the upward 
mctlon of the beam "D' and released when the beam 1s 1" its dcmmard posltlon 

Flme 53 shcws the dcmivard posItlo" of the beam mth the counter weights 
baneng on the ropes and relienng by the amount of theu weight the load "5" on 
the plunger "B" 

Results of Tests with Sand "A" 

Flgui-e 58 .~ves the "umber of load repetitions versus plunger penetration 
curves plotted on serm-log paper. Figures 59 and 60 summarlee the test results 

It may be eee" that for the same number of load repetltlons and the same 
magrutude of the repetltlonal load expressed 1" percent of the orlg~nal load, the 
plunger penetrations increase mth the lntenslty of the ori~nal statx load 
Further, that for the same value of the original statx load, the plunger penetra- 
tlons l~lcrease rnth the magnitude of the repetitlonal load. The same holds true in 
a general manner for the ratlo of the repetItiona plunger penetrations as compared 
to the penetrations under one load application 

Under a umt pressure of 55 psi, 10,000 full load repetlttlons Increased the 
original plunger penetration from the first loading by some 750% (Figure 60) FrcDl 
Figure 55 It may be estimated that 1,000 full load repetlticns would have increased 
the cri.gnal first plunger penetration by some 33@, 100 full load repet1tlons by 
some 150$, aml 10 full load repetltlons by some Lo%. 

The Results of Tests with Seed "B" 

Figure 56 ~vec the results of tests mth sand "B", whereby the nmnber of 
load repetltlons 1s plotted against the number of plunger penetrations at a serm-log 
scale. Figures 61 and 62 summarlee the test results. 



It may be seen that sand "B" followed the same trends as sand "A", hut I" 
a much more pronounced manner. Under a unit preesure of 55 psi, 10,000 full load 
repetltlcns Increased the orlglnal plunger penetration frcm the first lcadlng by 
some 4300% (Figure 62) From Figure 56 It may be seen that 1,000 full load repeta- 
tlons would have increased the crlglnal fxst plunger penetratlcn by some 166$, 100 
full load repetltlcns by some 380%, and 10 full load repetltlons by some 100% 

A compar~an of this data with the lnformatlcn given by Table 5 show that 
10 full load repetltlons Increase the plunger penetratlcns m apprcxlmately the <ame 
prcpcrtlon as 10 rmnutes vlbratlcn (e g 1500 repetltlons) of a centrifugal force 
equal to apprcxlmately? 2 0% of the same orlena static load 

Results of Tests with Red Clay 

Figure 57 eves the number of load repetltlcns - plunger penetration curves 
for tests with red clay. It may be seen from these dIagrama and also from Figure 42 
shcmng a slrmlar type of curves for vibratory loading of red clay and Figures 54-56 
glvlng typlcal sx~lar curves for vibratory loading of sands, that when plotted at 
a San-log scale, the number of load repetltlons - plunger penetratlcn curves has a 
different shape for cohesive and for granular non-cohesive soils, as illustrated by 
the fcllomng sketch, Figure 58 

The shape of the curve na" closely corresponds to the one cbtalned by 
MC Kersten' for the slow repetltlow.1 tests he had performed at the Unlverslty 
of hhnnesota. It shows even on a serm-log scale a prcgresslvely decreaslng effect 
of the number of load repet1tlons on the penetratlcns 

Mr Kersten had not made alrg tests mth clean sands, and It may be seen 
from cur tests that the sands fcllcw the shape of curve "bn of figure 58 lndlcatlng 
that they are most susceptlhle to any type of load repetltlons, whether vlbratcry 
or slaw repetltlcnal 'I%E flndlng 1s of considerable practxal lmpcrtance 

Red~strlbutlcn of Shearlne Stresses 1" a Pavement 
Beneath an A~plane Wheel during J&-r-up 

of the Motors 

The wheels of an axplane are blocked (by means of brakes or ctherrnse) 
durlng tne aarming up of Ita motors for the purpose of keeping It statIcnary. This 
means that a hcrlzontal force equal to the thrust of the propellers 1s transmitted 
by the wheels of the plane to the surface of the pavement 

So far the effect of this horleontal force on the stablllty of a pavement 
Tas not known Oplruana have been expressed at times that the detrimental effect 
of this hcnzcntal force rmght be even greater than that of vlbratlcns This did 
not appear likely, but the matter needed lnvestlgatlon 

A great number of varmbles 1s involved I" the study of the effect of aarm- 
Ing up cperatlcns of a plane on an ax-port pavement This cx-cumstance Imposed a 
form of study which was based on a separation of variables It was therefore em- 
practical I" the present stages of cur study to actually Introduce a hcrlzcntal 
force during load tests It was then deaded to attempt a mathematical analysis of 
the redlstrlbutlon of stresses I" a pavement as a result of the appllcatlon of a 
homecntal force to Its surface which rmght help to gain some mslght Into the pro- 
blem Since failures of pavements are to be manly attributed to excessive shearing 
stresses, a study of the redlstrlbutlcn of such stresses m a pavement as a result 
of the actlcn of a hcrlecntal force would be liable to @ve an apprcxuoate Idea of 
the magmtude of the detrimental effect of hcr1eontal forces applxd to the pavement 
surface Professor Frank Baron of Yale Unlverslty was requested to perform this 
study 

I "Repeated Load Tests on HIghnay Subgrade Sol1 and Bases", by l&lea S 
Kersten, University of Minnesota EngLneerlng Experiment Statlo" TechnIcal Paper 
No. 43, July 19f+3 



It should be mentlcned that, as shorn by his illustrations, the analysis 
made by Professor Baron refers to a rectangular loaded area and to a hcmcgenecus 
semi-infinite solid beneath It. 

Ths above assumptions are naturally not quite exact. Hcwever, the assump- 
tion of an elllptxal loaded area, although corresponding more closely to the em- 
print of a tire, would have required extremely complicated ccmputatlcns The diffi- 
culties of analysis would have then beccme SC great that any slight additional 
analysis cbtavled thereby nculd in no wa.f compensate for the several times greater 
amount of mathematlcalncrk requred to achieve It. 

The second apprcxxnatlon, that of a homogeneous semi-mnflnite solid, is 
used as a pclnt of departure for all studies of that kind. On the strength of 
sitiar ccmpar~scns made for stresses produced by vertical loads only, It 1s pcssi- 
ble to estimate the changes In the stress dlstrlbutlon to be expected in a layered 
Bystem as compared to the dlstrlbutlcn I" a homogeneous b&y. 

In order to adapt the results of Professor Baron's mvestlgatlcn' to ccndi- 
ticns exlstlng dung the narm-up of elrplane engrnes. certain addltlcnal ccmputa- 
ticns have to be performed. 

In the case of a aarrmng-up airplane a horlzcntal force 1s applied to the 
surface of the pavement slmultanecusly slth a vertical force. The ratio of the two 
forces changes wYt.h the xxrease of the thrust of the propellers and tith a redlstri- 
butlcn of the vertxcal load between the man and the eeccndary wheels. From pub- 
lished data on the matter2 it can be estxated that the maximum Value of the hcrl- 
scntal force 1s apprcmmately equal to one third of the vertical force, which 1s 
simultaneously reduced by apprcxlmately 15% as cmnpared to the original condition 
when the motors are not running. 

The four curves shorn on Figure 63 xere obtained by appmng the above 
ccnsideratlcns to the results obtained by Professor Baron 

If we want to compare the maxtmum shear stresses produced by a stat~cnary 
plane when Its motors are not running to the ma?xmum shear values developed rhea 
its motors are running at high speed the comparison should be made by means of 
curves n1l' end "4%' shown on Figure 63. It may be seen that greater shearIng stresses 
are created by the second condition - (motors running) - only at a depth nz" smeller 
than o.Y+a. In other nerds, an increase of shearing stresses will be nctxeable 
only at a depth smaller than 0.17 of the length of the majcr diameter of a tire 
imprint. 

In the case of a layered system, cr, to he more precise, for the case of a 
swu-r@d pavement and base cverlylng softer subgrade belcw It - (a condition 
which ml1 normally occur on airports) - the shearing stress concentration fn the 
upper layer ml1 be accentuated still further. It can therefore be safely assumed 
that an increase of the shearing stresses due to the ?xwudng up of a;rrplane motors 
lnll occur only within the depth of the pavement proper. 

'"A Mathematical Study of ShearIng Stresses Produced In a Pavement by the 
Locked Wheels of an Airplane dung the tiarm-Up of Its Engines,' by Frank Baron, 
C.A.A. Techrucal Development Note No. L?, 1947 

2 
"Certain Requirements for Flexlhle Pavement Design for B-29 Planes," U. S. 

%terways Experiment Statlcn, PIcksburg, Miss., 1 August 1945 



(1) Soil load tests of the controlled strain type, Including the California 
Eear1ne Ratlo test, are unsmted for the study of vibration effects. Load or 
plunge; tests of the controlled stress type have to be used. 

V. CONCLUSIONS 

(2). A series of controlled stress 2-m diameter and 5-i" diameter plunger 
tests performed at frequencies below the reeonance range on a well graded clean 
sand nlth a surcharge on its surface around the plunger showed that 

(a) At all densities and under all conditions of saturation the 
effect on plunger penetrations of a vlbraton force was several tvnes 
greater than that of an equivalent statx force 

(b) At all densltles both static and dynarmc plungar penetrations 
on submerged sand were appreciably greater than plunger penetrations on 
dry sand. The bearing capacity of the sand wae decreased by more the" 
50% as a result of complete submergence. 

(c) At all densitlee both statx and dy"arnx plunger penetrations 
on sand saturated by pasalve capillary action were larger than for dry 
sand. 

(d) The penetrations of the 5-m. dlemeter plunger on dry sand 
were larger than the 2-l". diameter plunger penetrations 1" appi-oxl- 
mately the same ratlo both under static and dynamic loading. The same 
relatlonshlp held for submerged sand, but the xncreaee of the penetra- 
tlons for the larger plunger was relatively less pronounced 

(3). Conventional theories concerning the increase of effective stresses I" 
sand due to paaslve capillary saturation appear to be in need of revision, elnce 
evidence of a slight decrease was obtained 

(4). Ssturatlon conditions appear to influence the bearing properties of a 
sand I" the same manner both under statlc and dy"amx loadlng. 

(5). Sand of uniform grading is pertlcularly susceptible to the actlo" of y1- 
bratory or slow repetitional forces. In the case of a fine sand of uniform sxae, 
the conti"ued appllcatlon for 10 minutes of a vibratory force was found to produce 
deformatlone up to l40 tunes greater than those produced by a static force of 
equivalent meglutude. 

(6) On a sand of uniform gredlng a very small vibratory force of the same order 
of magnitude as I" the caee of rmrmmg-up axplanes more than offsets any reduction 
of et&,x pressure correspordx-g to the redletrlbution of load between axplane 
wheels dwlng the period of engu~e narm-up. 

(7). The deformations produced 1" a sol1 by vibratory or by slowly repeated 
forces do not depsnd on the frequency of vlbratlon or- load repetition eo long as 
the vibratory force Itself is not magnifvxl by resonance occurr="g somewhere nxthin 
the nbratlng sy&em. Identical plunger penetratlona have been obtarred for the 
same nurber of load repetitions irrespective of rrhether the frequency of load repe- 
tit1on was 1 cycle per minute or 1,OOO cycles per minute. 

(8) Clay soils do not appear to be apprecubly affected by repeated loading 
either of a vibratory or of a slow repetitional character. 

(9). Sand-clay mixturea occupy a" lntermedlate position. Eve" small admixtures 
of clay apprecx,bly reduce the deformations produced by repeated loading of a tibra- 
tory character, especially at low water contents. 



(10). The well-known improved bearmg capacity of a fme sand due to saturation 
by capillarlty was shorn to be mainly due to reproved resistance against rupture 
under the effect of tangential surface forces, rather than to its improved resistance 
to vertical loading 

(11). Both statx and dynamc plunger penetrations were found to apprecmbly I"- 
crease at sand densltles emller than those corresponding to the "crltxal void 
ratlo". 

02). For the same number of load repetitions on sand, plunger penetrations m- 
creasedalth the mtenslty of the slam repetltlonal or vibratory load. For the 
same fractloml value of the slam repetlt~onal oi- vibratory force expressed as .s 
fraction of the or~gmal load, the plunger penetrations naturally increased also 
mth the value of the ong~~nal load However, a slow repetltlonal force of the 
same lntenslty nas found to produce somewhat hlghwr penetrations alth a decrease of 
the lntenslty of the orlglnal statx load &we 64) 

(13). It appears possible to make the follwng conclusions which are of direct 
practical importance for the design of base courses of flexible ax-port pavements 

(a) Vibratory forces of the order of magmtude transmitted to air- 
port pavements by az"plane lrheels during the warm-up period of properly 
balanced engr~nes are liable to cause pavement damage only under certain 
extreme condltlons such as A subgrade conslstlng of a not too dense 
sand of mform grading and/or a rise of the ground -nater table xath a 
resulting strong reduction of the beanng capacity of a submerged sand 
base course oi- subgrade. Special precautions are indicated on airports 
where such sol1 condltlons pi-wall. 

(b) Improperly addusted enQnes warmed up on a pavement underlain 
by 3011 of the above character may magnify the vibratory forces transrmtted 
to the ~011. 

(c) Load repetitions caused by repeated slow passage of taning 
airplanes are liable to cause most trouble on urnform sand subgrades or 
on sand base courses and are liable to produce more detrimental effects 
than tibratlon during e"@"e warm-up If the wheels repeatedly pass over 
the same place. Distributed traffx 15 liable to have a bwneflclal 
actlo" by producing additIona compactlo" of base courses and subgrades 
of not too greatly underdeslgned flexible pavements 

(d) llanmum possible compectlon of sandy base cowewe and subgrades 
and provision of adequate dralnage to prevent thex saturation at any 
time to an extent where the sand grams are buoyed 1s essentxL, especially 
III taxi-way, hard-standing, and warm-up ai-eae 

(14) - A study of the perfdmance of conci-ete pavements had not been Included in 
the program of thx investigation. Nevertheless, our fludIngs ray m some respects 
also be applxed to send base courswe and subgrades beneath concrete paving. 

(15). The effects of a horizontal force applied to the pavement surface by the 
blocked wheels of an arplane during engine wWm-up are negligible, except I" the 
upper portlo" of the pavement proper. 



Figure 1. Photo of Set-up for Controlled Stress 2 inch Diameter Vibratory Plunger Test. 
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Figure 2. Close-up Photo of Controlled Stress 5 inch. Diameter Vibratory Plunger Test, 



Figure 3. General \‘iew Photo of Set-up for the Controlled Stress 5 inch. 

Diameter Vibratory Plunger Test. 
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Figure 6. Microphotograph of Sand “B”. 
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Ftgure 20 Themtxal Vanabon of the Effectme Smesses Throughout the 
Depth of the Sand Sample 
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F,gure 31 Dens~v VJ Ratm of Dynsm~ and Static 2 Inch Plunger Penerrarrons Sand “B” 
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Figure 33 Gram Snze Accumulatmn Curves Red Clay and Blue Leaf Clay 
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Figure 53. Photograph of Six-Bank Slow Repetitional Loading Plunger Testing Machine. 
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NUMBER OF LOAD REPETITIONS (LOG SCALE) 

-a’ i SHAPE OF CURVE ON COHESIVE SOlLS (CLAYS) 

‘b- = SHAPE OF CURVE ON GRANULAR SO,LS (SANDS) 

Figure 58 Ddferent Shape ot the Number of Load Repet~tmns vs Plunger Penemtmn 
Curves on Clays and on Sands 










