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h ABSTRACT

A Laboratoxy Investigation of Vibratory Conpgction
of Dry Soils (May 1984)
 Cecil Ray Webster, B.S., Prairie View ASM University

Co-Chairman of Advisory Comnittee: Dr. Louis J. Thompson
v : Dr, Wayne A. Dumlap

w&n arid regions where water may not be available for standard
field compactionloperations, compaction of‘soils at low moisture
..... contents may be necessary. To detetmiﬁe whether thésévbohésive~and
cohesionless soils can be adequately compacted in a diy state, a
- ' labora:oiy vibratory soil compactor was built and nledjt§ conduct the
investigation, After analyzing the effects of frequehcy of vibration,
acceleration, static.weight, and moisture content oa éompaction, §
comparison of the unit weights obtained by Standard aﬁd vibratory
methods was made. AThe,test results indicate that cohésionlési scils,

if compacted dry; will yield dry densities greater than 100% Standard

compgctiont_;ggqugfg vi?fﬂf?f?,????‘C:i°“ of fine-grained and cohesive

soils proved t§ be ineffective in obtaining high unit weights. It was

also determined that the best frequegcy for compncting a roil was not a .
function of the soil alone,‘bu: of the soil and conpaétot,:ogethet. In

general the lighter compactor performed better than tixe heavier

compactor at the lower frequenciesﬂ
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PREFACE

The Department of the Army, and the Corps of Enginéers, Waterways
Experiment Sta:ién,‘in particular, is keenly interested in the study of
dry compaction. With increased tensions in North Africa and the Middle
East, the possibility of an armed conflict in that region involving"
U.S. forces is foréver increasing. The unavailability of an adequatek'
water supply sysfem, due to the arid nature of the region, could
adversely affect combat and combat support operatioas.

As a result, normal combat auppott'engineering construction opera-
tions (for example, the compactipn of subgrades for roads and aif-
fields) may have to be curtailed to accomodate this '"new" environment.
Alternatives to the conventional compactibn process must be analyzed;
drier compaction ofbthese subgrades may be necessary,

As a potential "combat engineer" and as an engineef, the author,
too, is keenly interested in dry compaction operations. As such, he
has undertaken this research to determine the feasibility and applica-
bility of this process to combat engineeriﬁg operations.

This study is also being used to fulfill the thesis research

requirements for a Master of Science degree in Civil Engineering.

Cecil R. Webster
Captain, U.S. Army
‘March, 1984
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~ che maximum dry density can be determined in the laboratory and

INTRODUCTION

Soil cumpaction is defined as the process of increasiﬁg the amount
of solids per unit volume by mechanical means (4). The ért of soil
compaction has long been recognized as an integral part in obtaining
increased suppoft from tﬁe soil., It is one of the b#sic construction.
procedures used in building subgrades and bases for roads and airport . \\\
pavements, embankments, earth-fill dams, and other sinilar structures.. N

Although prior to the 1920's no known engineering literature gave |
precise relationships between moisture conteat, uniﬁ weight, compactive
effort, and soil type (16), man has always been aware of the problems
(traffi~ability, support, seitlement, etc) which exist in areas where
there is too much or too little moisture in the soil.

Beginning iz the late 1920's, numerous research projects were
performed to analyze the effects of.different types of compactors/
rollers in compacting various types of soil and to determine the effect
of soil type, moisture content, and compactive effort om a soil's unit

weight (14,16,17,29). That research has resulted in a system whereby i

adequately achieved ir the field. This maximum dry density has a

corresponding optimum moisture content. (Following the convention used

in compaction literature, the terms demsity and unit weight will be

used interchangeably throughout this report). o , /
In many regions, especially in semi-arid and arid regioﬁa, wate

will need to be added to the soil to bring it to the optimum moistur:

Format and style to be based on "Authors Guide to the Publications of
ASCE 1983," by the American Society of Civil Engineers.
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content so the maximum dry density can be achieved. This will require

large quantities of water and pose severe problems. Generally, shallow
groundwater sources, such #s wadi alluvia, are very poor in quality and
the wells have unprovén yields (15). As a result, the economic cost of
constructing additional wells or of importing the water will be
consideraﬂie. : |

An even greater burden will be placed on.the.already under~devel~-
oped water supply system if combat operations are conducted in these
desert regions. These.combat operations will require an extensive
network of!roads, airfields, and staging areas., As such, the water
demand forécombat construction operations will be tremendous and it
must compete with the wafer demands of other forces in the theater of
operationsé(for example, troop consumpcion,.support facilities,
vehicular éperation).A A recent projectidn by the author of combat
conatiuc:ign water requirements in an arid region indicates that up to
120,000 ga%lonp (454,800 liters) of water would be required for thé
conat:ucti%n of a mile of Class A foad. This quantity represénts that
which is néeded only for compaction operations. .For dust control, soil
stabilization, and bituﬁinous treatment of these same roads, as well as
airfield construction and quarry operations, this quantity of required
waﬁer can easily increase exponentially. As a result, road construc-
tion personnel must look at alternative means of performing their
mission,

An alﬁernative is to compact the aoii dry or at moisture contents
lower than the optimum. That details the scope of this research.

Several cohesive and cohesionless soils will be compacted with a "new"
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laboratory vibratory compaction device. The effects of moisture

content, soil type, frequency of vibration, and other variables on
‘soil's unit weight will be analyzed. These test results will be
compared to data obtained with standafd laboratory compaction proce-
dures (1,6) to determine whether vibratory compaction répresents a
. means of obtaining high degrees of compaction at very low moisture

contents.
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REVIEW OF LITERATURE

Soil compaction is the process of mechanically densifying the soil,

rearranging the solid particles and briaging them into closer contact,

thereby decreasing the amount of voids in the mass. In the laboratory,

this procedure is usually accomplished by the impact of hammer blows,

vibration, static loading, or any other method or combination of

methods which does not alter the moisture content of the soil. LaboraF

tory compaction is usually an attempt to duplicate, within acceptable
mnrgins, what can be done in the field.

Altﬁough'the principles of compaction were not set forth'invwriting
until 1935, there is evidence that compaction had been used extensively
before then in numerous works (15). One of the earliest recorded
reports on mechanicAI compaction was in England. John Shotbolt was
granted a patent'ih 1619 for using various "stréhg and massy engines...
in making and repairing highways and roads;" however, his invention was
not widely accepted (26).

Purther developments in road rollers did occur after that time, but

" it was not until the latter half of the 19th century that dramatic

increases in the development and use of road rollers came into prac-
tice.

The first patent of a steam road roller was granted to M. Louii
Lemoine of France in 1859 (26). Thomas Aveling of England is credited
with the first successful road roller (16). The first steam road
rollers used in the United States were built in England by Aveling and
they were purchased by the cities of New York and Brooklyn in 1869

(26).

. . v . o \ - . . ~ . .
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3 Long before this period, however, animals had been used as a

! ) rompaction tool. It is difficult to date their first usé. Eveﬁ with ‘

»S the dramatic increases in the development and technologf of roud "
: rollers in the 19th century, the use of animals as compactors was still /,i‘
a - an gcceptable alternative. As late as 1893, goats were used in Sante

§ Fe, New Mexico to compact part of a water supply dam (12,14). Not only N
; have goats been used as compnctors,.but cattle and sheep have beeﬁ used

E as well., It is said that tﬁe first sheepsfoot roller owes its origin

§ to a flock of sheép (16).

g Development of the FdndameACaln of Compaction

3 Largely dué to the work of R. R. Proctor, the prinéiples of'cémpac-

3 tion were detailed in 1933 (23). He determined that there were several

! factors which influenced the degree of compaction. The factors of ' /’
5 major significance are moisture content, compactive effort and soil ’
i type. , | - ‘ .
3 Proctor's work was based omn laboratory compaction tests on more : :
S than 200 different soils (23). These soils wete.compacted.in ﬁhat is
% known today as the Proctor mold, a cylindrical mold fdﬁf_iqches (101.6 e

mm) in internal diameter and 4.58 inches (116.33 cm) im height which

has a volume of 1/30 cubic feet (1/1071 cubic meters).

Jelalels

Following'che publication of Proctor's report, numerous other
studies were conducted to further expand on these principles. These
additional studies ﬁere performed on soils in different size molds and
at different compactive efforts (16). Proctor's work was validated.

As a result of this work, a standardized test procedure was adopted

' 3% ‘.'.“".'.‘ MRS IS AN N AR R ¥ SO
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by the Committee on Materials of the American Association of State
Highway Officials (AASHO, now AASHTO) and by Committee D~18 on Soils
for Engineering Purposes of the American Society for Testingvand
Materials (ASTM). The AASHTO‘progedure, design#ted as T-99, was
adopted in 1938 (16) while the ASTM procedure, designated as D-698, was
adopted in 1942 (25). These tests employed'a.compactiVeveffort of
approximately 12,300 foot-1bs per cubic foot (600,000 newton-meters per
cubicAﬁeCer) of soil. A 5.5 lb (2.49 kilograms) hammer with a drop
height of 12 inches (304.8 mm) was employed as the tamping force, the
soil was compacted in three equal layers in the Proctor wold, and the
hammer was dropped a total of 25 times per soil layer. |
During World War II and later, it was found.that these tests
provided inadequate compaction standards for airfield conmstruction due
' to the increased wheel loads of the newer aircraft. For this reason
the compaétive efforts were increased. The 5.5 1b (2.49 kilograms)
hammer was replaced by a 10-1b hammer (4.53 kiiograms), the drop heigh;
was increased to 18 inches (457.2 mm), and the soil was compacted in
five layers instead of three. This resulted in an approximate compac-
7t§7g>gffort of 56,000 foot-lbs per cubic foot (27 x 105 newton-
meters per cubic meter) of soil. The AALHTO T-99 test was modified and
the newer test was designated as T-180 and the modified ASTM test was
designated as D~1557 (2,6). These tests remain essentially unchanged
- today. However, the T-99 and the D-698 stiill remain as the standard

tests and the others are called modified Proctor tests.

- Influential Factors on Unit Weight

As indicated earlier, a direct relationship was established between

. o e .
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the moisture content, compactive effort, and the unit weight.

Proctor's original findings are restated beiow.

Influence of Moisture Content. To determine the influence of

meisture content on a soil, Proctor Compaéted numerous samples of the
same soil at varying moisture éontents, while maintaining a constant

compactive effort. When compacted at low moisture coatents, the soil
was a "hard and firm fill having practically no plasticity (23)". By
slightly inéréasiﬁg the moisture coateant of the soil and recompacting

it, a greater density was obtained. As this process‘was further

investigated by steadily increasing the moisture content and compacting

the soil, he found that the density increased to a peak or "maximuw
density" value and it then began to decrease (See Figure 1).
The maximum density, usually expressed in terms of dry density,

has a corresponding "optimum moisture content (OMC)"--that moisture
g P g P

content which yields the maximum dry density (MDD). A plot of moisture

content versué dry density is usually referred to as the "Proctor
curve" or the "lab compaction curve".

-1f it éefe possible to completely £ill all the air voids in the
soil with water, even higher densities could be obtained. This is
represented by the theoretical "zero air voids cu?ve" or the "line of
saturation",

Influen-e of Compactive Effort. Compactive effort (CE) is the

amount of energy utilized to compact the soil. It is expressed in
foot-1bs per cubic foot or newton-meters per cubic meter of soil and is

determined as

CE=WxHXDXL/V . vt vivvueenoennos o)
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where W = the weight of the rammer used, lbs (newtons)
H = the height of drop of the rammer, ft (meters)
D = the number of blows per layer of soil

L

the number of layers compacted

v

the volume of the mold, ft? (@3) (27).

To deterﬁine the effect of compactive effort om a particular soil,
Proctor; while maintaining all other variables qbnstan:,‘increased the
compactive effort for each compaction test. . He found that as the
compactive effort was increased, higher maximum dry densities were
obtained and the optimum moisture content decreased (See Figure 2}).
The line coannecting the peaks of the cuives is a straight iine:ronghly

parallel to the zero air voids curve.

influence of Soil Type. A third important fgctot vhich greatly

influences the degree of compaction is soil type. The values of maxi-
mum dry density and optimum moisture content, obtained as & result of
the compaction of several different soils at a constant conpactivé
effort, differ over a ;ide range. Fbr example, when g clayey soil of
volcanic origin is compacted under a standard compactive effort. (AASHTO
T-99), maximum unit weights as low as 6C pcf (9.54 kN/m3) may be
obtained (16). A "heavy textured" ~layv compacted under the same
compactive effort may have a maximum dry density of 90 to 100 pcf
(14.31 to 15.9 kN/m3) (16). A sandy soil, Soil 1 of Figure 3, may
have & maximum density in excess of 120 pef (19.08 kN/m3) (16). And
of course, the optimum‘moistute éontents may differ as well.

These varying maximum dry densities are dependent oﬁ the shape of

the soil grains, their size distribution, specific gravity and
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affect the unit weight. The uniformity of moisture within the soil and
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plasticity (16).

It is also evident from‘observing the curves of Figure 3 that the
ﬁoisture content is less critical for some soils than it is for others.
For example, Soi) 4 (CH) may be compacted through a relatively wide
range of moisture contents below optimum with comparatively small
changes in dry densitf, while a slight change in moistuie above optimum
for a well-graded loam, Soil 3 (ML), would have a significant change in
dry density. Soil 2 represents an SC.

Other Factors Which Influence Unit Weight. Other factors have

been found to have an effect on a soil's unit weight (ld). Temperature
is one of those factors. Increasing the temperature of certain fine-
grained soils from near freezing to 75°F (297°K) or more may increase
the unit weight by three or more pounds per cubic foot (0.477 kN/m3).

The manner or degree of remolding clayey soils has also been found to

the time period between wetting, mixing and compaction also influences

unit weight. These anc other factors, however, are usually of minor

significance,

Developments in Field Compacticn

After the standardized laboratory compaction procedures were
adopted in 1938 by the AASHTO, intensified efforts were directed
towards obtaining the maximum dry density in the field to match that
obtained in the laberatory.

Some of the earliest tests were conducted in Indiana and Ohieo in

1938 (16) to determine the effectiveness of a smooth-wheel type roller
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in satisfying the "specificatioh requirements of dry umit weight and

moisture content based on the then newly standarized compaction test
(16)".  These tests were performed on a silty clay soil using a 10 ton

(9070 kg) roller. In each case study the field moisture content varied

from two percent below OMC to four perceat above OMC. The maximum dry

density tased on the laboratory compaction test was obtained; however,
the number of roller passes required to achieve this density varied
vith the thickness of the lift,

Most of the 6ther tests were conducted during the late 1940's and

1 1950's (16,21).

3ince it was not possible to obtain that single MDD ﬁnd oMe
economically, a range of_moisﬁure contents and dry densities was estab-
lished as acceptable. The range of moisture content is usually OMC +
Zi'andiﬁhe range of dry density is usually based on the type of soil
involved (3). For cohesive soils, the range is usually from 90Z to 952
of the laboratory maximum dry density and for cohesionless soil, the
range is usually from 952 to 1002 of the laboratory maxiﬁun ary
density. These ranges of moiature content and dry density establish
what is commonly referred to as the "specification block" (See Figure
4). The specification block may be altered based on previous engine-
Ering experience with the soil.

It was determined that the same three factors which influenced
laboratory compaction tests greatly influenced fieid compaction. Of
those three fa;:orl, only the field compactive effort produces
problems. This field compactive effort is primarily influenced by the

number of roller passes involved, the contact pressure between the
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‘roller and the soil, and the frequency of vibrati;n, if sany (16).

Because of these many different variables, calculations of this compac-
tive effort is difficult, although es:imatés may be made (27)..
To analyze the effectiveness of various compactors in compacticy a
particular soil, relative compaétion is often used; that is, as
compared to the iabora:oty compaction test results, whi: percentage of
compaction has been achieved. This relative compaction is usually
based on a specific number of roller passes. For exaiple, data
extracted from a Corps of Engineers study (16) indicates that a silty r;‘
clay compacted by a shéepsfooc-type roller at varying contact pres-
sures, but after a specific number of roller passes, had its relative
compaction decrease from 101.9% to 101.4% as the contact pressure went
from 250 psi (1722.5 kPa) to 750 psi (5167.5 kPa) (See Table 1). The
table also indicates that when this same soil was compacted with a
poeumatic~tired rolle? under varying wheel loads and tire inflation
pressures, the relative compaction increased from 99.6% to 108.5Z.
Other noteworthy tasts have been conducted by the Btitish Road fi\u

Research Laboratory (16). In one of their studies, four types of seoil

were compacted by various rollers (See Table 2).
From these and other similar tests, a suitable conpacfot can be ;/
selecﬁed based on a soil's properties and its classification (3,22). e
Table 3 represents a typical correlation which was developed by the
Corps of Engineers (3). From Table 3 it can be observed that vibratory
compactors are not recommended for socils with appreciable amounts of
fines, that is, soils which contain more than 12% fines. However, more

recent research indicates that vibratory compaction can be used for

e
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these fine-grained soils, as well (8,18,20,29.33);
A test strip is usually employed to determinc which of the avail-

able recommended compactors is best suited for the needs of the project

(16).

Irregularly Shaped Compaction Curves

Proctor's research alludes that each s0il has a single maximum dry
density and optimum moisture content. According to his diagram (Figure
1, p. 8), on either side of this MDD and OMC, the dry density decreases
as the moisture content is increased or decreased. This dry demsity
decreases to a limiting value. Other research, however, has found that
some soils have irregularly shaped compaction curves; that is, they may
Yave more than one peak value of dry demsity or they may haverno

distinguishable peak at all (7,9,11,19). | |

A study by Suedkamp and Lee_(19) on numerous aoilysamples found
that four distinct types of compaction curves éxiat-a single~peak
;onpnccion curve (Figure 1, p. 8), a one and one-half peak coméac:ion_
curve (Figure 5), a double-pezk compaction curve (Figure 6), and a |

_eurve with no distinct peak or an oddly shaped compaction curve (Figure
7). They found that soils with liquid limits between 30 and 70 usually
yield the typical single-peak compaction curvé, while soils with liquid
limits outside of this range usually yield the irregularly shaped
compaction curves. In soils with liquid limits greater tham 70, both
double-peak and oddly shaped compaction curves were found, whereas both
double~peak and one and one-half peak compaction curves were found for

soils with liquid limits less than 30. Suedkimp and Lee also found
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that the quantity and type of clay minerals present in a soil had an
important effect on the resulting compaction curve. Soils with the ome
and one-half peak compaction curve usually contained illite or ﬁont-
morillonite along with large quantities of sand, and ioils uithldouble-
peak curves contained a small perceatage of kaolinite and a dominant
percentage of sand. Additionally, they state that soils with more than
50% montmorillonite usually had cddly-shaped compaction curves. Their
results were based on more than 700 compaction tests involving more
than 30 different ﬁypes of soil.

Field investigation and verification of the findings of Leé and
Suédkamp have been conducted (7,9,11).

This research of irregularly shaped compaction curves indicates
that a high dry density for a soil may be obtained at a moisture
content other than the usual OMC. This can be very important in areas

where adequate quantities of water for compaction are not available.

Compaction Methods in Arid Regions

As indicated earlier, vibrétory compaction is most effectivs on
cohesionless soils, although it has been found to be an adequate mcans™ = =~ ——
of compacting cohesive soils. It has also been mentioned that adequate
dry densities may be obtained at moisture conﬁents dry of the optimum
~moisture content. Putting these two facts together, it is not surpris-
ing that quite a bit of research has been conducted on vibratory
compaction in desert or arid regions. However, a discussion of arid

regions, in general, is in order to dispel the concept of a desert

being all dry and sandy before research into the compaction methods in
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arid regions is presented.

Terrain Composition in Arid Regions. An arid regiom or desert is

defined as an area where evaporation exceeds all types of precipitation
(including rain, snow, and dewfall). Approximately one-third of the
world's laﬁd surface is characterized #s arid (32). Large areas of
Iraq, Iran, Egypt, and other area#vof northern Africa and the Middle
East consist of this type of :értain, as well as varioui portion? of
the North American and Asian continents. These areas generally average
less than ten inches of rainfall per year and the evaporation may be in
excess of 80 inches. The temperature frequently exceeds 100°F (310.89K)
(10).

ter many years of studying these enviromments, Fookes developed
a geomorphological division of desert terrain features (10), As shown
in Figure 8, Fookes divided the region into four zones. Zone I con-
sists of the mountain slopes; Zone II, the apron fan; Zone III, the
alluvial plain; and Zone IV, the base plain., The engineering charac-

teristics of each zone, as described by Fookes, are presented below:

Zone I. The soil in this region generally consists of poorly
sorted mediam angular gravel (GP soil classification by USCS) to
very large boulders. Gravitation is the principal mechanism of

soil deposition in this area.

Zone II. This area consists primarily of mixtures of angular to
sub-angular sands and gravels, with some inclusion of cobble¢ and
boulders. This soil is principally deposited as a result of

intermittent sheet and stream flow during flash flooding.
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Mountain cunyon

fan head deposits overlving
the rock pediment

Fan
Intermittent wartercourse

Adgvancing dunes
1]

i
k)
Young fAncient rocks
!

Unconformity

Desert deposi's .
Salt fiats

Figure 8. Block Diagram of Hot Desert Mountain and
Plain Terrain Showing the Four Engineering
Zones. (Reference 10)
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Zone III. The soils in this zone are predominantly composéd of
silt, sand and gravel. Small amounts of clay and evaporite
minerals may also be present. Additionally, the zone may coantain

local areas of stationary and/or mobile sand dunes and loess.

Zone IV, This is usually the largest area of the four zones.
Séils consist of clays, silts, and sands which have been trans-
ported primarily by wind. The zone tends to be irregular in shape
and ity margins are constantly changing. Consequently, this zone

presents the most engineering problems.

A typical set of geotechnical properties for a desert in Iran is shown
in Table &4 (10). a

From this and other data, it is obvious that a desert is not all
sand. Nor is it all dry. Figure 9 is a soil moisture profilg of a
highly plastic clay (CH) soil typical of south Iraq and eouthwest Iranm
(13). Another soil moisture profile is contained in Figure 10 (9).
This material is a "black silty clay" (which Ellis classifies as MH],
B found pear Kosti, Sudan in northern Africa.

In comparison, Figure 1l represents a soil moisture profile
"beneath two heavily trafficked desert roads in Libya (15)".| This
iubgrade was composed of a cohesionless material with obviously much
less water-holding capacity than the clays mentioned above.

Therefore, soil in a desert or arid region is not necessarily void
of moisture. Dapending upon the type of soil and the depth of inter-

est, the moisture content can vary from practically zero percent to
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over 20 percent. These natural moisture contents are most likely to be

dry of the optimum moisture content, however.

Procedures for Compaction of Dry Soils, Since the natural mois-

ture content of desett_soils are usualiy dry of optimum, dry compac-
tion has received increased emphasis in arid regions,
Ellis studied the comp;ction of a "bl#ckvsilty clay .... [which
was] classified as MH" for use on a road embankment énd subgrage (9).
Six trial sections of 100 meters (328 ft) each were compacted in six
equal layers of 200 mm (7.87 in.) compacted thickness. 'The only vari-
ables investigated were moisture content and the tyﬁé of roller. Mois-
ture concehc, which wasAcoﬁtrolled by selective excavation from the
borrow area, varied from 7-11Z, 11-14%Z, and greate? than 14%. The
optimum moisture content was 29.5%. The rollers used were a 10 ton
(9070 kg) self-propelled vibratory roller and an 8 ton (7256 kg)
pneumatic~tired rollet; which when fully ballasted, operated at nearly
20 tons (18140 kg). |
Ellis found that the difference in performance between the pneu-~
matic and vibrating rollers was negligible. He found that the field
dry density values ranged from 94Z to 1052 of the British Standards
compaction test, which compares to the AASHTO or ASTM Standard compac-
tion test. As for the road test seétion, Ellis made the following
observations one and one~halfl years after completion of the test
section:
"Analysis of the cross-section levels suggests that
there has been negligible differential settlement
since completion of construction and there is no
deterioration of the road shape which can be attri-

buted to any effect of dry compaction procedures
adopted during construction”,

o
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Fufthetmore, Ellis states tﬁat the "dfy densities [obtained as a result
of dry compaction] are likely to be lower than those to be expected at
-optimum conditions, but possiﬁlylhigher than those often achieved in
“practice". |

A laboratory séudy of dry compéction on a uniformly graded sand
(sp) was conducted by Forsblad (11). He found that in comparison with
the standard cémpactioﬁ-procedurés, dry compaction gave the highest
deﬁéity, both at the surface and at depth. A follow-up field study
enabled him to further conclude that for a sandy soil, the most effec-
Vtive compaction was achieved when the moisture content of the soil was
less than 1.5 percent.

Results similar to the two mentioned above have also been reported

by others (7,9,11,18,30):

Vibratory Compaction. In a report on the compaction of dry soils,

Thompson and Dunlap recommended a vibratory type compactor for use on
both cohesive énd cohesionless soils (30). Based on various results
reported by others, thef‘conclude that coarse material can best be
compacted dry with a heévy'smooth-wheel roller with a tuneableb
frequency. For dry loose>sands and silts, a light vibrating roller is
recommended initially; comp#ction should then be followed by a heavy
vibrating roller to achieve deeper compaction. In the case of shales
-and clays.;ﬁ low natural moisture contents (10%-12%), they recommend a
heavy low f;e;;ency vibrgting sheepsfoot roller.

An experimental study by Converse indicates that cohesive material
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can be effectively compacted by low frequency vibrations (less than 25

Hertz) (8). He lists four basic principles involved in the compaction

of cohesive soils:

1. The dead weight unit soil pressure should be adequate for the
type of soil being compacted. For a sandy-loam or a clay-loam so0il, he
recommeads a pressure of 6 psi (41.34 kPa) to 12 psi (82.68 kPa),

2. Tha frequency of the applied dynamic force should be such that
the oscilla;or-sbil mass is in resonance,

3. The dynamic force should be approximately equal to the dead
veight of the oscillator, and

4. The moisture content should be on the wet side of the optimum

obtained in the laboratory compactioﬁ tests,

Other research on vibratory compaction presents some interesting
results, Lewis reports that the change in frequency of vibration was
only of significance for granular soils (20). He says that “with
cohesive soils, varying the frequency over thé full range [of the
roller teQCed, 1800-2950 cycles per minute for either gﬁ§:§!§NFQE,,M
3401 kg) towed or tandem vibrating roller] .... affected the dry
density by only about 1-2 pcf (0.159-0.318 kN/m3)". No investigation
was carried out at frequencies below 1800 cycles per minute and no
explanation was offered as to why not. He indicates that the best
results, in terms of dry density, were obtained at frequencies of

22002400 cycles per minute for the four soils analyzed (a heavy clay, a

sandy clay, a well-graded sand, and a gravel-sand-clay).
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Mechanism of Vibratory Compaction’

[y T DA W T T S,

Since vibratory compaction methods are often édvised for dry
compaction, any discussion of vibratory compaction would be incomplete
if it failed to at least mention the fundamental principles underlying
the mechaniecs of vibratory compaction. An excellent source of informa-
tion on this topic is a paper by-Selig and Yoo (28) which is briefly
discussed below. ' | |

According to Selig and Yoo:

"Compaction with vibratory rollers is probably the least under-

. stood of all methods. Uncertainty and contradictory opinions
exist concerning what frequency should be used for a given
material, whether light or heavy drums are better, the importance
of roller travel speed, the significance of resonance, the
relative contribution of the static machine weight and dynamic
force, and in fact, even why vibration works".

They attribute this misunderstanding to research focusing "on either
the machine or the soil, but not both, in spite of the fact th#t it is
the combined characteristics of the machine and the soil which deter-
mine the amount of compaction".

Of the four often mentioned explanations as to why compaction
works (particle vibration, impact, strength reduction, and cyclic
straining), they discount all of them except cyclic straining. To
demonstrate its effect, they conducted numerous laboratory and field
tests.

Theif results indicated that the superposition of oscillation to
the static weight of a compactor significantly increased the amount of

compaction as compared to that achieved by a comparable compactor




36

without oscillations. The} conclude that the total compaction achieved
represented two modes of compaction:  one component which was‘due to .
the static weiéh; of the compactor, and another component which was due
to the dynamic effects of ;he compactof; Figure 12 is an overview of
those two cémponents and their effects on compaction.

Further tesearcﬁ by Selig and Yoo into the dynamic component
effects led to a discussion of the roll vertical displacement of a‘
compactor. They analyzed the parameters affecting the roll vertical
displacgment; those results are presented in Figure 13, The'genetated

(dynamic) force indicated in Figure 13 is due to the frequency of

‘vibration. A plot of vibration frequency versus roll vertical -

displacement (Figure 14) depicts che“resonant frequency of the
compactor=-soil system. The ?gsonant frequency is defined as that
frequency which produces a maximum amplitude of motion. They deﬁer~
mined that this frequency is affected by the ptopertieé of both the
soil ;nd the machine. |

The advantage of operation of the compactor at the resonant v

frequency is increased efficiency of energy utilization and possibly AN

_ increased productivity in terms cf compacted unit weight. Figure 15 is A

a plot of vibration frequency versus drv density for a heavy clay which
they éompacted; as indicated by ﬁhe figure, the best compaction was
obtained with the heaviest roller at a frequency of 1500 rpm.

In their summary, Selig and Yoo indicated that an increase in
frequency above the resonant frequency may produce Q decrease in

compaction. This is due to a decrease in the roll vertical displace=-

ment (Figure 14). However, this decrease in compaction may be partially
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compensated for by an increase in oscillation per unit of travel

- diltancé. Likewise, when compacting at frequencies below resonance, an
increase in frequency will also increase compaction because both the
roll vertical displacement and the oscillacions per unit of travel will

have been increased.

Sumnngz

Cumulatively, the results discussed above indicate that dry
compaétion of some soils will yield dry densities equivalent to or
greater than the dry densitiés obtained as a result of the standard
compaction method. This is a very important compaction alternative for
engineers faced with compaction operations in arid regiéns where water
is economically unavailable. Additionally, the literﬁture review indi-
cates that vibratory compaction works well for cohesionless soils and
yields acceptable results for cohesive‘soill.

The above statements serve as the reason for conducﬁing a labora-
tory investigation of vibratory compaction of dry soils. 'The results
of this method of compaction should give an indication as to whether

- field compaction of dry soils will yield acceptable dfy densities and
it should also indicata under what conditions must the soil be
compacted (frequency, moisture content, static weight)} Such a method

would have obvious finmancial and tactical advantages.
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DESCRIPTION OF VIBRATORY SOIL COMPACTOR

The only'laboiatory vibratory soil compactor which is standardized

is used to obtain the relative density of sands according to ASTM

S-S At BT 4 0.8 8 5 NS, -

* Standard D 2049-69 (31). However, it cannot be used to determine the
. » best frequency of compaction for a soil since it does not allow for

frequency variation and it (onsists of a vibrating table, not a

e e s

vibrating compactor. Thus a laboratory vibratory soil compactor was

designed based on a model presented by Thompson and Dumlap (30).
. This codpacﬁot consists of two counter-rotating synchtoqized disks
mounted on bevel gears, all enclosed in an aluminum casing. iThe gears

|

are driven by a variable speed fractional horsepower electtié motor. A

. ST e’ e SN Ml BB e ®

solid shaft extends from the bottom of the compactor 8o that£

interchangeable feet may be attached to it (Figure 16). 'l

|
The compactor has been specially designed so that four Yntiables

may be controlled and thus analyzed. These variables ate'ftéquency of
vibration, static weight, eccentric moment (dynamic weight), land foot
size. oo '

The motor is a one~half horsepower universal (AC-DC) eléctric
motor vi;h a maximum frequency of 10,000 rpm; It is operated with the
aid of a variable speed coﬁtroller which allows motor frequéncy fanges

of 500 rpm to 7,000 rpm and at maximum frequency.

The counter-rotating disks are set with thread wells so that

PR M 8RS M WIS B S Sn B AP L S W S . .

various combinations of eccentric weights and lever arm lengths may be
analyzed. Two types of disks have been developed - a disk with spiral
. threads placed along its flat side and a disk with radial threads

. placed zlong the width of the disk (Figure 17).

B > > > o PG, - - o
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Figure 16. Details of the Laboratory Vibratory Compactor.
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Three different attachable feet have‘also Seen fabricated - two
flat circular feet of five and two inch (127 mm and 50.8 mm) diamete;s
and a one inch (25.4 mm) semi-circular foot (Figure 18). A five inch
(127 mm) extension has been constructed to extend the length of the
shaft from the basé of the compactor to the foot so that additional
static weights can be added along that shaft.

The static weight of the compactor, excluding the attachable

static weights and speed controller is 17.8 pounds (8.07 kg).
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Top View

l Side View

a. Circular Foot

@ Top View

:}!-ﬂ

,_._____.

— ] O

Front View Side
View
Scale:
b. Semi~circular Foot 1" = 2-1/4" (Appx)
(1" = 25.4 mm)

Figure 18. Attachable Feet for the Vibratory Compactor.
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EXPERIMENT DESIGN

The effectiveness of the vibratory soil compactor will be evalu-
ated by comparing compaction data obtained from vibratory methods to

results obtained using the standard Proctor compaction test.

Description of the Soil

Three soil Qamples have been selected for evaluation ~ one séndyv
soil, one clayey soil and ome silty soil. These soils vere selected
because of their similarity to desert soils.

,§2il_£' Soil Classification - SP.‘ This fine, uniformly graded
beach sand is light brown colored with 80 percent of its grain sizes
between 0.4 mm (#40 sieve) and 0.17 mm (#100 sieve) (Figure 19).

Soil 2. Soil Classification - ML, This brown, poorly graded
soil, which was procured from WES, has a silt content ofuapproximately
55 percent, based on a washed sieve inalysis (Figure 20).

Soil 3. Soil Classification - CL. This whitish colored clay soil
has a liquid limit of 45 percent and a plastic limit of 28 pefcent

(Figure 21).

Description of the Test Procedures

Soil Preparation. Soil preparation is to be performed in accor-

dance with the procedures outlined in Reference 4.

Standard Compaction Method. The standard Proctor compaction

method, as outlined in Reference 1, Method A, will be followed.

Vibratory Compaction Method. Each soil will be compacted in one

layer, under controlled conditions, so that the four variables under
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layer, under controlied conditions, so that fhe four variables under
:oﬁsideration may be aznalyzed. Each soil will be placed loose in a CBR
mold by allowing it to flow freely from a scoop held at fhe top of the
wold collar. The mold will have the two inch spacer inserted on top of
the perforated base plate. An appropriate compaction time for each
test will be determined and then maintained constant. The éompactor
will be moved inside the mold during the compaction process to ensure
that the compactive effort is evenly distributed over the emtire coil
surface area. The compactor frequency will be set before the compactor
is placed on the soil, The soil will be.compacted with the mold
sittiﬁg on a concrete floor. After compaction, the mold collar will be
removed and the soil sample will be trimmed flush with thé top of the
mold for determination of total unit Qeigh:; The moisture content will
also be taken so that the dry density can be calculated.

During the testiﬁg of éaéh compactor parameter and i:; effect on
compaction, only theAparameCer under investigation wi11 be varied. For
example, while testing for the effects of ﬁooc size on compaction, only
the foot size will be allowed to vary, while the frequency, gtatic
weight, and soil moisture content will remain constant. Feur combina-
tions of foot size and shape will be investigated. Frequency ranges of
500 rpm to 3000 rpm and static weights of 18 1bs (8.17 kg) to 42 lbs
(19.05 kg) will also be analyzed. Additionally, soil moisture contents

dry of optimum will be aﬁalyzed.
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DISCUSSION OF RESULTS

Data obtained as a résult of compacting each soil, using both

Standard Proctor and Vibration methods are presented below.

Standard Proctor Compaction Results.

Soil 1 (SP).. The unifotmly'graded.sand_exhibits the one and omne-
half peak curve (Figare 22) discussed‘earliér. A maximum dry density
of 107.5 pef (17.09 kN/m3) was obtained at a moisture content of
approximately zero petcent.. The minimum dry density,.101.5 pef (16.14
kN/m3), was obtained at moisture contents of two to three percent.
Beyond this minimvm dry density:as thé moistyre content was increased
up to its limiting moisture content of 10X (the point at which water
was forced from the soil due Eo the compaction process), the dry
density increased to a maximum value of approximately 105 .pef (16.70
kN/m3). At higher moisture contents dry densitiés were erratic.

Therefore, impact compaction of this sand yields a maximum dry density

tear zero moisture content, These results were not unexpected for this

type of material.

Soil 2 (ML). The optimum moisture content for this silty soil is
13.5 percent with a maximum dry density of 113.0 pcf (17.97 kN/m3)
(Figure 23). This soil also exhibits a one and one-half peak compact-
ion curve. However, unlike the sand, its half-peak dry density of
103.0 pef (16.38‘kN/m3) is much less than its maximum dry density at
optimum moisture content. This nonplastic soil conformé to the
compaction curve concepts presented by Leé and Suedkamé.(19). As with

the sand, the minimum dry density was obtained at moisture contents of
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two to three percent, .

Soil 3 (CL). This clayey soil exhibits a double-peak compaction
curve (Figure 24). It has & maximum dry density of 104.5 pcf (16.62
kN/m3) at a wmoisture content of 192 and another high dry dehsity of
103;0 pef (16.38 kN/m3) at 7% moisture content. With a liquid limit
of 45%, this CL material does not conform to compaction curve concepts
presented by Lee and Suedkamp (19).

During compaction éf both the ML aund CL at high m;isture contents,
the impact of the rammer left holes in the trimmed sample up to one-~
half inch in depth, These holes were refilled by hand before the unit
weight was determined. Compaction bf all samples at low moisture
contents caused some 80il to be ejected from the mold each time the

rammer dropped. This sbil was also replaced.

Vibratory Compaction Results

Except for the moisture content variationm teats, each soil was
compacted in an air-dried state. This resulted in moisture contents of
0.2Z, 1.2Z, and 4.2% for the beach sand, silt, and clay soils, respec-

tively.

Standardization of Compaction Time, To determine a constant time

of compaction for each test, several soil samples were compacted and
the amount of time required to achieve one-half inch of settlement for
various frequencies was recorded.

The beach sand turned out to be the controlling soil since it took
the longest time to yield the desired amount of settlement. The

results of the test are'presented in Figure 25. Most of the compaction
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occurred within the first 20 seconds of applicatioh of the vibratory

‘compactor for frequencies greater than 2000 revolutions per minute.

For smaller frequencies, no coqpaction time would yield the desired
amount of settlement. Based on the test results, a compaéfion time of
30 seconds would seem practical. However, ASTM recommends eigh minutest
of vibration at 60 Hertz (3600 cycles per minute) for maximum demsity
tests on granular soils and Mehdiratta and Triandafilidis recommend
two minutes of vibratién at various frequencies depeﬁding on the soil
being compacted (31). Since most of the compaétion tests were to be
conducted with a large eccentric weight, 0.2 pounds (90.72 g), a
'conpactibn time of 60 seconds was selected as a reasonable compromise.
fhis time also allows for maximum contr01 of‘the'distribution of the
compactive effort throughout the soil, while minimizing the operation

and wear on the compactor,

Analysis of Foot Size and Shape Effects

Selection of Variables. In addition to a compaction time of one

~ minute and the use of large eccentric weights, the static weight of the

compactor was arbitrarily set at 42 lbs (19.05 kg), the iaximum
possible weight. A|frequency of 1525 rpm was selected since it yields
a dynamic force of approximately 42 1lbs (19.05 kg), thus balancing the
static and dynacic forces as suggested by Converse (8).

Compaétion Resulits. The data obtained from the analysis of foot

size/shape effects on| the compaction of each of the soil samples are

contained in Figure 26. The results are porctéyed in terms of the

contact area of the compactor foot, but for the long semi-circular foot
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the contact area is aétually unkaown since it depends on the depth of
embedment of the foot. In Figure 26, the contact area for this foot is
shovp assuming complete embedment., Note that the curves are not drawn
through the points for this foot since its location may be in error.

As indicated by the figure, changing the size of the circular foot
had no significant effect on the degree of coﬁpcction of the beach sand
or clay soii. For the variiblel tested the dry unit weights obtained
for the beach sand were spproximately 103.5 pcf (16.46 kN/m3), and
for the clay, 90.5 pef (14.39 kN/mw3). The dry silty soil compacted
best with a 5 inch (127 mm) diameter foot for a dry density of 103.0 pcf
(16.3§’k8/m3). The low dry density for the silt, 98.5 pcf (15.66
kN/m3), was obtained with both the 2 inch (50.8 mm) and the 6 inch
(152.4 mm) diameter £00£. The semi-circular foot produced the highest
degree of compaction in the sand, the lowest compaction in‘the clay and
had an intermediate effect in the silt.

As with all the tests on the aiity and clayey soils, during the

"initial stages of compaction, the static compactor weight exceeded the

soil's bearing c'apacity and the operator was reqﬁred to gradually
allow the compactor's wéightrto be transferred to-the soil as the -
degree of soil compaction increased.

Discussion. In comparison to the maximum dry unit weights
obtained using the Standard compaction test (Figure 22,23,24, pp. 53,
54,56), only the semi~circular foot yielded comparable unit weights for

the dry beach sand. Compaction with any of the other feet tested
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yielded dry unit weights approximately equal to those of the Standard
compacted soil at its limiting moisture cénten: (p. 52). Thecefore, it
appears that compaction of the dry sand using vibratory methods will
yield, a dry density equal to or greater than that obtained at the
limiting moisture content using Standard compaction methods.

In.contrast, for tﬁe silty and clayey soils, none of the feet
tested yieldéd dry ﬁni: weights close to those obtained with the
Standard compactioﬁ method.

Overall, espécially for the beach sand and clay soils, the results
tend to suggest that for the circulai feet an increase ip the contact
area (and a decrease in the pressure exerted on the s0il) has little
effect on the compaction of the soil. However, this is not totally
correct since the soil is more confined and less disturbed as the

contact area increases. The data for this test yield inconclusive
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results as to which foot is best for compaction purposes. Since a foot

must be selected in order to test the other variablés, the 5 inch

(127 mm) diaméter foot was selected because it minimally disturbs the
soil without totally confining it. The long semi-circular foot was
also used for some of thes tests on the beach sand since iﬁ yielded the

highest dry density for that soil.

Analysis of Frequency Effacts

Selection of Variables. Initially, a compactor static weight of

42 1bs (19.07 kg) with an eccentric weight of 0.2 1bs (90.7 g) and an
eccentricity of 1.5625 (39.68 mm) inches was selected. Both the long

semi-circular foot and the 5 inch (127 mm) diameter foot were used to
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compacf the sand, while oaly the latter was used to compact the silty
and clayey soils. Subsequently, the compactor static weight was varied
from 18 1lbs (8.17 kg) to 42 lbs (19.07 kg) and the frequency effects at

those static weights were evaluated as well.

.COmpaction Rééults. The results of the frequency tests on the
sand a?e presented in Figure 27. As can be observed from the figure,
for both feet tested, as the frequency increased, so did the dry uni;
weight. In contrast to the previous results, it appeared to make
little difference which foot was used. Dry unit weights in excess of
110 pef (17.49 kN/m3) were obtained at frequencies greater tham 2500
cycles per nin?te. The sandy soil was also compacted using the
long sehi~circular;foo: with a static weight of 18 1bs (8.17 kg). A
comparison of the 18 1b (8.17 kg) and 42 1b (19.07 kg) static weight
results are shown in Fiéure 28. In contrast to the results obtained
with‘the 42 1b (19.07 kg) static weight, the dry dgnnity reached a
maximum of approximately 107.0 pcf (17.01 kN/m3) at 1000 rpm; any
further increase in ftequepcy beyond this point had no effect on

compaction,

The beach sand-was again compacted with the 5 inch (127 mm)—— -

diameter foét at additional vibrator static weights of 18 1b (8.17 kg),
20 1b (9.08 kg) and 29 1b (13.17 kg). The test results are shown in
Figure 29. These results indicate that the dry densities obtained with
an 18 1b (8.17 kg) and 20 1b (9.08 kg) vibrator reach a peak at
frequencies of approximately 2300 rpm. Fot.a static weight of 29 1b

(13.17 kg), the dry unit weight versus frequency curve is nearly
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identical to that obtained vitﬁ the 42 1b (19.07 kg) vibrator static
weight. /In both cases the dry density increases with increasing fre-.
quency, but & peak or optimum frequency was not reached. These curves
;l;o indicate how much compac;ion is‘attributed to static weight alome.
The loose dry unit weight fcr this soil waas 97.2 pet (15.45 WN/m3).
Static weight compaction producéd 0.5 to 1.0 péf (0.0795 to 0.159
kN/m3) increases in unit weight. 4

The results of the frequency tests on the silty and clayey soils
are presented in Figures 30 and 31, respectively. Each soil was
compacted with vibratory compactor static weight of 18 1bs (8.17 kg)
 and 42 lbs (19.07 kﬁ). In each of the four cases, a maximum dry
density was obtained in the approiimate range of 1500-2000 rpm. For
the silty soil, maximum dry unit weights of 107.0 pef (17.01 kN/m3)
and 102.0 péf (16.22 kN/m3) were obtained with vibrator static
weights of 18 1lbs (8.17 kg) and 42 1bs (19.67 kg), respectivély; for
the clayey soils, maximum dry unit weights of apéroximately 95.0 pcfA
(15.11 kN/m3) and 93.0 pcf (14.79 kN/m3) were obtained with
vibrator static weights of 18 1bs (8.18 kg) and 42 lbs (19.07 kg),
respectively. The loose dry unit weight of the silty soil was 87.1 pef
(13.85 kN/m3) and for the clayey soil, 76.0 pct (12.08 kN/m3).

No frequency checks of gréater thaa 5000 cycles per minute were
conducted since the compactor became unbalanced and uncontrollable at
approximately 3000 rpm.

Discussion. The results of Figure 27.s§ggest that good coupaction
can be obtained with either the long semi-circular foot or the S inch

© (127 mn) diameter foot. Using either foot and vibrator static weight

66
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of 42 1bs (19.07 kg), the dry unit weight of the sand increased as the
frequency increased. However, Figure 28 indicates that if the long
semi-circular foot is used in conjunction with a light vibrath weight
of 18 1bs (8.17 kg), then & more rapid increase in dry unit wéight
résults for frequéncies up to.1000 rpm. Iacidentally, 1000 rpm is the
point at which the dynamic force is roughl} equal to the vibrator
static weight. This is also the point where the maxinun‘dry denaity,
107.5 pef (17.09 kN/m3), is obtainable for this compactor configura-
tion. Im coﬁtraat, the heavier 42 1b (19.07 kg) vibrator with semi-
circular foot doesn't yield this density until it operates at approxi-
mately 2300 rpm. Similarly, the circular foot vibrator with a lighter '
static weight also tends to yield higher dry densities aﬁ the lower
freqencies, .

A similar relationship was also observed for the silty soil
(Figure 30), except that the maximum dry unit weight does not approxi-
mate tﬁat obtained using Standard coﬁtaction methods. Additionally,
throughout the range of frequencies evaluated, the lighter 18 1b (8.17

kg) vxbrator always gave dry unit wexghts axgnxfxcantly greater than

the heavier 42 1b (19.07 kg) vibrator.
In the case of the clayey soil, the maximum dry density was also

much lower than that obtained with Standard compaction methods (Figure

'31). Unlike the earlier test results on sands and silts, the lighter

and heavier vibrators yielded mixed results. At frequencies less than
900 rpm, the heavier vibrator tends to give higher dry densities and
the opposite was true for frequencies of 1300-2400 rpm. Between 900

and 1300 rpm, each gave equal compaction results.
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In general, the greater dry densities were achieved with the
lighter weight compactor at the lower frequencies (less than 2500 rpm).
This is due, in part, to a larger vertical foot displacement. Addi-
tionally, as the frequency was increased, the number of oscillations
per unit of time was increased. As a result, the compactor was able to
yield dry densities for sand greater than those obtained with Standard'
compaction methods. However, in the case of silty and clayey soils,
vibratory compaction was deficient in matching the maximum dry unit
weights ébtained with the Standard method. The maximum dry densities
of the silt and clay soil obtained with vibrgtion,_however, did approx~
imate or exceed the Standard Compactionldry densities for that particu~-
lar moisture content. For example, the dry density Qf the silty soil .
at one percent moisture was approximately 103.0 ﬁcf (16.38 kN/m3);
the maximum dry density obtained wi:h-vibra:ion was 107.0 pef (17.01
EN/n3). The Standard compaction dry‘densi:y of the clay soil at 4%
moisture was 96.5 pcf (15.34 kN/m3); vibratory compaction yield a dry
densit} of approximately 95.0 pcf(ls.il W¥/m3). The lower maximum
dry densities for both the silty and clayey soils could be due to the
low compactor weights and dynamic forces which were unable to overcome

the effects of surface tension or cohesion in the soil.

Analysis of Static Weight Effects

Selection of Variables., The eccentric weight and moment arm

remain unchanged. Since vibrator static véights of 18 1bs (8.17 kg) to
42 1bs (19.07 kg) were to be evaluated, a dynamic force in the middle

of this range, 29 1lbs (13.17 kg), was selected so that data could be
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collected for static weights less than, equal to, and greater than the
dynamic force. This dynamic force was obtained with a frequency of

1260 rpm.

Compaction Results. Figures 32, 33, and 34, are the results of

the static weight tests on the sand, silt and clay soils. In the case
of the sand and silt soils the highesﬁ dry unit weights were obtained
with the lightest vibrator weight. At an 18 1b (8.17 kg) vibrator
static weight, the beach sand had a dry density of 105.2 pef (16.73
kN/m3); the silt, 102.1 pcf (16.23 kN/m33. The clay soil‘showed

very little change in dry unit weight for the entire range of static
weights evaluated, although a small increase did result at the hiéher
static weights. Its dry demsity was approximately 92.6 (14.63 kN/m3)
pcf throughout the static weight range.

Discussion. It is obvious from the figures that the lighter
compactor operating at a given frequency yields the best compaction
results, As the compactor weight is increased, the dry denmsity
decreases or remains unchanged for both the silty and sandy soils. The
clayey soil exhibits a slight increase in dry demnsity with increasing
vibrator weight. The higher densities at the lightef éiﬁrator'weights'
for the sand and silt may be attributed to an increased vertical foot
displacement. The siight increase in density for the clay soil with
increasing vibrator weight may be attributed to allatger vibrator

force.

Analysis of Moisture Content

Selection of Variables. A compactor static weight of 42 lbs
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(19.07 kg) with an eccentric moment of 0.2 lbs (90.8g) and an
eccentricity of 1.5625 inches (39.688) vas used for this test. A
dynamic force of approximacély 42 1bs (19.07 kg) was generated with a
frequency of 1525 rpm. The 5 inch (127 wm) diameter foot was used for
testing each soil. The moisture content was varied for each test.

Cbmpaction‘Résults. The results of this test are presented in

Figures 35, 36, and 37. The dry density et the lower noibture content
for each soil was extracted from previous tests. As can be seen from
the figures, with slight increase in moisture content, each soil
experienced{; decrease in d~y density., However, with the addition of
more moistuée the sandy soil's dry density remained constant at 98.5
pef (15.66 JN/m3), while ﬁhe dry density for the silty and clayey
soils decrered to a minimum and then inctea;ed, forming a generally
U-shaped cuﬁve. Minimum densities for the silty and ciayey soils were
87.5 pef (13.91 kN/m3) and 72 pcf (11.45 kN/m3), respectively.

DiacuaJion, None of the dry densities were approximately equai to
those obtain;d with the Standard compaction method. This is dﬁe, in
part, to 104 pfessures being exerted on the soil by the vibrator.
These pressures were no:‘high enough to overcome the surface teamsion
and cohesion in the soil. However, the general shape of the silt and
clai compaction curves follow those obtained with the Standard

compaction methods.

Mathematical Modeling

In order to compare the effectiveness of impact versus vibratory

compaction methods, a standard basis for comparison should be




76

(i 4°GZ = “uyp 7 3% 4cyp = qy T ¢ m/ N1 6ST°0 = .33/a] 3.
*(dS) T T¥os 3o uoyldedwo) syl uo Juauc)y aINISTON JO 3II93IA° *GE

4 .ucoucou 3INISTOH

(A | o1

9

2an31y

8
_a..._._Ja_...q_.d.

._..._.,

8qT 1% = 25104 Ofueuiq
sqT 7% = IYSTIM o13e1S
1939Wey( ‘Ul ¢ = 3zZFS Jood
sudl ¢zg1 = Louanbaayg

<01

o1t

Ll[L[.llll

EU/SQI ‘3y3reM -37un A2Q




i
~

77

(w $°CZ = "ux T ¢33 %6%°0 = qT 1 uma\zx 6ST1°0 = mUu\nﬁ 1)
*(DY) z TroSs Jo uoridedwo) ay3 uo Juajuo) 2InISTOH jO 399334 °9¢ 2indyg

2 ‘3uajuo) 21nIsTol

, (A o1 8 )
I | _ T 1T _ R L ,_;. I _ I A

<8

06

56

‘3y3toM 3ITUN L31Q

001

c33/sa1

sudx ¢zZGT = Aduenbaayg
a9jaWeI(q U ¢ = IZ[S 3004 .
8qQ1 Iy = 99103 dTuweulq . ll

SqT g% = I4y3yapm dr3eEIS

S0t

L

4

LA N AT SR A R AR AR R AR NN TR . - -
A J-.!. e N AR LA 5y ﬂ,ﬁn.\-\l\ ...\..,.n\..q e B Il-.ndx' | AR L) PR
\-\.—m.. BT A AN AR W A AN ALY -.\ . oy r.hr-\ \-,\ Ry ..Jw.n\ w " ...”.-.o LA AS .L-.M-.--H-.u-.ﬁ-.-h.mﬁ\.\snﬁ\ww.\..-.. \.fcm 4

— !




(wu §°6z7 = *ur T 8% %G00 = q1 1 mwa\zx 6ST°0 = £33/91 1)
*(I0) € 1T0S 3o uoridedwo)y 3yl uo JUajU0) 9INISTON JO 399338 ‘(€ 9andyx

78

% €3ua3U0) IANISTOW

71 (A4 ot 8 9 ki 4
-_u__..____1_____.ﬂ.__m_4_..4.4_._..|o~
—t G .
- =4
: 5]
cl
- =)
-
- lnd
=
—{o08 &
1 %
by
=
- o
s |24
- S~
Hh
— t
111 w
sud1 ¢z¢T = Kousnbaxg -
1939WeTQ ‘Ul ¢ = 9ZFS 3003
SqQT T% = 22104 Ofweuiq -— 06
8q[ g% = IYSFoM OT3eag E

[ Pt s e BN LN TETRINLNIYS . M g B g AR ol ok 20 o N PO TATEH S M.V AL St Lt eV Y AN Y G S reme s 8 e a0 v sumeen
“rjew . Y ;¢ GO vV _— - — — - . : = L4 LN ol ol B B
— .

{r




e = ¥ PR

Te fete e TatTA AR WEH W WV U-WERY £ 8 840 £ ATNNERY."s"0 3 &

Y YR ]

e S e W P LB B.S S ENNE P P

KRR Y VL ELPL DR DL S i g P

Pl cTBRIL A TS VYL

79

established between the two. A logical basis for cdmparison is to
compact each soil by both methods with the same compactive effort‘and
then compare the resulting unit weights. A method for determining the
compactive effort utilized in the Standard Proctor test has already
been presented (Equation 1, p. 7). For.vibratory‘compagtion, such a
determination is much more complicated. |

Mathematical modeling can be used to obtain an expression repre-
senting the vertical motion of the compactor. This expression, when
combined with the forcing function, can be integrated to determine the
work done by the compactor per unit of time. These results vill‘repre-
sént'the compactive effort-used in compacting a given soil sample. By
ad justing this compacﬁive effort, realistic comparisons of Standard and
vibratory compaction methods can be made.

Figure 38 represents an equivaient mechanical system for the

vibratory compactor-soil system, A mathematical representation of this

mechanical system ia:
mX + cx + kx = m, wle 8D WE « + 4 4 0 b 0 0 0 e ... (2)

wvhere - m = the total mass of the compactor,
x = the velocity of the compacior,
m, = the mass of the eccentric weights,
k = the soil spring constant,
¢ = soil damping constant,

w = the frequency of vibration,

e = the radial eccentricity of the rotating mass m,,
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t = the time of soil vibracion,_

X = acceleration of tha compactor in the vertical
direction, and

x = the displacement of the compactor in the vertical

direction.

The solutiou to this second order linear differential equation (for a

coustant soil spring value) is

- (__C_) t .
X = exp 2m A cos wyt + B sin w4yt | +

. sin (wt'¢) e o *+ e ® e e o (3)
w22 v 2
k (L-_Z) + (26 )
v n
n
vhere »,B = constants of integration to bevdetermined from
the boundary conditions,
v, = the natural frequency of the system
T W4 = the damped natural frequency of the system o
L = ghasa angle, and
¢ = damping ratio,
. However, the solutinn is complicated by the fact that the soil spring,

k, will not be constsat throughout the compaction test. As the time of
compaction incraases, the soil will become more compacted and the value

of k will increase. Therefore, the soil spring is a function of time,
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as well as the material itself,

There are no concrete methods for determing a éonstant soil spring
value, let alone a variable soil spring. For this reason, no attempt
will be made at tnis time to determine a mathematical solution to this
particular problem. Instead, an accelerometer and o?cilloocope were
used to measure the acceleration of the system. From this measurement,
the actual displacement of the vibrator foot could be determined by
integration. This informationm is then used to determine the work or

compactive effort used in compacting the soil.

Acceleration Measurements

To get some idea of how much compacciQe effort was utilized in
compacting the beach sand, an accelerometer was mounted on the motor
support branket focting and acceleration meaéurements were recorded on
an oscillographic recorder as the soil was being compacted. Measure-
men.s were uwade af vérious frequencies for two compactor static
weights, and the dry unit weight of the soil was obtained for each
frequency. |

After the data had been collected, the accelerations were digital=
ly integrated to obtain the compactor displacements. However, the
displacements obtained were obviously incorrect (several inches for 3-6
cycles) and did not represent the actual displacements of the foot.
Thérefore, no comparison between the Standard and vibratory compaction
efforts can be made with the data.

Duricg the analysis of the data, it was'discovered that two peaks
or maximum acceleration values were generally obtained for each

frequency (Figure 39). The frequency of the smaller peak represents
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the frequency of the compactor motor and the larger peak is from an
unkoown source. A plot of the ratio af.the magnitude of lﬁrge peak to
small peak acceleration versus compactor frequency yields no
discernible relationship with dry unit weight of the sandy sdil
(Figures 40, 41).

»Figures 42 and 43 are plots of the average maximum acceierations
versus compactor frequency for compactor static'weights of 18 1bs (8.17
kg) and 42 1bs (19.07 kg). These data indicate that, in general, as
thebaccelera:ion increases, so does the dry unit weight.

Also, a ratio uf the éeak frequencies was plotted versus compactor
frequency and superimposed with dry unit veights (see Figures 44 and
45). In general, it is observed that as the ratio of larger to smaller
peaks decreases, the d;y unit weight increases, and vice versa. Iﬁis
indicates that highef dry unit weights can.be obtained if the unkncwn

source causing higher acceleration peaks can be eliminated.
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- SUMMARY AND CONCLUSIONS

A‘couparative atudy of the data obtained from Standard and
vibratory compaction, and an analysis of the variable effects on
vibratory compaction permit the following conclusions to be made:

1. Vibratory compaction of cohesive ana othér fiie-gtained soils
is ineffective in achieving dry unit weights equivalenf‘:o Standard
compaction dry unit weights.

2. Vibratory compaction of a uniformly-graded sand iay yield dry
unit weighté in excess of 1002 Standard compaction. |

3. There is no optimﬁm frequency of compaction for a particular
s0il. The soil-compsctor system as avéhole ultimately governs the
level of compaction. o

4. The light-weighkt vibratory compactor :eﬁda to coupact the soil
better than the heavier vibrntoty compactor when both are compacting at
low frequencies.

S. Vibratory compaction of dry snils appears to be more effective
than vibratory compa?tion of moist or saturated loill.‘

6. for a constant frequency of compaction, merely increasing the
vibrator static weight will not necessarily increase the dry unit
weight,

7. The foot size effects qn compaction yield iaconclusive

results.
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RECOMMENDATIONS FOR FURTHER RESEARCH

i v | An analysis of the data indicates the need for further research
into thé following areas: |
) ' 1. The foot size and shape effects on compaction of éohesionieéa
soils in unconfined molds should be analy:zed. _Compaction should be
performed with the five inch (127 mm) diameter foot in a larger mold to
lessen confinement of the soil particles and to prevent soil disturb-
" ance.
2. An investigation of frequency effects on compactioﬁ for
ffequencien above 50 Hertz should be conducted |
3. An investigition of st#tic Qeigh:‘effects on compaction for
static weights greater tﬁan 42 1bs (19.67 kg) should be performed, .
4. The compactive effort employed in compacting a soil at various
frequencies and static wéighta should be determined.
5. An investigation should be conducted tn determine the maximum
dry density and oﬁ:inum moisture content of soils using vibratory

methods.

6. These test results should be verified with a field inveééfé;-y—

tion.
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APPENDIX II, - NOTATION

The following symbols are used in this paper:

AASHTO -

ASTM

BS

CE

American Association of State Highway and
Transportation Officials;

American Society of Testing and Materials;
British Sﬁaddard Compaction Test;
Compactive Effort;

soil damping constant;

number of blows per soil layer;

moment arm, eccentricity of rotating weight;

total force exerted on the soil;
dynamic force;

static force;

height of drop;

soil spring constant;

number of soil layers compacted per mold;

maximu dry unit weight (density);
mass of compéctor;

mass of eccentric weight;

optimum moisture content;

time iaternal;

volume of Qold;

rammer weight;

vertical displacement;

velocity;

acceleration;
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g = damping ratio;

¢ = phase angle;
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circuler frequency;

natural frequency.

~ NOTATION

The following symbols are used in this paper:

vq = damped natural frequency; and
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S5 February 1984

MEMORANDUM FOR RECORD

1. Figure 10 of this report was compiled from data presented by C.I.

Ellis in a paper entitled "Soil Compaction at Low Moisture Content:
Field Trials in Sudan". The paper was published in the Seventh

Conference for Africa on Soil Mechanics and Foundation Engineering,
ACCRA, June 1980. .

2. Ellis's report is protected under Crown (British) Copyright 1979.
However, he expressedly states that "Extracts from the text may be
reproduced, except for commerical purposes, provided the source is
acknowledged”,

3. I have complied with those directivel.

Cecil R. Webster
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