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FREFACE

The purpose of this investigation, sponsored by the Technical Development
Service of the Civail Aeronautics Admnmistration and conducted by the Soi1l Mechanics
Laboratory of the School of Engineering, Princeton Umversity, i1s to obtain some
insight i1nto the relative importance of the various factors affecting the bearing
properties of soils in airpert sub-grades and base courses when subjected to vibra-
tory and to slow repetitional loading by warming-up and by taxiing aircraft.
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I  SUMMARY

Facts of practical and thecretical importance are reported as established
during a study of the effect of vibrations on airport pavement performance carried
ovut for the Techracal Development Service of the Civil Aeronautics Admimistration by
the Soail Mechanics Laboratory of Princeton Umiversity A brief summary i1s given of
the 1Inmited amount of published work previously performed elsewhere concerning the
effect of sustained vibrations on scils  Special features presented by the vibrat-
1ng system plane-tire-pavement are briefly discussed The vibration studies at
Princeton are outlined

The findings are explained by which 1t was demonstrated that controlled
strain load tests or CBR tests cannct be applied to the study of vabration effects
The results of a series of small-scale controlled stress 2-1n and 5-i1n diameter
rlunger tests on twc types of sand are reported These tests were performed at fre-
guencies below the established resonance range of the vibrating systems  Diagrams
are given showing the relationship between observed plunger penetrations and the
time of vabration, alsc the relationship between the relative density, the satura-
tion conditicns of the sands and the observed plunger penetrations under static and
dynamec¢ loading. Comparisons are made between the observed effects of a dynamic
vibratory force and an equivalent static force showing the greater relative magni-
tude of the former Uniformly graded sand was found to be most easily deformed by
vibratory loading For equal densities and both static and dynamic plunger penetra-
tiona the greatest were recorded for submerged sand and the smallest for dry sand,
with sand saturated by capillarity giving intermediate 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 so1ls the deformation producing capacity of a vibratory force is no
greater than that of an equivalent static force  This finding was confirmed by com-
parisons of static and vibratory unconfined compressive strength tests and consoli-
daticn tests.

Actnal measurements of vibratory forces transmitted to pavements by the
wheels of an airplane during engine warm-up permitted the adaptaticn of laboratory
tests to field condaitions.

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 negligible, except in the upper portion
of the pavement proper

Comparisons are made of the results of slow repetitionzl and of vabratory
plunger load tests, bringing out the fact that, outside of the rescnance range, only
the number of load repetitions and the magnitude of the static and dynamic loads are
of importance, irrespective of the frequency.

An outlaine 1s given of the manner in which the findings of this investiga-
tion can be applied to field problems of airport pavement design

II. INTRODUCTION

The fact has been recogmized for some time that foundations of factory en-
gines require special treatment because of the wibrations transmitted tc them How—
ever, 1t 1s only recently that some consideration has been given to possible detri-
mental effects of the vibrations transmitted to aairport pavements by warming or
revang up aircraft motorg

It 1s current practice in the design of zirport pavements to require an in-

crease 1n thickness for areas subjected to dynamic forces caused by the warm-up of
aircraft engines, these are, aprons, hardstandings and ends of taxways Design

A 3559 07270+



procedures for these areas vary. In one case! 1t 15 specified that the design load
be increased 25 percent over that used for the rumways; in another case? specifica-
taons 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-
1y increased pavement deflections as a result of the action of aircraft motors have
been reported 1n techmical publications3 Nevertheless, it appeared possible that
slow repetiticnal leading of pavements produced by the repeated passage of taxying
airplanes over the same spot might be more severe 1n 1ts effects than vibratory
loading during engine warm-up4d .

No systematic study appears to have been made so far of the relative im-
portance of the various factors involved 1n the performance of pavements under the
action of vibratory or of slow repetitional forces imposed by aircraft. Some basic
research concerning these factors appeared advisable.

Systematic observations on airport pavements during the warming up of air-
Planes are valuable However, such observations alone are not laikely to permit a
separation and evaluation of all pessibly important variables  Further, only iseo-
lated and incomplete field observationg of this kand appeared to have been made so
far 4 They are insufficient to permit any definite conclusions

A basic study of the compeonent parts of this problem appeared advisable,
The following considerations influenced the method of approach to this study

The nature of the vibratory forces transmitied by airplanes to alrport
pavements not only may vary with the type of airplane but may differ for individual
plenes of the same type. It 15 even probable that the vabratory forces may change
for the same airplane depending upon the adjustment of its motors and the resonance
characteristics of 1is component structural parts. There 1s also reason to believe
that different types of pavements and of soi1ls will react differently to vibrations
and to slow repetitional loading It 1s further possible that the dynamic charac-
teristics of the component parts of a vibrating plane—shock absorber-tire-pavement-
501l system will influence each other. Field cbservations alone are therefore not
likely to provide conclusive information concerming the most detrimental possible
combinations of relevant factors Hence 1t appeared advisable to split up the prob-
lem and to study separately and in limited groups the effect of the numerous varla-
bles invelved

The Technical Development Service of the Civail Aeronautics Adminmistration
sponsored a research project at the So1l Mechamics laboratory of Pranceton Univer-
s1ty which undertook the study of airport pavement performance in the presence of
vibrations and of slow repetitional loading imposed by aircraft

For purposes of study the above problem can be separated into the following
malin component parts

(a) The determination of the characteristics of the vibratory forces
transmitted to pavements by different types of aircraft. The magnmitude and direc-
tion of the forces as well as the frequency and the amplitude of the vibration

1"Mllitary Airfields.——A Symposium —Construction and Design Problem,” by
Colonel James H 8tratton  Proceedings, American Scociety of Civil Engineers
¥ )
January 1944, pp 29.

2
"Design Manual for Airport Pavements," C A A Publication, Washington, D C ,
March 1, 1944

3“Foundatlons for Flexible Pavements," by 0. J Porter, Proceedings, Highway
Research Board, Vel 22, pp. 115-117 (1942).

4nCertain Requirements for Flexible Favement Design for B-29 Planes," U S5,
Waterways Experiment Station, Vicksburg, Miss., 1 August 1945,



produced have to be considered

{b) The estimation of the changes in magnituds and of the redistribution
of the shearing stresses induced 1n a pavement by the horigzontal forces transmitted
to 1t by & warming up airplane when 1ts wheels are blocked, as compared to the
correspending values for vertical leading only

(c) The effect of vaibratory and of slow repstitional forces of varylng
characteristics on the bearing properties of different types of soils of varying
degrees of density and saturation. Thls may be estimated by small-scale laboratory
tests of the vabrated plunger and of the vaibrating table types under controlled
conditions of so1l moisture and density

{d) The dynamic characteristics of different plane-shock absorber-tire—
pavement-soil systems, special consideration being given to possibilities of
Tesonance

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

It may be seen that the problem 1s a vast ome, requaring for 1ts study spe-
cial equipment and techniques Consideration was given to all of the above parts of
the general problem However, for practical and organizational reascns, emphasis
had to be placed on the study of the first three 1tems, especially on the laboratery
phases of the work A summary of the most 1mportant data obtaipned during this study
is given 1n this Report It 15 hoped that 1t may help to ¢larify somewhat the prob-
lem of the bearing properties of soils in the presence of vaibratory and of slow re-
petitional leoading, and that 1t may stimnlate field recordings of essential data

First shall be given & brief outline of soil vabration studies previously
performed elsewhere

I1I. PREVIOUS FUBLISHED DATA ON
ENGINEERING SOIL-VIBRATICN STUDIES

Wave Propagation Studies for Purposes of Soal Exploration

¥ost early emgineering soil vibration studies were performed in Europe for
the purpese of explering soil foundation conditions 2. These studies were based
largely on the determination of wave propagation velocitiesd

The investigation of wave propagation velocitles through soils has not
entered into our studies. It should however be mentioned that the use of forced
vibrations for exploration of soil conditions has certain advantages as compared
to tests on small samples because vibration recordings provaide direct data concern-~
ing the average properties of the whole deposit  Errors inherent te all extrapola-
tions are thereby avoided. Nevertheless vibration recordings have to be supplemented

'9New Results of Dynamic Investigations of Foundation So1ls," (1n German)
by H. Lorenz Zeatschrift d.V.d I., March 24, 1934

Z"Determlnation by Means of Forced Vibrations of Soil Properties of
Particular Importance for Constructiom Work," (in CGerman) by A. Hertwig, G. Fruh
and H. Lorenz, Publication No. 1 of the German Research Society for Soil Mechanics
("Degebo®), Berlin, 1933,

3“Geophy’slcal Study of 8011 Dynamics,” by R. K. Bernhard. Technlcal
Publication No. 834, American Instatute of Mining end Metallurgical Engineers,

Jamary, 1938.



by borings in order to provide the necessary data for foundation design, as the same
velocities and other vabratory characteristics may be obtalned for a clay and for a
sand deposit However, once the nature of the soil has been determined from borings,
or where 1t 1s known in advance, as 1s the case with new fills, forced vabratioms can
Provade valuable data concerning the average density of the depesit For instance,
in one case the velocity of wave propagation through an unconsolidated sand deposit
was 160 meters (523 f+ ) per sec. After compaction 1t was increased to 470 m (1540
ft ) per sec.

Vibratory Equipment Used

Dynamite cartridges were at fairst used to create vibration waves through the
upper soll layers in a manner simlar to the one used by geophysicists for deep ex-
Plorations Shocks created by a dropping weight were sometimes substituted when only
a limited 501l area was available. Shock waves of this type could not simulate con-
tinuous vibrations caused by operating machinery Special machines were then built
to create continuous forced vibrations and transmt them to the soil

The main feature of these vibrators lay in two parallel horizontal shafts
placed in the same horizontal plane and geared to revolve at the same speed but in
opposite directions  Eccentric weights were attached to these shafts in such a
manner that the horizontal components of their centrifugal force canceled each other
at all times. A continuous vertical harmomic sinuscidal vibration was thus produced

Resonance Studies

Vibrators of the type Just described were sometimes used for the study of
rescnance characteristics of machinery foundations

Every mass system when allowed tc vibrate freely has the tendency to do so
at a certain defimite frequency lmown as 1ts natural frequency. When the frequency
of forced vibrations happens to coincide with the natural frequency of the systenm
the phenomenon known as "resonance" occurs. The amplitude of undamped vabrations is
thereby continuously increased as well as the vibratory forces transmitted to the
supports of the vibrating system. A basic requirement for the design of all founda-
tions which have to absorb vabratory forces 18 to so design them that no resonance
can occur at operating speeds.

The conventional resonance formula for undamped vabrations reads

“a =“é?r‘/§;— (1)

where
Wp = natural frequency of the vaibrating system
m = mass of the vabrating system
k = spring constant of the suppert

Dampang in soils appears to change only slaightly the natural frequency of
the nibrator-soil system

It was found that the observed resonance freguencies of the vibrator-soal
system could be satisfactorily explained only 1f 1t were considered that a certain
mass of soil takes part in the vibration.

'nyaibrations of Foundations™-(In Russian with English abstract)}-A Sympogium-
Paper "Experimental Study of Vibrations of Mat Foundations Resting on Cchesive
Saturated Soils," by D D. Barkan Transactions, Institute for Engineering Founda-
tions Research ("Vaes") P € for Heavy Industry, Moscow, U.S S.R., (1934).



Lorenz ! transformed Formula I to read as follows
II
1 k' Ag ( )
W, = T—— ———
2nm Ws + Wy

A = contact area between vibrator and soil

where

k! =k/A = coefficient of subgrade reaction
& = acceleration of gravity

W, = weight of the wvibratoer

W: = weight of the vaibrating soil

Lorenz contended that the soil mass absorbing the energy of vibrations——
™My in Formula IT--could be assumed as having a defimite and limited value  Tts
weight was determined experimentally by two independent procedures and 1t was shown
that within the lamts of the experiments performed, e g., for (0 14 < Wy, s<0_26)

{a) The weaght of the vibrating so1l mass depended conly on the
energy of vibration 1t had to absorb, e g , on the dynamic
forces expressed by the values of the centrifugal force of
the vibrator

(b) The weirght of the vibrating soil mass was 1independent of
the weight of the vibrator itself and of the contact area
between vibrator and so1l

An examinatiocn of Formula II shows that, all cther factors remaining un-
changed, the natural frequency of the system vabrator-seoil will increase with

(1) an increase of the modulus of subgrade reaction "k'", e g,
with denser soils,

(2) an increase of the contact area between vibrator and soil,
e g wth a decrease of the unit pressure on the soil surface,

(3) a decrease i1n the weight of the vibrator;

(4) a decrease in the weight of the vaibrating soil, e.g with a
decrease 1n the value of the dynamic (centrifugal) forces of
the vaibrator.,

Field experiments performed by the "Degebo"2 have confirmed i1n a general
manner the above theoretical considerations It should however be noted that the
"mibrating o1l mass" as defined above does not necessarily have a definite boundary
in a physical sense.

Table 1 shows that, for a large standard type "Degebo" vibrator weighing
5950 1b on a loaded area of 9 3 sq ft., the natural frequency of the system
vibrator-soil varied from 750 cycles per min on peat to 2040 cycles per man on
sandstone

Table 2 shows that on the same kind of soil (the nature not indicated) the
natural frequency of the system vabrator-scil decreased wath an increase of the
centrifugal force., Further, the natural frequency decreased with an increasing
weight of the vabrator.

I nNew Results of Dynamic Investigations of Foundation Soils," (in German)
by H Lorenw. Zeitschrift d V.d I, March 24, 1934.

2German Research Scociety for Soil Mechanmics,



TABLE 1

NATURAL FREQUENCIES OF A "DEGEBO"
STANDARD TYPE VIBRATOR ON
DIFFERENT KINDS COF SCIIS

Natural
Frequencies
Nature of Soll
Cycles Cycles
per per
Second Minute
6 Ft, of Peat, QOverlying Sand . . . 13.5 750
6 Ft. Thick 0ld F1ll Consisting of Medium Sand with

Remnants of Peat . . 19.1 1,145
Gravelly Sand with Clay Lenses . . . . . 19 4 1,165
0ld, Well Compacted by Traffic 3lag Fill - - - 21 3 1,280
Very 0ld, Well Compacted Fill of Loamy Sand . - 21.7 1,300
Tertiary Clay, Moist 21 ¢ 1,310
Llas Clay, Moast - 2.8 1,430
Very Uniform Yellow Medium Sand - 241 1,445
Fine Sand with 30 Per Cent Medium Sand . 4.2 1,455
Umiform Coarse Sand . . 26 2 1,570
Non-Uniform Compacted Sand . . 267 1,600
Quite Dry Tertiary Clay . . 275 1,650
Compact, Medium Size Clay . 28.1 1,685
Limestone, Undisturbed Rock .. . . . 30 0 1,800
Sandstone, Undisturbed .. . 340 2,040




TABLE 2

NATURAL FREQUENCIES OF DIFFERENT "DEGEEQO" VIBRATOHS ON THE SAME KIND OF SOIL

Weight of Vabrator

Pressure on So1l

Natural Frequencies for Eccentricities of

kg per L
kg. 1b em® | P 10° 12° 16° 30° Lﬂii
7 / / / /
2,000 4,540 027 385 29 D/ 26.9// 24 6 / 23.2 / 23 //
/ /
/1740 //1612 Awrs | /1390 | Aseo
/ / / / /
/
/ / / / //
2,700 5,950 0.27 385 26.'?// 25 4// 23.’7// 22 3// 22 /
/ / / / 4
/ 1600 / 1525 / 1425 / 1335 | s 1320
/ y/ /
NOTL_ The centrifugal forces corresponding to the "angular eccentricitaies”
/ of the 30 4 kg. = 67 1b eccentric weights are not indicated in the
cps / paper From data given concerning standard eccentricities, 1t would
// appear that for 10° and 29 c.p.s. the centrifugal force equals
T.p M.
/ CF. = 2,300 lbs.




The determination of the soil constants k and k' used in Formulas I and II
presents considerable practical difficulties Russian experiments! showed that
an approximately correct value of the constant "k™ could be obtained from the rebound
curve of static load tests only 1f the unleading was performed very rapidly so that
the recorded expansion characteristics could not be affected by time lags.

It may be seen from Table 1 that the natural frequencies of vibrator-soil
systems can be used for the overall classification of the compactness of socils
However 1t should be noted that attempts to establish any darect relationship between
the damping characteristics of a so1l and 1ts engineering properties so far do not
appear to have been successful.

Settlements Induced by Vabraticns

It 1s generally known that vaibrations of machinery are sometimes liable to
produce settlements of adjoining structures  Settlements of loaded test plates as
the result of forced vibrations transmitted to the soil by an attached vibrator were
recorded during the Degebo tests?  The properties of the underlying soil however
were numerically recorded only in a few cases. Settlements were naturally greatly
increased at resonance frequencies of the vibrating system.

No systematic studies of the effect of vabrations on the stress-strain
characteristics of different soils of varying density and moilsture content appear
to have been made so far

IV. PRESENT STUDIES AT PRINCETCN

The purpose of the first series of tests was to determine the changes in
the bearing properties of a sand as a result of vibrations applied under vaying
conditions of saturaticn and density A simple type of test permitting the perfor-
mance of a large number of experiments had to be selected.

California Bearing Ratio or Other Controlled Strain Lead
or Plunger Tests Found to Be Unsuitable for the Study
of Vabration Effects

It was at first attempted to use the California Bearing Ratio test since,
1f successful, this method would have provided an easy basis for comparison with
kmown CBR values of other soils. A vabrator of the same type as shown on Figure 1
was 1nserted between the plunger and the head of a umiversal testing machine The
CBR test was then repeatedly performed with and wathout the vaibrator runming. Ne
difference was found between the results. This 13 not surprising if one stops to
consider that a CER test 1s of the controlled strain type, that 1s, the resistance
of the so1l to the plunger penetration i1s registered as a function of the induced
penetration.

The i1nertia of the various parts of the testing machines 1s apparently too
great to permit their use in connection waith vabration studies., As soon as the down-
ward force of the vibrator causes some additional compression of the soil the contact

"yibrations of Foundations"-(In Russian wath English abstract)-A Symposium-—
Paper PExperimental Study of Vibrations of Mat Foundations Resting on Cohesive
Saturated Soils," by D. D. Barkan Transactions, Institute for Engineering Founda-—
tions Research ("Vios"). P. C. for Heavy Industry, Mescow, U S 8 R, (1934).

2“Determlnatlon by Means of Forced Vibrations of Soil Properties of Particu-
lar Importance for Construction Work," (in German) by A. Hertwig, G. Fruh and H.
Lorenz, Publication Neo. 1 of the German Research Society for Soil Mechanilcs
{"Degebo™), Berlin, 1933.



pressure between the vibrator and the head of the testing machines decreases The
head of the testing machine is then unable to follow the vibrator down in the frac-
tion of a second before the direction of the centraifugal force of the vibrator is
reversed The pressure exerted by the machine head on the so01l specimen through the
vibrator 1s thereby reduced As a2 result, the static pressure on the so1l specimen
can never be exceeded i1n a controlled strain machine so long as the centrifugal force
of the vibrator i1s smaller than the static pressure applied through the testing ma-
chine., This wazs to be the case in all our tests

It was then concluded that controlled stress tests would be required. These
tests would better correspond to actual field conditions when a vaibrating load actu-
ally rests on the so1l surface A preliminary test of this kind showed that vibra-
tions markedly increased the penetration of plungers with a dead weight restaing on
them.

The foregoing finding should naturally alsc apply to most field load bearing
tests when a hydraulic jack 1s inserted between the test plate and a loaded truck
against which the jack presses. This type of test 15 essentially a controlled strain
test and therefore should not be used for the study of vibrations by means of vabra-
tors inserted above or below the hydraulic jack The insertion of springs below or
above the vibrator might change the situation but would complicate 1t considerably
by altering the resonance characteristics of the whole system

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

Figure 1 shows a small vabrator of a type developed by the General Motor
Corp. It 15 built along the same lines as the vibrators described on Page 4 of this
Report The centrafugal force cannot be changed independently of the R P M. of the
two horizontal shafts as the eccentric weights form part of these shafts. The
centrifugal force wall therefore change with the square of the speed. The rotating
shafts can however be easily changed before each experament A set of such shafts
with different eccentric weights 1s available, producing different centrifugal forces
at a known R P M

Figures 2 and 3 show a larger vibrator of the Lazan (Baldwin-Southwark)
type This vibrator 1s capable of producing & centrifugal force up to 1600 1lb. at
speeds up to 3000 r pm  The centrifugal force can be changed during a test without
stoppang the vibrator or changing the r p m.

The amplitude of the vibration produced was recorded by means of a pickup
attached to the vaibrating frame and conne¢ted to a Vibrometer of the Televiso system.
On the diagrams of this paper the amplitudes of the vibration are given as recorded
from the instrument In order to obtain the peak-to—trough displacements a multi-
plication factor approxamately equal to 3 should be used A later re-calibration
of this instrument on a vibration table! showed that the multiplication factor re-
mained fairly constant for the same range setting, but could vary by as much as
+100% for different range adjustments. The same range setting was used during each
test.

Controlled stress tests using plungers of 2 and of 5 in diameter were per-
formed In the case of the smaller plunger the usual CBR equipment was employed as
1llustrated by Figure 1 for a test i1n a completely submerged conditicn of the sand
Figures 2 and 3 show the tests with the larger-sized plunger (5-in., diameter) whereby
the dimensions of the cylinder were increased correspondingly (diameter of 15 in.
instead of 6 1n.) Figure 3 shows the arrangment for the application of the static
load The vabrator with enclosing cage, plunger and weights was suspended from a
steel rope slung over pulleys with counterweights at 1ts other end The static load
was applied in increments by gradual removal of the counterweights. A similar arrange-
ment, not shown on Figure 1, was used for the small plunger.

"WElectromagnetic Vibration Table", by R. K Bernhard and J G. Barry,
Bulletin, American Society for Testing Materials, March 1946.



Vibrator Plunger Tests Performed with Relatively
High Values of the Centrifugal Force Ranging from
+25% to*h% of the Origanal Static Load on the

Plunger
Sands Used

Two sands were used feor the tests The grain size distribution curves of
both sands are given on Figure 4 Microphotographs 11lustrating the shape of the
grains of both sands are given by Figures 5 and 6.

The sand designated in this Report as "Sand A" was a clean (washed) well
graded sand from Jamesburg, New Jersey Approximately 5% of the sand grains were
compesed of limomte (1ron oxide), the remainder consisting of quarte

The fine sand designated i1n thas Report as "Sand B" came from the site of

the famous racetrack at Daytona Beach, Flerida It was composed exclusively of
quartz grains of very umiform size (Figure 6)

Compaction and Saturation Procedures Sand "AM

Tests were performed on completely dry sand, on submerged sand (Figure 1)
and on sand saturated by capillarity In the latter case the sand was first sub-
merged and then withdrawn from the water container and allowed te drain  ho tests
under ceonditions of capillary saturaticn were made on the larger plunger since the
depth of the sand in the case of the larger cylinder appreciably exceeded the height
of passive capillary rise of the sand. By means of the negative head capillarimeter
this height was found to equal 6 in.

To obtain different densities the sand was compacted 1n a 400,000 lb machine
under static pressures of 2000, 1500, 1000, 500, and 100 p s 1. applied over the
whole area of the sample. The void ratio of the compacted sample was recorded in
all cases and 1t was found that i1n this way relative densities ranging from about
20 to 10C per cent of A A 5.H O optimum could be obtained

A fresh sample of dry sand “"A" was used each time because 1t was found
that some crushing of the grains occurred even under 1000 p s 1. compacticn pressure
as can be seen from the sieve curves on Figure 7, the sieving having been performed
on the same sarple before and after the test. This probably can be explained by the
crushing of the weaker Jumanite grains

Compaction was usually performed with dry sand Several check tests were
made with sand A" which had been compacted in a completely submerged condition.
Subsequent plunger lests performed i1n a submerged condition gave only slightly
smaller penetrations for sand compacted after flooding, as compared to sand com-
pactea to the same density in a dry state. OSome sand samples were compacted by the
standard and the modified A A 5 F O procedures (tamping) The dynamc penetrations
recorded were approximately the same as for samples of equal density compacted by
static pressure

Adpart from the void ratio "e" the relative density "Dg" of the sand was
determined The maxamum density was determned in & 4-1n diameter cylinder using
the standard A A 5 F O. compaction technique. The least density was obtained by
pouring lcose dry sand i1nto the cylinder Under high static compaction pressures
relative densitles over 100 per cent were sometimes chtained, especially in the
larger cylinger. In general 1t was noticed that for the same umit compaction pres-—
sure applied over the whole area of the cylinder slightly greater densities were
obtaiped in the 15-1n diameter cylinder than in the 6-1n diameter cylinder, pre-
sumably because of the smaller relative effect of friction on the side walls,



Resonance Characterlatlics of the Vibrating System

It was necessary to perform the tests without any amplification of the cen-
trifugal force of the vibrator due to resonance. In order to determine the rescnance
characteristics of the vibrating system a method developed previously by the "Degebo"
was used. The vibrator was started at a low speed of about 900 r p.m and was per-
mtted to run for 1 min. The speed was then i1ncreased by 100 r.p.m. every minute
and the increment of penetration plotted against the r.pm Since the centrifugal
force increases with the agquare of the speed, a continuous increase of the penetration
increments could have been expected However, since the dynamic forces are greatly
increased at rescnance the increment of penstration--r.p.m. curves generally showed
a pronounced peak at resonance This method was checked by us and gave satisfactory
results 1n the case of dense sands 1In additicn, the vibrometer readings of the
displacement amplitude were also recorded, as shown on Figure B. Their peak generally
colncided very closely with the peak of the increment of penetration-r.p m. curve.

Thas method however did not produce satisfactory results for loese and
medium density sands as shown on Figure 9, since i1n such cases the increment of
penetration-r p.m. curve had two or three peaks, only the last one coinciding wmath
the peak of the amplitude curve.

Table 3 gaves a summary of the results of the resonance tests made with the
small plunger

It may be seen that the general trends confirm earlier findings of the
"Degebo" Denser sands give higher values of the natural frequency "W ". A higher
value of the centrifugal force at the same density decreased the natural frequency.

It may be seen from Figure B that speeds below 1500 r p m. lay well below
the natural frequency of the system. It was desired to perform our routine investi-
gations at speeds where no resonance could occur since 1t appeared likely that no
resondnce of the whole plane-shock absorber—-tire-pavement—soll system would take
place. For that reason the first series of 2-1n diameter plunger tests were run
at 1500 r.p.m. before the larger-sized 5-1n diameter plunger and the corresponding
¢ylinder were ready. A later test of the resonmance characteristics of the large
plunger and cylinder (see Fig. 10) however showed that the speed of 1500 r p.m. lay
too ¢lose to the resonance range of that system. 411 further comparative tests on
both sizes of plunger were then performed at the speed of 1000 r p m.

Dynamic Plunger Penetrations Hecorded Sand "A"

Figures 11, 12 and 13 give some typical time-dynamic plunger penetration
curves obtained during the tests In all tests with a surcharge a parabolic shape
of the curve of the type shown on Figure 13 was obtained. This was not the case of
zero surcharge as shown on Figure 11 when fatigue effects produclng effects producing
an irregular shape of the curve were often apparent The amplitude of the vibration
generally rapidly decreased with time and decreasing rate of dynamic plunger penetra-
tion as shown on Figure 12

A surcharge sirongly decreased the penetrations.

For later comparison wmith the results of slow repetitional loading tests,
it proved advisable to plot socme of the time-dynamic penetration curves on a semi-
log scale, as shown on Fig 14, and to substitute the number of load repetaitions for
the corresponding units of time.

Tests were made with the 2-in. diameter plunger as shown on Figure 1 on dry,
molst and submerged sand and on sand saturated by passive capillarity Three types
of rotors were used producing at 1500 r.pm 10 3, 23.2, and 40 4 1b centrifugal
force. It may be seen from Figure 16 that the amplitude of displacement increases
wmth an increase in the centrifugal force For dry and molst sand and for sand
saturated by capillarity the rate of increase 1s approximately the same. For



TABLE 3

NATURAL FREQUENCY WD VALUES OBTAINED
AT PRINCETON DURING TESTS WITH

2-IN. DIAMETER FLUNGER

Compaction Natural Frequency
Pressure p.s.i. Void Ratio e WnNe.p.m.
I. Centrifugal Force = 40.4 lb. — Dry 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

IIT Centrafugal Force = 10.4 1b.—Moist Samnd

2,000 0.512 2,750
1,500 0 548 2,700

1,000 0 593 2,600




submerged sand, however, the increase 1s more rapid Appreciable dynamc plunger
penetrations were produced at displacement amplitudes of approxamately one
thousandth of an inch and less.

Figure 17 shows the increase of the dynamic plunger penetration at 10 min.
vibration for different centrifugal force values and varying compaction pressures
{and therefore also densities).

Figure 15 shows the total dynamic plunger penetrations after 10 min vabra-
tion plotted against the relative density and the void ratio of the sand Tt should
be noted i1n this connection that penetrations did not entirely stop after 10 main
vibration, as can be seen from the time curves on Fagures 12 and 13 The greater
part of the penetrations had however already occurred after 10 min vibration

It may be seen from Figure 15

(a) that for the same condition of saturation the dynamic pene-
trations rapidly increased with decreasing density of the
sand This 15 a natural result

(b} for the same density submerged sand showed much larger pene-
trations than dry sand to an extent greater than could be
expected

{c) sand saturated by capillarity gave intermediate values This
result 1s contrary to conventional conceptions concerning
increased effective stresses and improved bearing properties
due to capillary saturation.

It was at first believed that this latter result could be attributed to an
action of water in the pores of the sand which tock place only in the presence of
vibrations. Studies of static penetrations however produced a2 similar relationship.

The 5-1n dlameter plunger showed appreciably greater dynamic penetrations
than the 2-1n. diameter plunger at the same density  The difference was particularly
pronounced 1n the dry state {Fig 26) and to a lesser degree i1n the submerged state
(Fig 25).

Static Plunger Penetrations Recorded  Sand "AM

Figure 18 gives typical static pressure-plunger penetration curves cbiained
for different densities. Time consuming measures for exactly level initial seating
of the plunger were not taken Irregular imitial penetrations at tre first load
increment resulted Because of this, for agll later summaries the zero point was
taken at an imitial pressure of approximately O 5 T per saq ft. corresponding to a
total load of approximately 23 1b

A summary of all static load tests on the 2-in diameter plunger 1s given
on Figure 19. The increment of static penetration from 23 to 93 1b designated by

the symbol Sgg 15 plotted against density, different symbols being used for different
conditions of saturation It may be seen that for the same density submerged sand
produced much greater penetrations than dry sand and that sand saturated by passive
capillarity gave intermediate values. In other words, the same relationship as for
the dynamic penetrations was obtained.

Thas result 1s contrary to conventional conceptions on the matter and there-
fore requires discussion



Data Obtained from Samples Saturated by Caplllarity Shows
Limitations of Conventional Effectlve Stress Theories

It was at first believed that the surprising result obtained on sand samples
saturated by capillaraty maght be attributed to the manner in which the static load
was applied, that 1s, to the removal of the counter—-weights an 10-1b 1increments
It was thought that the sudden removal of these weights maight change the neutral
stresses 1n the capillary water with a resulting momentary decrease of the effective
stresses between the sand particles A large water tank was then substituted for
the 1ron counter-weights and the static load was applied by gradually draining the
counter-weight tank over a period of one hour. Three tests were performed in thas
manner whereby the originally submerged sand was first allowed to drain for 5 min.
only, as had been done on all tests It can be seen from Faigure 19 that very little
decrease of plunger penetrations, 1f any, was observed for these three tests It
was then surmised that the time of drainage might have been insufficient  Accordingly,
three tests were then performed after 48 hr drainage, but gave, as shown on Figure 19
only a slight further decrease of the static penetrations

y

A series of tests on the active and passive capillarity of sands, performed
at the Princeton So1l Mechanics Laboratory by Mr Valle-Rodas, should be noted in
this connection They showed, among other things, that in the case of drainage the
water content held by passive capillarity 1n a uniform sand continued teo decrease
appreciably during the first five days and probably lenger! This can be seen from
Figure 5 of Mr Valle's paper. On the other hand a test made with the well graded
sand "A" used in the present experiments showed, as can be seen from Figure 21, that
after 20 min arainage the water content remained practically unchanged along the
whole 6-1n. depth of the sample, which depth corresponded to the height of passive
capillary rise. Decrease of the water content through drainage might therefore
continue in this well graded sand for a longer time than in Mr Valle's experiments
with uniform sand

It 15 generally assumed that capillary saturation increases the effective
stresses 1n the sand? It 1s further generally consildered that the bearing proper-
ties of a so01l depend largely on 1ts shearing strength which in turn depends upon
the effective stresses between the sand grains. Therefore, the bearing capacity of
a sand should be 1improved by a condition of capillary saturation. Figure 20 1llus-
trates the distribution of effective stresses under the three conditaions of satura-
tion determined 1n accordance with converntional theeries on the matter2. These
conventional ideas appear to be based on the assumption that a sand remains com-
pletely saturated by capillaraty at least up to the height of passive capallary
rise and that up to that level the water 15 under itension Mr Valle's experiments!
have however shown that complete saturation by passive capillarity i1s not maintained
The gradual decrease with time in the water content, indicating centinued slow deown-
ward 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 coincide wath those of dry sand, pre-
sumably because the slight apparent cohesion produced by the moisture was negligible
as compared to the magnitude of the external stresses applied

Deformation Producing Effect of a Vabratory Force on
Sand "A" Found to be Relatively Greater Than That of
an Equivalent Static Force

Plunger penetrations produced after 10 minutes vibratlon by an applied
cantrifugal force were compared to the penetrations produced by an equivalent static

1
fCapallarity in Sands," by R. Valle, Proceedings, Highway Research Board,
Vol. 24, 1944

2“Neutral and Effective 3tresses in 3oi1ls,” by P C Rutledge, Proceedings,
Purdue Conference on Soil Mechanics and Its Allications, 1940.



force. In order to make this comparison separate static plunger penetraticn tests
had to be made, the loading being then continued beyond the point reached by the
static loading during dynamic tests., Some scattering of the results was inevitable
since the same density and gradation could not be exactly reproduced by a second
test. Fipgure 22 shows one set of such comparisons where the dynamc plunger pene-
trations produced by a centrifugal force of 23 1lb after a static load of 93 lb. had
been applied, were compared to the increment of penetration produced during a dif-
ferent test at approximately the same density cof the sand by a 23-1b increment of
the static force during 1ts increase from 93 1b to 116 1b  This ratio 1s indicated

on the diagrams by the symbol DlO/Slég It can be seen from Figure 22 that for that

particular set of conditions this effect of the dymame forece 1s five to ten times
greater than that of an equivalent static force Some scattering of the results is
noticeable wath a few tests on submerged sand giving appreciably higher values of
the dynamic to static penetration ratio  This, however, was not a general trend
and 1n some other series of tests not reproduced in this Report dry sand gave the
highest values of the relatave dynamic effect. The ratio DlO/S appeared to decrease
somewhat wath decreasing centrifugal force values

Figure 27 shows the above ratio of equivalent dymamic to static plunger
penetrations cbtained from the 2-in. diameter and 5-in. diameter plunger tests at
1000 r pm The same scattering and relative magmitude of the ratio was obtained
In the series recorded by Fagure 27 the centrifugal foree for the 2-1n diameter
plunger was equal to 10 3 1b, and therefore equal to approximately one half of the
force during the tests at 1500 r.p m. to which Figure 22 refers Both static and
dynamic¢c unit pressures on the larger 5-in diameter plunger were equal to the unmit
pressures on the 2-in diameter plunger It may be seen from Figure 27 that for
submerged sand the ratic of dynamc to statac plunger penetrations shows considerable
scattering with no definite trend as to effect of plunger size being noticeable For
dry sand as shown on Figure 28 the effect of size 1s noticeable, indiecating an in-
crease of the relative effect of the dynamic forces produced by the 5-in. diameter
plunger.

The Fine-Grained Uniform 3and "B" from Daytona
Beach Racetrack Found to be Most Strongly
Affected by Vibratory loading

It was desired to check the results of the first sand "A" series of vibra-
tory plunger tests by means of identical tests on a different kind of sand Selected
was sand from the Daytona Beach racetrack in Florida, which 13 referred to as sand
UB" 1n this Report. This sand had been credited with having a particularly high bear-
ing value due to the effects of capillary saturation It was of further interest
because of 1ts extremely uniform size (see Figures 4 and 6) Tests were performed
with oven dried sand "B", with completely submerged sand, with sapd saturated by
capillarity from the bottom of the sample, and with sand which originally had 6%
molsture. Some samples were compacted by static presswe only, others were slightly
tapped during their compressicn

Figure 29 gives a summary of the results of the static leoading Static
plunger penetration 1s plotted against the void ratio "e" and the relative density
"Dg". BSeveral facts emerge from a study of this dlagram

First, 1t may be seen that the densaty of the samples is not appreciably
affected by the compaction pressure with the sole exception of the samples whach
originally had 6% moisture These latter samples showed an increase in density
with inereasing compaction pressure. FPresumably this was due to the fact that thas
very fine sand had highly vaiscous adsorbed water films which could he deformed by
inereasingly high compaction pressures. The remaining samples gave erratic pressure -
denaity results



The second observation 1s that the sand saturated by capillarity from the
bottom on the whole did not show any higher bearing power as compared to the dry
material. The results were on the average approximately the same for both conditions
of saturation. In general, there was a considerable scattering of the results, but
submerged sand appeared to show higher penetrations

Figure 30 gives a summary of the results of the dynamic plunger tests. The
dynamic plunger penetration after 10 minutes vabration ("Dlo“) 1s plotted against
the sc1l density The same general remarks made concerning Figure 29 {static pene-
tration} are also valid for the results of the dynamic penetration

Figure 31 1llustrates the relalive effect of a wvabratory force on plunger
penetrations as compared to that of an equivalent static force It may be seen that
this dynamic effect 15 quite considerable and 1s from 9 to 142 times greater than
the effect of a corresponding static ferce It 1s decreased by the presence of
some 6f moisture in the sand, for this condition the D10/5118 ratio varying from 15

5

to 50 No defimite effect of the conditions of saturation on the value of thas
ratio 1s discermkble

Figure 32 1llustrates the shape of the "number of load repetions - plunger
penetration”" curves when plotted on a semi-log scale This diagram 1s of importance
in connection with symlar curves plotied during slow repetitional load tests

High Bearing Power of Daytona Beach Sand ("B')
Is Due to Its Tmproved Resistance, When Moist,
to Tangential Forces

A simple test was performed as follows A wheelbarrow wath a pneumatic
tire was placed on our 15—an diameter cylinder filled with sand "B". During the
farst test the sand was dry, during thre second 1t was saturated by capillarity
from the bottom of the eylinder The height of passive capillary rise was determined
in the laberatory by means of the usual procedure as being equal to 15 1n A tan-
gential force was applied to the rim of the wheel by means of weights and a cable
glung over a pulley.

It was found that the tangential load which produced a slipping of the tire
over the surface of the sand was greater by about 50% 1n the case of sand saturated
by capillarity as in the case of dry sand Also, the depth to which the wheel sunk
while 1t spun arcund was appreciably greater in the case of dry sand than in the
case of sand saturated by capillarity.

This finding 1s only of thecretical interest, but serves to explain the
good performance of the Daytona Beach sand, 1nstead of the earlier theories on
the matter which were 1n contradiction with our own findings made during the first
stages of this program when 1t was found that resistance to vertical loading was
not 1mproved by capillary saturation.

The Two Types of Clay Used for the Plunger 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 15 a material
consisting mainly of particles of s1l1t size The grain size accumulation curves
of both clays are given on Figure 33. The density - moilsture relationship of the
Red Clay and 1ts consistency limrts are given on Figure 34  The corresponding
values of the Blue Clay are given on Faigure 35, which also 1ndicates the variations
in density oif that material after different periods of swelling.



Static and Dynamic Plunger Penetrations
Recorded for the Two Clays

Figure 36 paves a summary of the static loading results and Figure 37
summarizes the dynamc loading results for the Red Clay. It may be seen that in
both cases a rapid increase of both static and dynamic penetrations 1s observed
when the water content of the clay approaches the plastic 1limt. The time - dynamic
penetration curves have the same general shape as the corresponding curves on sand
illustrated by Figure 13, when plotted at a plain coordinate scale However, when
plotted at a semi-log scale, they have a somewhat different shape, as 1llustrated
by Fipure 42.

Figure 38 gives the ratio of the dynamic penetrations to the penetrataons
produced by an eguivalent static force. It may be seen that for this clay the effect
of the dynamic force 1s approxamately equal to the effect of an equivalent statac
force and 1s therefore relatively smaller than during correspeonding tests on sand.

Plunger tests with the Blue Clay produced the same general trends, as shown
on Figures 39, 40 and 41

Vibratory Plunger Tests with Sand-Clay Mixtures

Tests were performed with five different mixtures of S5and "A" and of Red
Clay, contaiming respectively 10%, 20%, 30%, 40% and 50% of the latter. At low
vwater contents even a small addition of clay was found to appreciably decrease the

IHD/E ratio, e.g , the relative importance of vibratory forces, as compared to the

deformation producing capacity of static forces of equivalent magmtude However,
at water contents exceeding the optimum moisture, the DlO/S ratio 1ncreased some-
what, especially for low clay contents

Field Measurements of Vibratory Forces
Transmitted to Pavements by Aircraft
During the Period of Engine Warm-up

At the tirs this project was started (1943) no data was available concern—
ing the actual magmtude of vibratory forces transmitted to pavements by warming-up
airplanes. The centrifugal force values used during the plunger tests and varying
from+25% to* 6% of the original static load were selected subject to later sub-
stantiation by actual field measurements.

Some uncertainty was attached to the accuracy of respeonse of scil pressure
cells when measuring vibratory forces. For that reason, Dr R K Bernhard, actang
as Special Consultant to the Project, was requested to deveiop a special device for
the purpose of measuring in the field vibratory forces transmitted to pavements by
aircraft during the period of engine warm-up This development and the results of
some trial measurements ere descrabed in Referencel.

It was shown by these trial measurments that for the type of plane tested
with properly adjusted engines the vibratory force transmitted to the pavement had
the order of magmitude of #1% to*2% of the original static lead, but could reach
a maximum value of ¥4.3% This maxamum value did not correspond to the haighest
gpeed of the motors, indicating possibilities of resonance of certain component
parts of the plane at intermediate speeds. Indications were also obtained of
possible much higher values of vibratory forces transmitted to pavements by planes
with improperly adjusted motors.

1
"Study on Vibrations Transmitted to Pavements during Warm-Up Period of
Airplanes," by R K Bernhard, CAA Technical Development Note No. 48, 1947



At about the same time the results of other field measurements became

', which had given results of the same order of magnitude.

known

Some supplementary plunger tests with lower values of the centrifugal force
appeared necessary and were perfoarmed.

Vabratory Plunger Tests Performed with
Relatively Low Values of the Centrifugal Force

Ranging from + 2.0% to + 0 9% of the

Original Statac Load on the Plunger

Tests Without Partial Release of Static Load

Figure 43 1llustrates the effect of the relative density of Sand "A" on
the ratio DlO/Slgg’ as a result of the application of a vibratory force equal to

*0.9% of the original static leoad onm the plunger It may be seen that the value
of this ratio increases from app. 5% for dense sand to 30% for loose sand In
other words, a vibratory force equal to less than*1% of the static load will pro-
duce deformations equal up to 30% of the deformations caused by that static load

Figure 44 1l1lustrates a simlar relationship for Sand "BM In the case
of thls umform sand the effect of density was less pronounced, both loose and
dense sand being more sensitive %o vibrations than Sand WA" The value of the

ratio DlO/Slgg varied from 28% to 5H%.

Tests with Partial Release of Static Load

During field tests 1t was observed that the warming up of motors produced
a redastribution of load between the wheels In one case! this redistribution was
found to produce a decrease of the lead on the main wheels by some 15%

A series of plunger tests were then performed to simulate these conditlons.
Figure 45 11llustrates a typical test result on Sand "“A" and Figures 46 and 47 on
Sand "B",

Table 4 summarizes the test results on Sand "A" and Table 5 on Sand "B".

In the case of Sand "A", the partial removal of the static load appreciably
decreases the residual additional dynamic penetration only when the vibratory force
is very small and equal to less than 1% of the original static load

Values of the vabratory force equal to 2% of the static load produced
additional residual dynamic penetrations vaying from 1% to 6% of the penetration
caused by the original static load for dry sand; of app 10% for sand saturated by
capillarity, and 15% to 47% for submerged sand,

In all cases the relative density of the sand samples exceeded 60%, so that
they could be classified as "dense"

In the case of Sand "B", the partial removal of the static load did not
noticeably decrease the residual dynmamic penetrations 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 additional dynamic penetration varied from 17%
to 424 of the penetration produced by the original static load

When the wvabratory force equalled 2% of the original static load, the
corresponding relative dynamic penetration values were i1ncreased to values varying
from 33% to 138B% for dry sand; app. 73% for sand saturated by capillarity, and from
463 to 143% for submerged sand.

1"Certaln Requirements for Flexable Pavement Design for B-29 Flanes,"
U. 5 Waterways Experament Station, Vicksburg, Miss., 1 August 1945.



TABLE 4

SAND uAw

Ratio of Dynamic to

Centrifugal Force Static Penetrations Helative
Sl I LA R T Bl oy

.658 331 290 0664 .0586 63% Dry
.603 " " .0326 0326 BT% "
.b58 " " 0407 0116 63% "

585 " n 1582 .1582 7% Submerged
590 " n .1522 +1509 91% "
656 n n 4748 4754 63% "

Cepillary
.648 n n L1019 .1005 (Y251 Saturation
581 1.47 0.9 0403 000G 96% Dry
.658 n " L0442 0110 63% n
.661 n n .0237 0047 62% n
Note Ryg = Residual static pemetration after 15% reduction of the

static load




TABLE 5

SAND nB®
Ratic of Dynamic to
Void Batio Centrifugal Force StatigsPenetratlgns R;ii:ige Conditaon of
Pet Lbs * Oioizatlc DlO/S 25 RlO/S Eg "Dg" 7 Saturation
850 331 20 .3892 -3323 43% Iry
847 " " 1 414 1 387 L% "
829 n " 1 370 1 357 51% n
g17 " n 4552 4672 58% Submer ged
g21 " " 1.427 1.428 55% "
Capillary
834 " " 7277 7297 50% Saturation
836 147 0.9 1597 .1885 ? Dry
804 " " 2049 -2029 62% "
831 n n 2757 2676 52% n
846 " " 1929 .1786 45% "
855 " " .4032 4194 408 "

Note: R,, = Residual static penetration after 15% reduction of the
10
static load.




In all cases the relative density varied from 40% to 62%, so that the sand
could be classified as being of medium densaty. The above percentages refer to 10
mrnutes vibration. Continued vaibration appreciably increased the penetrations.

Qur above tests have clearly shown the fallacy of the reasoning according
to which the effect of vabratory forces transmtted by airplane wheels to pavements
cannot be of importance since the vibratory forces are usually equal to only 1% to
3% of the static load, whereas the static load was reduced by some 15%!

It has now been demonstrated that, in so far as sands are concerned, even
& small vibratory force has a much greater deformation producing capacity than a
static force of corresponding magnmitude. As a result, any decrease of static load
accompanying engine warm-up 15 not only compensated for by the effect of vibrations,
but deformations of the sand may be greatly amplafied

Vibratory Consclidatien Tests with Three Clay Soils

Vibratory plunger tests were not possible to perform on very plastic and
soft clay mixtures. For that reason 1t was decided te perform a few consolidetion
tests on a vibration table to determine the effect 1f amy of a vibratory motion of
the whole system on the compressibility characteristacs of the clay

Comparative vibratory and standard type consoladation tests were performed
on three types of clays A wvibration table designed for the Project by Dr R K
Bernhard and Dr J G. Barry? was used for the purpose. The main use of this table
consisted, however, i1n the calibration of instruments3

Two parallel tests were performed with the same material, using standard
type 2 5-1n diameter and l-in. high consolidometers. One test was performed under
static conditions, and the other was performed 1n a consclidometer which was attached
to the vaibration table

Three clay soils were tested The first seal was the Princeton Red Clay,
1dentical to the material used during the plunger tests The second soil was some
undisturbed clay from a boring at the Flushing Meadow site in New York This clay
was used in 1ts natural condation and had a structure which was easily disturbed
and weakened by remolding. The third soil was powdered Wyoming Bentonite, of a type
stated by its manufacturers to have particularly pronounced thixotropie properties

Figures 48, 49 and 50 gave the pressure—compression curves of all three
so01ls It can be seen that the vibrated specimens did not show any appreciable
increase of compression, as compared to i1dentical specimens tested under static
conditions

It 15 the opinmion of the writers that vibration table tests are not suitable
for the investigation of the compressibility of soils in the presence of vibraticns
The entire socal and loadipg plunger system, as well as 1ts base, performs a vibratory
motion without any relative displacement occurring. Therefore, this type of vibratory
motion corresponds more to the type of vibration produced by shock waves, rather than
te the motion of the soil particles in the 1mmediate vicimity of a source of vibra-
tions when the particles closer to the source are bound tc have a greater amplitude
of motion than there 15 further away from at.

l“Certaln Requirements for Flexable Pavement Design for B-2¢ FPlanes,"
U S TWaterways Experiment Station, Vicksburg, Miss , 1 August 1945

2“Electromagnet1c Vibration Table", by R K Bernhard and J G Barry,
Bulletin, American Society for Testing Materials, March 1346.

3“St.udy on Vibrations Transmtted to Pavements during Warm-Up Period of
Airplanes,” by R. K Bernhard, CAA Technical Development Note No. 48, 1947



It 13 the latter type of motlon which 1s of practical interest in connec-
tion with the studies of this Project, and 1t 1s belleved that only such relative
displacements of so1l particles are liable to cause permanent deformations of the
so1l system This type of condition i1s much better simulated by the plunger tests
which have been performed so far

For this reascn no further consolidaticn or other tests were performed
with the vabration table.

The above remarks apply naturally only to a cohesive soll  In the case of
a granular, non-cchesive material, a vibralory moction 1mposed on the entire system
may cause the indiviaual particles to move i1n respect to each other However, con-
solidation tests cannot very well be performed on sands, and they were not attempted
on the table, since the results could not be directly applied to practical problems
of pavement design

Vibratory Unconfined Compressive Strength Tests
With Red Glay

Four traal tests have been performed, the results of which are given by
Figure 51 Four cylinders were prepared 1n an ldentical mamner Two of them were
loaded by means of the arrangements shown on Figure 1, whereby a flat plate was
substituted instead of the plunger in corder tc provide a uniform bearing surface
During two of these tests the vibrator was not runming Duraing the two other tests
1t was in operation with a centrifugal force of 3 31#, whaich produced a vibratory
stress increment of ¥ 0 026 T/sq ft It may be seen from Figure 51 which gives
the stress-strain curves for all four samples that in spite of the relatively hagh
water content of these samples the vabratory force did not produce any decrease of
the shearing strength of the specimen i1n excess of the strain corresponding te the
value of the vaibratery stress increment

Triaxaal Shear Control Tests with Sands "AM and "B"

A series of triaxial shear tests were performed at the suggestion of the
Jumor author for the purpose of determainming any possible relationship which might
exist between the so-called "critical void ratic"™ and observed bearing properties
of the soi1l, The "craitical voad ratio" 1s a standard term used in soil mechanics
to designate the density of a sand at which shearing deformations can occcur without
any volume changes. A samxd denser than the "critical void ratlo" wall have to ex-
pand 1n order to shear A looser sand may shear with simultaneous decrease of
volume.

Figure 52 summarizes the results of this test. At lateral pressures of
1/4, 1/2, and 1 T/sq ft a certain scatterang of the results was cbserved which
was particularly preoncunced in the case of Sand "Bn Therefore, only general ranges
of the variation in the "eritical void ratio% are indicated.

It can be seen that i1n the case of Sand MAM the %“ecritical voad ratio®
varied froa 0.55 to 0 65 This range corresponded to the density range which during
our plunger tests was found to be of a critical nature It can be seen from Fipure
19 that static plunger penetrations increase rapidly for this sand at densities
looser than a void ratic of O 65.

For Sand "B" the scattering of the triaxial test results was particularly
pronounced and the "critical voia ratio" varied from O 54 to 0 90. It can be seen
from Figure 29 that a range of considerable instability and a scattering of our
results during static plunger penetration tests exaisted for densities in the vicinlty
of a void ratio of 0 9

The need for the compaction of sands well above the "eritical void ratiom
18 therefore apparent This compaction should be well above 70 to BO percent of tne
maximm possible density



Slow Repetitlonal Flunger Load Tests

Taxaways, aprons and hardstandings are subjected to vibrations transmitted
to pavements during engine warm-up and are also repeatedly stressed by the weight of
taxaing airplanes

Laboratory plunger tests were performed to ascertain the effect of slow
repetitional loading of varying magnitude as compared to the effects of vabratory
loading. The results of prelimmnary tests with slow repetitional loading and sand
"B" are gaven on Figure 59, where the number of load repetitions 1s plotted against
the plunger penetrations. It may be seen from this diagram that the slow repetitiomal
loading performed at the rate of 1 cycle per minute gave an almost i1dentical curve as
did two vibratory tests performed with sands of almost equal density It therefore
appeared that the only thing of importance i1s the rnumber of load repetitions irres-
pective of the frequency. Of course thls was true only so long as no resonance of
the soil vabrating mass system was present to magnify the actual forces transmitted
to the soi1l

Photograph Figure 53 illustrates the comstruction of the 6-bank plunger
testing machine designed and bwlt by the Scheol of Engineering, Princeton University.
The motor and the reduction gear box "F" drive @ horizontal shaft which operates 2
crank shafts "HY at each end of the horizontal shaft., These crank shafts are connected
to a piston "J" moving 1n an up and down direction in the bronze-lined cylinder "I™,
The plstons ¥J" are connected to a horizontal beam "C", The whole sygstem 1s geared
for one repetaition of the up and down movement of the beam "D" per minute. The rnum-
ber of these movements 18 registered by a counter WGN.

The machine can simultaneously operate with six seal containers of the
standard CHR type. These containers are marked "A" on the photograph. The usual
2-in diameter (3 sq 1n area) plungers are employed and are loaded to the desired
amounts by the weights VEN The plungers are comnected by means of wire ropes and
pulleys to the counter weights "C" These counter welghts are raised by the upward
motion of the beam "D" and released when the beam 15 in its downward position

Figure 53 shows the downward position of the beam waith the counter weights

hanging on the ropes and relleving by the amount of their weight the load "E" on
the plunger "B"

Results of Tests with Sand FAP

Figure 58 gives the number of load repetitions versus plunger penetration
curves plotted on semi-log paper. Figures 59 and 60 summarize the test results

It may be seen that for the same number of lead repetitions and the same
magrmitude of the repetitional load expressed 1n percent of the original load, the
plunger penetrations increase with the intensity of the original static load
Further, that for the same value of the original static load, the plunger penetra-
tions increase with the magmtude of the repetiticnal load. The same holds true in
a general manner for the ratio of the repetitiopal plunger penetrations as compared
to the penetrations under one load application

Under a umt pressure of 55 psi, 10,000 full load repetitions increased the
coriginal plunger penetration from the first loading by some 7502 (Figure 60) From
Figure 55 1t may be estimated that 1,000 full load repetitions would have increased
the original first plunger penetration by some 330%4, 100 full load repetitions by
some 1504, and 10 full load repetitions by some 40%.

The Results of Tests with Sand "0

Figure 56 givee the results of tests with sand "B", whereby the number of
load repetitions 1s plotted against the number of plunger penetrations at a semi-log
scale, Fipgures 6l and 62 summarize the test results.



It may be seen that sand "B" followed the same trends as sand "A", but in
a much more pronounced manner. Under a umt pressure of 55 psi, 10,000 full load
repetitions increased the origimal plunger penetration from the first loadaing by
some 43008 (Figure 62} From Figure 56 1t may bDe seen that 1,000 full load repeti-
tions would have increased the original first plunger penetration by some 1660%, 100
full lead repetitions by some 380%, and 10 full load repetitions by some 100%

A compariscn of this data with the information given by Table 5 shows that
10 full load repetitions increase the plunger penetrations in approximately the dame
proporticn as 10 mnutes vibration {e g 1500 repetitions) of a centrifugal force
equal to approximately + 2 0% of the same original static load

Results of Tests with Red Clay

Figure 57 gives the mummber of load repetitions - plunger penetration curves
for tests with red clay, It may be seen from these diagrams and also from Figure 42
showing a similar type of curves for vibratory loading of red clay and Figures 54-56
giving typical simlar curves for vibratory leading of sands, that when plotted at
a semi-log scale, the number of load repetitions - plunger penetration curves has a
different shape for cohesive and for granular non-cohesive socils, as 1llustrated by
the following sketch, Figure 58

The shape of the curve "aP closely corresponds to the one obtained by
¥r Kersten! for the slow repetitional tests he had performed at the University
of Minnesota. It shows even on a semi-leog scale a progressively decreasing effect
of the number of load repetitions on the penetrations

Mr Kersten had not made any tests with clean sands, and 1t may be seen
from our tests that the sands follow the shape of curve "bf of Figure 58 indicating
that they are most susceptible to any type of load repetaiticns, whether vabratory
or slow repetitional This finding 1s of considerable practical ilmportance

Redistribution of Shearing Stresses in a Pavement
Bepeath an Airplane Wheel during Warm-up
of the Motors

The wheels of an airplane are blocked (by means of brakes or ctherwise)
during tne warming up of 1ts motors for the purpose of keeping 1t statiomary. This
means that a horaizontal force equal to the thrust of the propellers 15 transmitted
by the wheels of the plane to the surface of the pavement

So far the effect of this horizontal force on the stability of a pavement
was not known  Opinions have been expressed at times that the detrimental effect
of this horizontal force might be even greater than that of vabrations This did
not appear likely, but the matter needed investigation

A great number of variables 1s involved in the study of the effect of warm-
ing up operations of a plane on an airport pavement This circumstance i1mposed a
form of study which was based on a separation of variables It was therefore 1m-
practacal in the present stages of our study to actually introduce a horizontal
force during load tests It was then decided to attempt a mathematical analysis of
the redistribution of stresses in a pavement as a result of the application of a
horizontal forece to 1ts surface which might help to gain some 1insight into the pro-
blem Saince failures of pavements are to be mainly attraibuted to excessive shearing
stresses, a study of the redistribution of such stresses 1n a pavement as a result
of the action of 2 horigontal force would be liable to give an approxamate idea of
the magmtude of the detrimental effect of horizontal forces applied to the pavement
surface Professor Frank Baron of Yale University was requested to perform thas
study

1"Repeated Load Tests on Highway Subgrade Soil and Bases", by Miles S
Kersten, University of Minnesota Engineering Experiment Station Technical Paper
Yo. 43, July 1943



It should be mentioned that, as shown by his iliustrations, the analysis
made by Professor Baron refers to & rectangular loaded area and to a homogeneous
gemi-infinite solid beneath 1t.

The above assumptions are naturally not quite exact. However, the assump-
tion of an ellaptical loaded area, although corresponding more closely to the im-
print of a tire, would have required extremely complicated computations The diffi-
cultles of analysis would have then become so great that amy slight additional
analysis obtained thereby would in no way compensate for the several times greater
amount of mathematical work requared to achieve 1t.

The second approximation, that of a homogeneous semi-infinite solid, is
used as a point of departure for all studies of that kind. On the strength of
similar comparisons made for stresses produced by vertical loads omnly, 1t 1s possi-
ble to estimate the changes in the stress distribution to be expected in a layered
gystem as compared to the distribution 1n a homogeneous body.

In order to adapt the results of Professor Baron's investigation! to condi-
tions exlsting during the warm-up of airplane engines, certain additional computa-
tions have to be performed.

In the case of a warming-up airplane a horizontal force 15 applied to the
surface of the pavement similtaneously with a vertical force. The ratio of the two
forces changes wath the increase of the thrust of the propellers and with & redistri-
butzon of the verticael load between the main and the secondary wheels. From pub-
lished data on the matter? it can be estimated that the maxamum value of the hori-
zontal force 1s approximately equal te one third of the vertical force, which is
simltaneously reduced by approximately 15% as compared to the original condition
when the motors are not running.

The four curves shown on Figure 63 were obtained by applying the above
considerations to the results obtained by Professor Baron

If we want to compare the maximum shear stresses produced by a statiocnary
plane when 1ts motors are not runming to the maximum shear values developed when
its motors are running at high speed the comparison should be made by means of
curves "1" and "4" shown on Faigure 63. It may be seen that greater shearing stresses
are created by the second condition — (motors running) - only at a depth "z? smeller
than 0.34a. In other words, an increase of shearing stresses wlll be noticesble
only at a depth smaller than 0.17 of the length of the major diameter of a tire
lmpraint.

In the case of a layered system, or, to be more preclse, for the case of a
semi-rigld pavement and base overlying softer subgrade below 1t — (& condition
which will normally occur on airporta) — the shearing stress concentration in the
upper layer will be accentuated st1ll further. It can therefore be safely assumed
that an increase of the shearing stresses due to the warming up of airplane motors
w1ll occur only within the depth of the pavement proper.

1

A Mathematical Study of Shearing Stressez Produced in a Pavement by the
Locked Wheels of an Airplane during the Warm-Up of Its Englnes," by Frank Baron,
C.A.A. Techmcal Develcopment Note No. 47, 1947

2
"Certain Requirements for Flexible Pavement Design for B-29 Planes," U. 5.
Waterways Experiment Station, Vicksburg, Miss., 1 Auwgust 1945



V. CONCLUSIONS

(1) So0il load tests of the controlled strain type, including the California
Bearing Ratio test, are unsuited for the study of vibration effects. Load or
rlunger tests of the controlled stress type have to be used.

(2). A series of controlled stress 2-in diameter and 5-in diameter plunger
tests performed at frequencies below the resconance range on a well graded clean
sand with 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 vabratory force was several times
greater than that of an equivalent static force

{(b) At all densities both static and dymamic plunger penetrations
on submergad sand were appreciably greater than plunger penetrations on
dry sand. The bearing capacity of the sand was decreased by more than
50% as a result of complete submergence.

(e) At all densities both statie and dynamic plunger penstrations
on sand saturated by passive capillary action were larger than for dry
gand.

(d} The penetrations of the 5-in. diameter plunger on dry sand
were larger than the 2-an. dlameter plunger penetrations in approxx-
mately the same ratie both under static and dynamic loading., The same
relationshap held for submerged sand, but the increase of the penetra-
tions for the larger plunger was relatively less pronounced

{3). Conventional theories concerning the increase of effective stresses in
sand due to passive capillary saturation appear to be in need of revision, since
evidence of a slight decrease was obtained

{4). Saturation conditions appear to influence the bearing properties of &
sand 1n the same manner both under static and dynamic loading,

(5). Sand of uniform grading is particularly susceptible to the action of va-
bratory or slow repetitional forces. In the case of a fipne sand of uniform size,
the continued application for 10 minutes of a vabratory force was found to produce
deformations up to 140 times greater than those produced by a static foree of
equivalent magmtude.

(6) On a gand of uniform grading a very small vibratory force of the same order
of magnitude as in the case of warmng-up airplanes more than offsets any reduction
of stafic pressure correspomling to the redistribution of load between airplane
wheels during the peried of engine warm-up.

(7). The deformations produced i1n a so1l by vibratory or by slowly repeated
forces do not depemd on the frequency of vibration or load repetition seo long as
the vibratory force 1tself is not magnified by rescnance occurring somewhere within
the vibrating system. Identical plunger penetrations have been cobtained for the
pame mmber of load repetitions irrespective of whether the frequency of load repe-
tition was 1 cycle per mlimite or 1,000 cycles per mlnute,

(8) Clay soils do not appear to be appreciably affected by repeated loading
elther of a vibratory or of a slow repetitional character,

(9). Sand-clay mixtures occupy an 1ptermediate position. Even small admixtures
of clay appreciably reduce the deformations produced by repeated loading of a vibra-
tory character, especially at low water contents.



(10). The well-known improved bearing capecity of a fipe sand due to saturation
by caplllarity was shown to be mainly due to improved resistance against rupture
under the effect of tangential surface forces, rather than to its improved resistance
to vertical loading

(11). Both static and dynamic plunger penetrations were found to appreciably ain-
crease at sand densities smaller than those corresponding to the "critical void
ratio".

(12). For the same number of load repetitions on sand, plunger penetrations in-
creased with the intensity of the slow repetitional or vibratory load. For the
same fractional value of the slow repetiticnal or vaibratory force expressed as a
fraction of the original load, the plunger penetrations naturally increased also
with the value of the original load However, a slow repetitional force of the
same intensity was found to produce somewhat higher penetrations with a decrease of
the 1ntensity of the original static load (Figure 64)

(13). It appears possible to make the feollowing conclusions which are of direct
practical importance for the design of base courses of flexible airport pavements

(a) Vibratory forces of the order of magmtude transmitted to air-
port pavements by airplane wheels during the warm-up period of properly
balanced engines are liable to cause pavement damage only under certain
extreme conditions such as A subgrade consisting of a not too dense
sand of umform grading and/or a rise of the ground water table wath a
resulting strong reduction of the bearing capacity of a submerged sand
base course or subgrade. BSpecial precauticns are indicated on ailrports
where such soirl conditions prevail,

{b) Improperly adjusted engines warmed up on a pavement underlain
by 801l of the above character may magnmify the vibratory forces transmitted
to the so1l.

{c) Load repetitions caused by repeated slow passage of taxaiing
airplanes are liable to cause most trouble on unmiform sand subgrades or
on sand base courses and are liable to produce more detrimental effects
than vibration during engine warm-up 1f the wheels repeatedly pass over
the same place. Distributed traffic 1s liable to have a beneficial
action by producing additional compaction of base courses and subgrades
of not too greatly underdesigned flexible pavements

{d) Maxamum possible compaction of sandy base courses and subgrades
and provision of adequate drainage to prevent their saturation at any
time to an extent where the sand grains are buoyed 1s essential, especially
1n taxi-way, hard-standing, and warm-up areas

{14). A study of the performance of concrete pavements had not been included in
the program of this investigatlon. Nevertheless, our findings may in some respects
also be applied to sand base courses and subgrades beneath concrete paving.

{15). The effects of a horizontal force applied %o the pavement surface by the
blocked wheels of an airplane durlng engine warm-up are negligible, except in the
upper portion of the pavement proper.



Figure 1.

Photo of Set-up for Controlled Stress 2 inch Diameter Vibratory Plunger Test.



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



Figure 3. General View Photo of Set-up for the Controlled Stress 5 inch.
Diameter Vibratory Plunger Test.
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Figure 5. Microphatograph of Sand “A™
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Figure 6. Microphotograph of Sand “B”.
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Figure 33 Grawn Size Accumulation Curves Red Clay and Blue Leaf Clay

DENSITY (b gor cu H)

149

13¢

120

no

100

G 28 |
1
Y !
DRY DENSITY N
sl [N
. o !
%
“a
s
1
}
N
! =
[
(=gl
=
LIQUID LINIT = =1
PLASTIC LIMIT 24% g,
PLASTICITY INDEX 7% E|
2,
1
5 ) [ 20 25 a0
WATER CDNTENT (PER CENT)
TEST NUMBERS 330 336
MATERIAL RED CLAY

COMPACTION METHOD 2000 sl STATIC LOAD

WATER CONTENT DETERMINED AFTER TEST

Figure 34 Density vs Moisture Red Clay

z| |
5 —t1ouA
2
¥ BLUE LEAF CLAY 1n
| 317
’J " b ‘
i E {704
T P RED CLAY =l T
}U rd ui —160-
/ 2
i il = 1
e w 150
g wl ]
o i T
— SRR
w [—130
Z o 1]
4 Bl L
1 =
Z :
al |
& 10
o
o1 mm B0 mm 100 m 1000 mm
— CLAY SILT } SAND |



DRY DENSITY (Ib per cu # )

I
G -27 |
130 !
\ 2ERQ AIR VOIDS '
A / l
A |
\ [
\ )
120 - !
=
\\ i
Q
O Q||
’ ~) 2 [
¢
P 2
110 |
1
: .l
x----..
100
x |
}
|
90 }
!
LIQUID LIMIT 3% |
PLASTIC LIMIT 5% .
PLASTICITY INDEX 18% |
80 T
1
]
WATER CONTENT (per ceni) (AT END OF TEST)._|
70 HEENEEEEEEREEN
0 5 10 15 20 25 30
MATERIAL BLUE LEAF CLAY
COMPACTION METHOD 2000 psi, STATIC LOAD
TEST NUMBERS 338 341 343 344 346, 347 349 357 361 367
DIAMETER OF CONTAINER 6 m
AREA OF PLUNGER 3 sq in
SURCHARGE 186 1b =078 pst
o) LOAD APPLIED BEFORE SWELLING WAS COMPLETED (WITHOUT WATER ABSORPTION)
% LOAD APPLIED AFTER SWELLING WAS COMPLETED ! DAY AFTER COMPACTION
(WITHOUT WATER ABSORPTION)
- LOAD APPLIED AFTER SWELLING (WITH WATER ABSORPTION THRU BOTTOM OF SAMPLE)
) FOR 4 DAYS . FOR 16 DAYS
= FOR B DAYS poe FOR 32 DAYS

Figure 35 Density vs Moisture Blue Leaf Clay



(INCHES)

105
95

STATIC PLUNGER PENETRATION S

08

06

04

02

e

PLASTIC LIMIT

%l

Fat
=

-5

5 10

15

20 25 a0

WATER CONTENT (PER CENT)} (AT END OF TEST)

MATERIAL

COMPACTION METHOD
TEST NUMBERS
DIAMETER OF CONTAINER
AREA OF PLUNGER
SURCHARGE

RED CLAY

2000 pel STATIC LOAD
330 332 334 336

6 in

3sqmm

186 -078 pal

Figure 36 Stane 2 inch Plunger Penetration vs Mowisture Red Clay

09

o8

a7

06

05

04

03

02

DYNAMIC PLUNGER PENETRATION P10 (INCHES)

a1

Figure 37 Dynamic 2 inch Plunger Penetration vs Moisture Red Clay

PLASTIC LIMIT

[t

5 19

20 28

WATER CONTENT (PER CENT)

TEST NUMBERS
MATERIAL

AREA OF PLUNGER
SURCHARGE

DIAMETER OF CONTAINER
STATIC LCAD
CENTRIFUGAL FORCE
FREQUENCY

COMPACTION METHOD

330 332 334 336
RED CLAY

I h

186 1b 078 psl

€ m

95 h 317 pu

103 b

1000 rpm

2000 wl STATIC LOAD

3o




| = T
1 HS E I
T x
; 2 05 = f
| q 2l
@ 40 t = 2
S 9 !
a bl E |
a6 L w
i -~ | 2 I
Exge i E 04 x
o » 32 A =
= | a l
|1} T L
o ! a
o 28 t a _ II
-
& % 58 o .
2422 34 1 : ©oo03 T
b n o & o
& =l E K |
u z0 = -
= 3 5 E }
& I el) £ g .
m - o
o Q82 0 a1 2 oz 02 f
z n St = uw |
< = o) al = g
9] 12 w3
S & a o ) & X I
5 ) L= o A o
2
& 8 3 1 £
& (o] | g O i e B B |
4 A I
.9_ & i = A hzs
< w I
= a | = . 2] ¢ ¢ H
5 0 15 20 25 30 § © o o tLL 11
WATER CONTENT (PER CENT) E 19 [
o 5 10 15 20 25 30
WATER CONTENT (PER CENT) (AT END OF TEST)
SYMBOL O A = MATERIAL BLUE LEAF CLAY
MATERIAL RED CLAY COMPACTION METHOD 2000 pai STATIC LOAD
COMPACTION METHOD 2000 |”' STATIC LOAD TEST NUMBERS 330 3d4) 343 344 346 347 340 357 360 367
WATER CONTENT DETERMINED AT END OF TEST DIAMETER OF CONTAINER o in
AREA OF PLUNGER 38 In
TEST NUMBERS 330 332 334 336 441 447 448 453 SURCHAR 56k 078
GE psi
DIAMETER OF CONTAINER € m
AREA OF PLUNGER A 0O LOAD APPLIED BEFORE SWELLING WAS COMPLETED (WITHOUT WATER ABSQRPTION)
SURCHARGE 186 b 076 pu 123 o4 pn 123 b 049 € LOAD APPLIED AFTER SWELLING WAS COMPLETED | DAY AFTER COMPACTION
CENTRIFUGAL FORCE 103 b 232 b 404 Ib (WITHOUT WATER AESORPTION)
FREQUERCY 1000 rpm 1500 rpm 1500 rpm LOAD APPLIED AFTER SWELLING (WITH WATER ABSORPTION THRU BOTTOM OF SAMPLE)
STATIC LOAD 95 b 37 mi kb 317 p 1650 S5 pu ® FOR 4 DAYS [ FOR @ DAYS FOR 16 DAYS X FOR 32 DAYS
Figure 38 Rato of Dynamic and Static 2 inch Plunger Penetrations vs Maisture Figure 39 Static 2 inch Plunger Penetration vs Moisture

Red Clay Blue Leaf Clay



0032 T
T
B
ooze
[
T
=
=
0024 -n
ofl
5 T
<l
=
=
o § 0020 +
a = "
= T
=
g 2 t
I
2 v = T
B E oo
& E |
-z [i7] |
o T
SE oo 4
z & T
-
] T
-
z I
Z
“ |
oooe w $23
1
}
. Fa
& 4 f
0004 ¢ T
|
[+} a |
0 5 T 15 20 25 a0
WATER CONTENT (PER CENT) (AT END OF TEST)
MATERIAL BLUE LEAF CLAY SURCHARGE 68 078 pl
COMPACTION WETHOD 2000 pl STATIC LOAD CENTRIFUGAL FORCE 102 b
TEST NUMBERS 338 341 343 324 346 347 FREQUENCY 1000 rpm
349 387 380 STATIC LOAD 95 b 317 pm
DIAMETER OF CONTAINER 6 In VIBRATOR NUMBER B1
AREA OF PLUNGER 3min

) LOAD APPLIED BEFQRE SWELLING WAS COMPLETED {WITHOUT WATER ABSORPTION)
£ LOAD APPLIED AFTER SWELLING WAS COMPLETED ! DAY AFTER COMPACTION (WITHOUT WATER
ABSORFTION)
LOAD APPLIED AFTER SWELLING (WITH WATER ABSORPTION THRU BOTTOM OF SAMPLE)
¢ FOR 4 DAYS 1% FOR 8 DAYS e FOR 16 DAYS W FOR 32 DAYS

Figure 40 Dynamic 2 inch Plunger Penetration vs Mowsture Blue Leaf Clay

I
T
=l
2 40 v
=
ul
W E
= -«
iy &
L 200
o 4 I
° |
g i
2
& 160 o }
}
L
wi
d
(5]
2 = |
& I
& 20
o o
=
-
[*) I
i (
E l
s BC I
w
o |
Q
E 2
[
40 \=4 N
h
Ly I
0 |
d
o 5 o = 20 25 0
WATER CONTENT (PER CEMT) (AT END OF TEST)
MATEFIAL BLUE LEAF CLAY SURCHARGE 1BEIlb O78
COMPACTION METHOD 2000 i STATIC LOAD CENTRIFUGAL FORCE 103 fb
TEST NUMBERS 336 341 343-344 346 347 FREGUENCY 1000 rpm
349 357 360 367 STATIC LOAD g5th NT pd
DIAMETER OF CONTAINER 6 VIBRATOR NUMBER B1
AREA OF PLUNGER e

(O LOAD APPLIED BEFORE SWELLING WAS COMPLETED (WITHOUT WATER ABSORFTION)
- LOAD APPLIED AFTER SWELLING WAS COMPLETED | DAY AFTER COMPACTION (WITHQUT WATER

ABSORFTION)

LOAD APPLIED AFTER SWELLING (WITH WATER ADSORPTION THRU BOTTOM OF SAMPLE)
¢ FOR 4 DAYS I For 8 DAYS » FOR 18 DAYS  FOR 32 DAYS

Figure 41 Ratio of Dynamic and Static 2 inch Plunger Penetrations vs Moisture

Blue Leaf Clay



(INCHES)

DYNAMIC PLUNGER PENETRATION

NUMBER OF LOADINGS
100 1 000

10 000

100 000

11

NO 445
W=2314%[

TEST

MATERIAL
COMPACTION METHOD
WATER CONTENT
TEST NUMBERS
DIAMETER OF CONTAINER
AREA OF PLUNGER
SURCHARGE
CENTRIFUGAL FORCE
FREQUENCY

STATIC LOAD

VIBRATORY
RED CLAY

2000 psI STATIC LOAD

NOTED ABOVE (DETERMINED AT END OF TEST)

445 447
6 m

3sg n

123 b = 049 psi
232 b

1500 rpm

95 1b =317 psi

Figure 42 Number of Load Repetitions vs Dynamic 2 inch Plunger Penctrations

Semi-Log Scale Red Clay



RATIC OF DYNAMIC AND STATIC PLUNGER PEMETRATION

I LOOSE . MEDIUM ! DENSE LonsE MEDIUM DEN
- ] SE
Dd = RELATIVE f ' ! ! Dd = RELATIVE ' i | |

DENSITY DENSITY
10 20 30 a0 50 GO 70 ag 90 100 Al 10 20 3 4 S0 G0 70 B0 20 100

T t t 1

—a

ol
volp RraTio "e” voIb raTio "€

1080 1000 950 900 850 8oo0 750
850 800 750 700 650 600 §50 I —
a ] _ —
A3 737
19 | |
01 —t Fa E - —
=
@ - —
I
L~ z 20 L]
1 B
a2 // 2 [ ]
g =
/] =
/ v
n uwy 1 a 100
o~ g Z v an
) ] < @
=X @
= @
a 03 v - __|
L Z o L1 |
ES oo 2000
- a0 o
bt 1500
© 4 ||
g
04 -
| 50—
[ b4 bod
~ 500 ]
[o)
-~ 1 1
[
eob——1 £ {41 000
MATERIAL SAND A
CONDITION OF SATURATION DRY
COMPAGTION METHOD STATIC LOAD MATERIAL SAND B
TEST NUMBERS 487 491 CONDITION OF SATURATION DRY
COMPACTION METHOD NOTED AR STATIC LOAD
DIAMETER OF CONTAINER 6 m ovE
TEST NUMBERS 809 510 5(1 513 520 521
AREA OF PLUNGER Jsg m
DIAMETER OF CONTAINER a@m
SURCHARGE 123 b = D43 pu AREA OF PLUNGER Sw
CENTRIFUGAL FORCE 147 1b SURCHARGE 23 b = 049 pm
FREQUENCY 1000 rpm CENTRIFUGAL FORCE 147 b
STATIC LOAD 165 b = 55 psl FREQUENCY 1080 rpm
STATIC LOAD 185 |b = 55 psl
Figure 43 Density vs Ratio of Dynamic and Static 2 inch Plunger Penetration Figurc 44 Density vs Ratio of Dynamic and Static 2 nch Plunger Penetration

Low Value of Centrifugal Force Sand “A” Low Value of Centrifugal Force Sand “B”



STATIC PLUNGER PENETRATION (INCHES)

Loab (1) LOAD (Ib)
o 20 40 B0 80 D0 120 |40 180 180 0 20 £0 60 80 100 120 140 (60 180
- [TTITIfTTITT]
02 = o M | | LoAD RemovaL
o [ 5 LOAD INCREMENTS | !7 LOAD INCREMENTS
o g ~ TAKEN As OUICKLY | AT25 MIN +
Z o2 | S POSSIBLE =42 MIN +
06 5
¥ LT N L]
08 g ; > 03
203 P : NI
1o 2(* Z 04 /
= L i
2 3% o i
1z = o o
g 2|z Y 05 |
" z Zle z DYNAMIC
2 &8 2 PENETRATION
N S wlE o o6 20 MIN RIO/S 165 . | 387
16 \Q‘ N E E E 25
zla c o7 165
I8 > Elz w 10 MIN Di/s ,o =141
= -
-
N HE 08 T ITT. [T 171
Q 65 10 45 20 25 30 35 40 45 50
"
22 < /__ HID/512§- 1504 PRESSURE (tons per sq )
165
24 \%ﬁ Dio/s ae ® 1522
DYNAMIC .
reNETAATION |1 1= _lr MATERIAL SAND B
20 20 M |ol MIN QZ CONDITION OF SATURATION DRY
" M . P P R T
05 10 I5 20 25 30 3% 40 45 50 COMPACTION METHOD 1000 s STATIC LOAD
PRESSURE  (tons por w 1) VOID RATIO s 847
MATERIAL SAND A
CONDITION QF SATURATION SUBMERGED TEST NUMBER 543
CONPAGTION METHOD 1500 pu STATIC LOAD DIAMETER OF CONTAINER & mn
VOID RATIO *»" 590 AREA OF PLUNGER 3sq mn
TEST NUMBER 574 SURCHARGE 123 1b = 049 pu
DIANETER GF CONTAINER &h CENTRIFUGAL FORCE 33 b
AREA OF PLUNGER ] In FREQUE
SURCHARGE 123 h =049 pu 0 NCY 1500 rpm
CENTRIFUGAL FORCE 331 b
FREQUENCY 1500 rpm

Figure 45 Load vs Static and Dynamc 2 inch Plunger Penetration
Low Value of Czntnfugal Force and Partinl Removal
of Static Load Sand “A~

Figure 46 Load vs Static and Dynamic 2 inch Plunger Penetration Low Value of
Centnfugal Force and Partial Removal of Static Load Sand "B~



STATIC PLUNGER PENETRATION {INCHES)

LOAD ()
0 20 40 80 BO (00 120 14D 180 80 Z0 220
R oel 5] 15 zo] 25| 3o |5 [an |asi[so
PRESSURE (e por m H) u |
o+
8|z
oloc z
218
g +
=|F
23|E
0200 Balm
E<| =
_I. -
P aXx £
S=|=
gty
Sn
0300 L) = E
1) FH
] Elz
Zi5
0400 E =
S
-
z
e
=
osa0
DYNANIC
PENETRATION 0 MiN
40 MIN =
0800
;] 188
Pro/a e 2757
0700
Rinfs 165 2676
25
MATERIAL SAND B
CONDITION OF SATURATION oY
COMPACTION METHOD 50D pl  STATIC LOAD
VOID RATIO " 831
TEST NUMBER s
DIAMETER OF CONTAINER i
AREA OF PLUNGER Imk
SURCHARGE iy b 049
CENTRIFUGAL FORCE 147 B
FREQUENCY 1000 1pm
Figure 47 Load vs Static and Dynamic 2 inch Plunger

Penetration  Low Value of Centrifugal Force
and Partial Removal of Static Load Sand “B"

Qas0

200

250

350

o1 010 100 100
PRESSURE {tom par sq M ) [ I T TTT]
) | [ ] VIBRATED X — — X
- VIBRATION STARTED staTic Q o []
—
I Pl
i
w
w L
E N
L re [,
5 SR
= .y
< [+
r'%
-2
W
=]
'_E' -]
|0 S
" “"’*
i )
PRESSURE vs VERTICAL DEFORMATION iN BOTH CASES A 1 INCH THICK SAMPLE WAS ]
RED CLAY USED OF 25 INCH DIAMETER u
DYNAMIC AND STATIC CONSOLIDATION STaTic 351 % [
TEST NUMBER 434 INITIAL WATER CONTENT W, VIBRATED 34 2% [
LIQUID LIMIT W) at %
VIBRATORY TEST PERFORMED ON THE VIBRATION TABLE PLASTIC LIMIT Wp 4 %
FREQUENCY 1080 cpm AMFLITUDE 0001 i PLASTICITY INDEX Ip 7 0%

Figure 48 Pressure vs Vertical Deformation Dynamic and
Static Consohdation Test Red Clay



01 10 100 100 0

PRESSURE (tom por sq 1) | ] ]
VIBRATED X — — — X
staig Q—— O
(BOTH SANPLES LINDISTURBED)
N
o1 N
n
¥
g N NOTE
=1 RN INITIAL WATER CONTENT W, 95 %
z \Q\ LIQUID LIMIT Wy-88 %
e )
5 NS PLASTIC LINIT Wp 58 %
z N PLASTICITY INDEX Ip 30%
o N
5 b
oz |@& \‘\
El I
) AN LOAD vs DEFORMATION
=
E DENN, s wEroow e
-
1 N
NOTE N | [ |
ACCIDENTAL EFFECT OF TORSIOMAL * A NOTE
DEFORMATION DURING APPLICATION NN VIBRATORY TEST PERFORMED ON THE VIBRATION TABLE
AT THIS ONE LOAD INCREMENT SN FREQUENCY 1080 cpm AMPLITUDE = 000! In
03 <
K ™
~ :\
5]
Y

¥

Figure 49 Pressure vs Vertical Deformaton Dynamc and Static Consohidation Test Flushing Meadow Clay

0 o1 10 100
]
PRESSURE (tom per sq H )
VIBRATED % —— ——— X
static O Q
01 K
LY
N N
o2 \ AY
1N BOTH CASES A T INCH THICK SAMPFLE WAS
m USED OF 25 INCH DIAMETER
N THE INITIAL WATER CONTENT WAS W, -572 %
N THE FINAL WATER CONTENT WAS W, 327%

03 THE CONSISTENCY CORRESPONDING TO 15 BLOWS

ON THE LIQUID LIMIT DEVICE (AT START OF TEST)

04

VERTICAL DEFORMATION (INCHES)

WYOMING BENTONITE

05 \ PRESSURE vs VERTICAL DEFORMATION
AN TEST NUMBER 526
VIERATORY TEST PERFORMED ON THE VIBRATION TABLE
& FREQUENCY 1080 cpm AMPLITUDE Q001 in
06
07

Figure 50 Pressure vs Vertical Deformation Dynamc and Static Consohdation Test, Wyoming Bentonite



STRESS (tons per sq f1)
0 1 2 a 4 5 | SYMBOLS g -
° | oal— © 10 ton: pereq 55
N X 05 tons per ;g ft E.’.‘»—-{
=E
A u F- A 025 tansprrig # — o 5
: \% e ]
. ) PIEEET) o a7 i)
R 4 =
o) f ?—‘ | = - & |
x ‘un o
W 266% | [ o @ — || \
W 266% =] 1
l ;' > £ ){“_
| /4 . o F B —
= W 263% p ]\
Z 0 A ] N
8 — {
& [
L3 AAY I
z D\ O3 Tsewd &
\
s \ [ T[] |
05 04 03 o0z ©o! O 61 o0& 03 04 05
{ VOLUME DECREASE -e—f—=— VOLUME INCREASE
20 1 f o9 A\ I B
| N N
X —— —— —— X VIBRATED 2N
o O STATIC =
o N P,
= =} ] O [—
25 [T T[T g _ e
o 218
o ¥ £ =
[+
28 X =15
— Ol e
TEST UNCONFINED COMFRESSION TEST % 07 s
o
MATERIAL RED CLAY \\ 212
COMPACTION METHOD 50 g 5TATIC LOAD =
WATER CONTENT NOTED ABOVE (DETERMINED AT S .
END OF TEST} L T N b
TEST NUMBERS 586 569 ]
DIAMETER OF SAMPLE 336 W (STATIC) 65 04 03 02 o0l O ©f o2 03 04 05
339 in (VIBRATED
( ) VOLUME DECREASE —=—f—%— VOLUME INCREASE
HEIGHT OF SAMPLE 70l
CENTRIFUGAL FORCE LE TR
FREQUENCY 1S00 rpm
Figure 51  Stress vs Strain Vibrated and Static Unconfined Compressive Figure 52 Void Ratio vs Volume Change Duning Tnaxial Tests on Sand

Strength Tests Red Clay “A” and Sand “B"



Figure 53. Photograph of Six-Bank Slow Repetitional Loading Plunger Testing Machine.
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Center Line of an Area Loaded by a Vertical and by & Honzontal Force
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Figure 64 Effect of a Constant Slow Repetitional Force on Plunger Penetration
Due to Variation in Ongmal Static Load



