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ABSTRACT

A Laboratovy Investigation of Vibratory Compaction

of Dry Soils (May 1984)

Cecil Ray Webster, B.S., Prairie View A&M University

Co-Chairman of Advisory Committee: Dr. Louis J. Thompson
Dr. Wayne A. Dunlap

i.n arid regions where water may not be available for standard

field compaction operations, compaction of soils at low moisture

contents may be necessary. To determine whether these cohesive and

cohesionless soils can be adequately compacted in a dry state, a

laboratory vibratory soil compactor was built and used to conduct the

investigation. After analyzing the effects of frequency of vibration,

acceleration, static weight, and moisture content on compaction, a

comparison of the unit weights obtained by Standard and vibratory

methods was made. The test results indicate that cohesionless soils,

if compacted dry, will yield dry densities greater than 100% St-andard

compaction. However, vibratory compaction of fine-gra=ned and cohesive

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

also determined that the best frequency for compacting a roil vas not a

function of the soil alone, but of the soil and compactor together. In

general the lighter compactor performed better than the heavier -

compactor at the lower frequencies.
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PREFACE

The Department of the Army, and the Corps of Engineers, Waterways

Experiment Station, 4,n 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 forever increasing. The unavailability of an adequate

water supply system, due to the arid nature of the region, could

adversely affect combat and combat support operatious.

As a result, normal combat support engineering construction opera-

tions (for example, the compaction of subgrades for roads and air-

fields) may have to be curtailed to accomodate this "new" environment,.

Alternatives to the conventional compaction process must be analyzed;

drier compaction of these subgrades may be necessary.

As a potential "combat engineer" and as an engineer, 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 engineering operatiovs.

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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DEDICATION

This research is dedicated to the thought that

it will not be needed for the purposes for which it

was originally investigated.
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INTRODUCTION

Soil cumpaction is defined as the process of increasing the amount

of solids per unit volume by mechanical means (4). The art of soil

compaction has long been recognized as an integral part in obtaining

Sincreased support from the soil. It is one of the basic construction

*• procedures used in building subgrades and bases for roads and airport

3 pavements, embankments, earth-fill dams, and other similar structures.

N Although prior to the 1920's no known engineering literature gave

precise relationships between moisture content, unit weight, compactive

0 effort, and soil type (16), man has always been aware of the problems

(traffi-ability, support, settlement, etc) which exist in areas where

there is too much or too little moisture in the soil.

Beginning in 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

i of soil type, moisture content, and compactive effort on a soil's unit

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

- - Che maximum dry density can be determined in the laboratory and

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

corresponding optimum moisture content. (Following the convention sed

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

used interchangeably throughout this report).

In many regions, especially in semi-arid and arid regions, wate

will need to be added to the soil to bring it to the optimum moisturý

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. Generalll, shallow

groundwater sources, such as wadi alluvia, are very poor in quality and

Sthe wells have unproven yields (15). As a result, the economic cost of

constructing additional wells or of importing the water will be

considerable.

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 for combat construction operations will be tremendous and it

must compete with the water demands of other forces in the theater of

operations (for example, troop consumption, support facilities,

vehicular operation). A recent projection by the author of combat

construction water requirements in an arid region indicates that up to

120,000 gallons (454,800 liters) of water would be required for the

. constructi n of a mile of Class A road. This quantity represents that

which is needed only for compaction operations. For dust control, soil

stabilization, and bituminous treatment of these same roads, as well as

•1- airfield construction and quarry operations, this quantity of required

".4 water can easily increase exponentially. As a result, road construc-

tion personnel must look at alternative means of performing their

mission.

An alternative is to compact the soil dry or at moisture contents

p lower than the optimum. That details the scope of this research.

Several cohesive and cohesionless soils will be compacted with a "new"

46:

I / I /
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laboratory vibratory compaction device. The effects of moisture

content, soil type, frequency of vibration, and other variables on

t "soil's unit weight will be analyzed. These test results will be

compared to data obtained with standard laboratory compaction proce-

dures (1,6) to determine whether vibratory compaction represents a

means of obtaining high degrees of compaction at very low moisture

S..contents.

L
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REVIEW OF LITERATURE

Soil compaction is the process of mechanically densifying the soil,

rearranging the oolid 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. Labora-

tory compaction is usually an attempt to duplicate, within acceptable

margins, what can be done in the field.

Although the principles of compaction were not set forth in writing

until 1933, there is evidence that compaction had been used extensively

before thun in numerous works (16). One of the earliest recorded

reports on mechanical compaction was in England. John Shotbolt was

granted a patent in 1619 for using various "strong and massy engines...

in making and repairing highways and roads;" however, his invention was

not widely accepted (26).

Further 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. Louis

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).

"- " 1 /

i/
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Long before this period, however, animals had been used as a

rampaction tool. It is difficult to date their first use. Even with

the dramatic increases in the development and technology of road

"rollers in the 19th century, the use of animals as compactors was still

an acceptable 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

"have goats been used as compactors, but cattle and sheep have been used

• as well. It is said that the first sheepsfoot roller owes its origin

to a flock of sheep (16).

Development of the Fundamentals of Compaction

Largely due to the work of R. R. Proctor, the principles of compac-

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

factors which influenced the degree of compaction. The factors of

major significance are moisture content, compactive effort and soil

* type.

Proctor's work was based on laboratory compaction tests on more

* than 200 different soils (23). These soils were compacted in what is

known today as the Proctor mold, a cylindrical mold fou-r-inches(10-1.6.

.,-) in internal diameter and 4.58 inches (116.33 cm) in height which

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

Following the publication of Proctor's report, numerous other

"studies were conducted to further expand on these principles. These

additional studies were 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

"!' _ --- - -- , .:. . .:
*1, - -~
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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 Testing and

Materials (ASTM). The AASHTO procedure, designated 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 compactive effort of

approximately 12,300 foot-lbs per cubic foot (600,000 newton-meters per

cubic meter) 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 mold, 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 compJaction standa'rds for airfield construction due

to the increased wheel loads of the newer aircraft. For this reason

the compactive efforts were increased. The 5.5 lb (2.49 kilograms)

hammer was replaced by a 10-lb hammer (4.53 kilograms), the drop height

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-

tive effort of 56,000 foot-lbs per cubic foot (27 x 106 newton-

meters per cubic meter) of soil. The AA HTO T-99 test was modified and

the newer test was designated as T-180 a 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 still remain as the standard

tests and the others are called modified P oct tests.

Influential Factors on Unit Weight

As indicated earlier, a direct relationship was established between

* 'I -.

_--• / " • •-• / */! . . .. .". .."'-
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the moisture content, compactive effort, and the unit weight.

Proctor's original findings are restated below.

Influence of Moisture Content. To determine the influencp of

moisture content on a soil, Proctor compacted numerous samples of the

same soil at varying moisture contents, while maintaining a constant

compactive effort. When compacted at low moisture contents, the soil

was a "hard and firm fill having practically no plasticity (23)". By

>1 slightly increasing the moisture content 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 moil, 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

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

content versus dry density is usually referred to as the "Proctor

curve" or the "lab compaction curve".

If it were possible to completely fill all the air voids in the

soil with water, even higher densities could be obtained. This is

represented by the theoretical "zero air voids curve" 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-lbs per cubic foot or newton-meterj per cubic meter of soil and is

determined as

CE W x H x D x L /V . ...... ................ (. )

/
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vhere 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 (m3 ) (27).

To determine the effect of compactive effort on a particular soil,

Proctor, while maintaining all other variables constant, 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. Z).

The line connecting the peaks of the curves is a straight line: roughly

parallel to the zero air voids curve.

Influence of Soil Type. A third important factor which greatly

influences the degree of compaction is soil type. The values of maxi-
4

mum dry density and optimum moisture content, obtained as a result of

* the compaction of several different soil@ at a constant compactive

effort, differ over a wide range. For example, when a clayey soil, of

volcanic origin is compacted under a standard compactive effort (AASHTO

T-99), maximum unit weights as low as 60 pcf (9.54 kN/n3) may be

obtained (16). A "heavy textured" !.lay compacted under the same

compactive effort may have a maximum dry density of 90 to 100 pcf

(14.31 to 15.9 kN/m 3 ) (16). A sandy soil, Soil 1 of Figure 3, may

have a maximum density in excess of 120 pcf (19.08 kN/&3 ) (16). And

of course, the optimum moisture contents may differ as well.

These varying maximum dry densities are dependent on the shape, of

I

II
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plasticity (16).

It is also evident from observing the curves of Figure 3 that the

"moisture content is less critical for some soils than it is for others.

% For example, Soil 4 (Cii) may be compacted through a relatively wide

"range of moisture contents below optimum with comparatively small

changes in dry density, 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.

SOther Factors Vhich Influence Unit Weight. Other factors have

been found to have an effect on a soil's unit weight (16). Temperature

is one of those factors. Increasing the temperature of certain fine-

grained soils from near freezing to 75 0 F (297 0 K) or more may increase

the unit weight by three or more pounds per cubic foot (0.477 kN/m 3 ).

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

affect the unit weight. The uniformity of moisture within the soil and

"the time period between wetting, mixing and compaction also influences

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

significance.

Developments in Fiold Compacticn

After the staiJ-rd.i-ed laboratory compaction procedures were

adopted in 1938 by the AASIHrO, intensified efforts were directed

towards obtaining the maximum dry density in the field to match that

obtained in the laboratory.

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

1938 (16) to determine the effectiveness of a smooth-wheel type roller

'9
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in satisfying the "specification requirements of dry unit 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 OHC to four percent above OMC. The maximum dry

density based on the laboratory compaction test was obtained; however,

the number of roller passes required to achieve this density variedp
". with the thickness of the lift.

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

1950's (16,21).

Since it was not possible to obtain that single HDD and OMC
-. :

'a. economically, a range of moisture contents and dry densities was estab-

%' lished as acceptable. The range of moisture content is usually OMC +

2Z and the range of dry density is usually based on the type of soil

involved (3). For cohesive soils, the range is usually from 90% to 95%

of the laboratory maximum dry density and for cohesionless soil, the

range is usually from 95% to 100% of the laboratory maximum dry

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-

"..ring experience with the soil.

"It was determined that the same three factors which influenced

C" 1I boratory compaction tests greatly influenced field compaction. Of

t se three factors, 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 vibration, if awr (16).

SBecause of these many different variables, calculations of this compac-

tive effort is difficult, although estimates may be made (27).

To analyze the effectiveness of various compactors in compactirg a

particular soil, relative compaction is often used; that is, as

compared to the laboratory compaction test results, what percentage of

compaction has been achieved. This relative compaction is usually

* ba3ed on a specific number of roller passes. For example, data

extracted from a Corps of Engineers study (16) indicates that a silty

j clay compacted by a sheepefoot-type roller at varying contact prea-

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 I). The

table also indicates that when this same soil was compacted with a

pneumatic-tired roller under varying wheel loads and tire inflation

P pressures, the relative compaction increased from 99.6Z to 108.5%.

Other noteworthy tests have been conducted by the British Roa d

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

were compacted by various rollers (See Table 2)..

From these and other similar tests, a suitable compactor can be

selected based on a soil's properties and its classification (3,22).

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 soils with appreciable amounts of

Sfines, that is, soils which contain more than 12% fines. However, more

recent research indicates that vibratory compaction can be used for

C
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these fine-grained soils, as veil (8,18920,29,33).

A test strip is usually employed to determine which of the avail-

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

(16).

Irregularly Shaped Compaction Curves

Proctor's research alludes that each soil has a single maximum dry

density and optimum moisture content. According to his diagram (Figure

1, p. 8), on either side of this 1IDD and 0MC, the dry density decreases

as the moisture content is increased or decreased. This dry density

decreases to a limiting value. Other research, however, has' found that

som e soils have irregularly shaped compaction curves; that is, they may

have more than one peak value of dry density or they may have no

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

A study by Suedkamp and Lee (19) on numerous soil samples found

that four distinct types of compaction curves exist-a single-peak

compaction curve (Figure 1, p. 8), a one and one-half peak compaction

curve (Figure 5), a double-peazk compaction curve (Figure 6), and a

_ curve 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 curve, while soils with liquid

limits outside of this range usually yield the irregularly shaped

compaction curves. In soils with liquid limits greater than 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. Suedkamp 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 one

"and one-half peak compaction curve usually contained illite or mont-

"- morillonite along with large quantities of sand, and soils with double-

peak curves contained a small percentage of kaolinite and a dominant

percentage of sand. Additionally, they state that soils with more than

IN 50% montmorillonite usually had cddly-shaped compaction curves. Their

results were based on more than 700 compaction tests involving more

than 30 different types of soil.

Field investigation and verification of the findings of Lee andI
Suedkamp 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

p' 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, vibratory compaction is most effectiv2 on

cohesionless soils, although it has been found to be an adequate means

of compacting cohesive soils. It has also been mentioned that adequate

dry densities may be obtained at moisture contents 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

4 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 region 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 land surface is characterized as arid (32). Large areas of

Iraq, Iran, Egypt, and other areas of northern Africa and the Middle

East consist of this type of terrain, as well as various portions 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 10007 (310.80K)

(10).

After many years of studying these environments, 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 11, the apron fan; Zone 11I, 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 cobbles and

boulders. This soil is principally deposited as a result of

intermittent sheet and stream flow during flash flooding.
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Zone 111. The soils in this zone are predominantly composed of

silt, sand and gravel. Small amounts of clay and evaporite

minerals may also be present. Additionally, the zone may contain

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

Zone IV. This is usuall) the largest area of the four zones.

Soils consist of clays, silts, and sands which have been trans-

ported primarily by wind. The zone tends to be irregular in shape

and ita 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).

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 profile of a

highly plastic clay (CH) soil typical of south Iraq and southwest Iran

(13). Another soil moisture profile is contained in Figure 10 (9).

This material is a "black silty clay" (which Ellis classifies as MHU,

found near Kosti, Sudan in northern Africa.

In comparison, Figure 11 represents a soil moisture profile

"beneath two heavily trafficked desert roads in Libya (15)". This

subgrade was composed of a cohesionless material with obviou ly much

less water-holding capacity than the clays mentioned above.

Therefore, soil in a desert or arid region is not necess rily void

of moisture. Depending 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. /
4.

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

ture content of desert soils are usually dry of optimum, dry compac-

tion has received increased emphasis in arid regions.

Ellis studied the compaction of a "black silty clay .... [which

was] classified as MV" for use on a road embankment and subgrade (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-

able@ investigated were moisture content and the type of roller. Mois-

ture content, which was controlled by selective excavation from the

borrow area, varied from 7-11%, 11-14%, and greater 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 roller, which when fully ballasted, operated at nearly

"2 20 tons (18140 kg).

I. 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 94% to 105% of the British Standards

compaction test, which comp es to the AASHTO or ASTM Standard compac-

"tion test. As for the road test section, Ellis made the following

observations one and one-hal years after completion of the test

section:

"Analysis of the cross-s ction levels suggests that
there has been negligiblb differential settlement

'1 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".

Va..
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Furthermore, Ellis states that the "idry densities [obtained as a result

of dry compaction] are likely to be lower than those to be expected at

optimum conditions, but possibly higher than those often achieved in

practice"

A laboratory study of dry compaction on a uniformly graded sand

(SP) was conducted by Forsblad (11). He found that in comparison with

the standard compaction procedures, dry compaction gave the highest

density, both at the surface and at depth. A follovi-up field study

enabled him to further conclude that for a sandy soil, the most effec-

tive 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 and cohesionless soils (30). Based on various results

reported by others, they conclude that coarse material can best be

compacted dry with a heavy smooth-wheel roller with a tuneable

frequency. For dry loose sands and silts, a light vibrating roller is

recommended initially; compaction should then be followed by a heavy

vibrating roller to achieve deeper compaction. In the case of shales

*and clays at low natural moisture contents (10%-12%), they recommend a

*heavy low frequency vibrating 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

U. -. 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 soil, he

"recomeends a pressure of 6 psi (41.34 kPa) to 12 psi (82.68 kPa),p
2. The frequency of the applied dynamic force should be such that

the oscillator-soil mass is in resonance,

3. The dynamic force should be approximately equal to the dead

weight of the oscillator, and

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

obtained in the laboratory compaction 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 the full range [of the

roller tested, 1800-2950 cycles per minute for either a 3-3/4 ton

, 3401 kg) towed or tandem vibrating roller] .... affected the dry
• 4

density by only about 1-2 pcf (0.159-0.318 kN/m 3 )". 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

.5 sandy clay, a well-graded sand, and a gravel-sand-clay).

PS
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Mechanism of Vibratory Compaction

S Since vibratory compaction methods are often advised for dry

compaction, any discussion of vibratory compaction would be incomplete

if it failed to at least mention the fundamental principles underlying

- ~the mechanics of vibratory compact ion. An excellent source of informa-

-N 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 a-9 better, the importance
of roller travel speed, the significanc( of resonance, the
relative contribution of the static mahine weight and dynamic
force, and in fact, even wehy vibration works".

They attribute this misunderstanding to research focusing "on either

the machine or the soil, but not both, in spite of the fact that it is

the combined characteristics of the machine and the soil which deter-

mine the aount of compaction".

FOf 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.

Their 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

0
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without oscillations. They conclude that the total compaction achieved

represented two modes of compaction: one component which was due to

the static weight of the compactor, and another component which was due

to the dynamic effects of the compactor. Figure 12 is an overviewi of

those two components and their effects on compaction.

Further researchn 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

displacement; those results are presented in Figure 13. The generated

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

vi .bration. A plot of vibration frequency versus roll vertical

displacement (Figure 14) depicts the resonant frequency of the

compactor-soil system. The resonant frequency is defined as that

frequency which produces a maximum amplitude of motion. They deter-

mined that thi's frequency is affected by the propertiez of both the

soil and the machine.

The advantage of operation of the compactor at the re-sonant

frequency is increased efficiency of energy utilization and possibly

increased productivity in terms ef compacted unit weight. Figure 15 is____

a plot of vibration frequency versus dry density for a heavy clay which

they compacted; as indicated by the figure, the best compaction was

obtained with the heaviest roller at a frequency of 1500 rpm.

In their summnary, Selig and Yoo indicated that an increase i~n

frequency above the resonant frequency may produce a 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

distance. Likewise, when compacting at frequencies below resonance, an

increase in frequency will also increase compaction because bath the

roll vertical displacement and the oscillations per unit of travel will

have been increased.

Summary

Cumulatively, the results discussed above indicate that dry

compaction of some soils will yield dry densities equivalent to or

greater than the dry densities obtained as a result of the standard

compaction method. This is a very important compaction alternative for

engineers faced with compaction operations in arid regions where water

is economically unavailable. Additionally, the literature review indi-

cates that vibratory compaction works well for cohesionless soils and

yields acceptable results for cohesive soils.

The above statements serve as the reason for conducting 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 dry densities and

it should also indicate under what conditions must the soil be

compacted (frequency, moisture content, static weight). Such a method

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

4 The only laboratory vibratory soil compactor which is standardized

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

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 consists of a vibrating table, not a

I vibratine compactor. Thus a laboratory vibratory soil compactor was

designed based on a model presented by Thompson and Dunlap (30).

This compactor consists of two counter-rotating synchronized disks

Smounted on bevel gears, all enclosed in an aluminum casing. jThe gears

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

solid shaft extends from the bottom of the compactor so that

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

The compactor has been specially designed so that four variables

may be controlled and thus analyzed. These variables are frequency of

vibration, static weight, eccentric moment (dynamic weight),iand foot

size.

* The motor is a one-half horsepower universal (AC-DC) electric

I motor with a maximum frequency of 10,000 rpm. It is operated with the

aid of a variable speed controller which allows motor frequency ranges

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

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

various combinations of eccentric weights and lever arm lengths may be

analyzed. Two types of disks have been developed - a disk •ith spiral

threads placed along its flat side and a disk with radial threads

placed =l.%ng the width of the disk (Figure 17).
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Three different attachable feet have also been fabricated -two

flat circular feet of five and two inch (127 mmn and 50.8 mm) diameters

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 base 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

"I •Side View

a. Circular Foot

© Top View

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 samples have been selected for evaluation - one sandy

soil, one clayey soil and one silty soil. These soils were selected

because of their similarity to desert soils.

Soil 1. Soil Classification - SP. This fine, uniformly graded

beach sand is light brown colored with 80 percent of its grain sizes

- between 0.4 mm (040 sieve) and 0.17 -m (0100 sieve) (Figure 19).

Soil 2. Soil Classification - HL. This brown, poorly graded

soil, which was procured from WES, has a silt content of approximately

Y 55 percent, based on a washed sieve analysis (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 percent

(Figure 21).

Description of the Test Procedures

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

dance with the procedures outlined in Reference 4.
77

I ýJStandard Compaction Method. The standard Proctor compaction

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

Vibratory Compaction Method. Each so il will be compacted in one

layer, under controlled conditions, so that the four variables under
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layer, under controlled conditions, so that the four 'variables under

o~onsideration may be analyzed. Each soil will be placed loose in a CBR

mold by allowing it to flow freely from a scoop held at the top of the

* mold collar. The mold will have the two inch spacer inserted on top of

the perforated base plate. Ant appropriate compact ion time for each

test will be determined and then maintained constant. The compactor

will be moved inside the mold during the compaction process to ensure

that the compactive effort is evenly distribuited over the entire 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

sitting on a concrete floor. After compaction, the mold collar wi~l. be

removed and the soil sample will be trimmed flush with the top of the

* mold for determination of total unit weight. The moisture content will

also be taken so that the dry density can be calculated.

*During the testing of each compactor parameter and its effect on

compaction, only the parameter under investigation will be varied. For

example, sohile testing for the effects of foot size on compaction, only

the foot size will be allowed to vary, while the frequency, static.

weight, and soil moisture content will remain constant. Fc~ur combina-

tions of foot size and shape will be investigated. Frequency ranges of

500 rpm to 3000 rpm and static weights of 18 lbs (8.17 kg) to 42 lbs

(19.05 kg) will also be analyzed. Additionally, soil moisture contents

dry of optimum will be analyzed.
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DISCUSSION OF RESULTS

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

Standard Proctor and Vibration methods are presented below.

Standard Proctor Compaction Results.

Soil 1 (SP). The uniformly graded sand exhibits the one and one-

- half peak curve (Figare 22) discussed earlier. A maximum dry density

of 107.5 pcf (17.09 kN/m 3 ) was obtained at a moisture content of

approximately zero percent. The minimum dry density, 101.5 pcf (16.14

Wk=/3 ), vas obtained at moisture contents of two to three percent.

Beyond this minimvm dry density as the moisture content was increased

Sup to its limiting moisture content of 10% (the point at which water

was forced from the soil due to the compaction process), the dry

density increased to a maximum valae of approximately 105 pcf (16.70

Wk/z3 ). At higher moisture contents dry densities were erratic.

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

near 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/m 3 )

(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 pcf (16.38 kN/w 3 ) is much less than its maximum dry density at

optimum moisture content. This nonplastic soil conforms to the

compaction curve concepts presented by Lee and Suedkamp (19). As with

the sand, the minimum dry density was obtained at moisture contents of

/
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tvo to three percent.

Soil 3 (CL). This clayey soil exhibits a double-peak compaction

curve (Figure 24). It has a maximum dry density of 104.5 pcf (16.62

kN/m3) at a moisture. content of 19t and another high dry density of

103.0 pcf (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).

IDuring compaction of both the ML and CL at high moisture 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 of all samples at low moisture

contents caused some soil to be ejected from the mold each time the

rammer dropped. This soil was also replaced.

Vibratory Compaction Results

Except for the moisture content variation tests, each soil was

Icompacted in an air-dried state. This resulted in moisture contents of

*0.2%, 1.2%, and 4.2% for the beach sand, silt, and clay soils, respec-

tive ly.

Z

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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N
X

-6 occurred within the first 20 seconds of application of the vibratory

compactor for frequencies greater than 2000 revolutions per minute.

For smaller frequencies, no compaction time would yield the desired

amount of settlement. Based on the test results, a compaction time of 7
0 -30 seconds would seem practical. However, ASTM recommends eigh minutest

"of vibration at 60 Hertz (3600 cycles per minute) for maximum density

tests on granular soils and Mehdiratta and Triandafilidis recommend

.two minutes of vibration at various frequencies depending on the soil
,%

being compacted (31). Since most of the compaction tests were to be

conducted with a large eccentric weight, 0.2 pounds (90.72 g), a

Scompaction time of 60 seconds was selected as a reasonable compromise.

This time also allows for maximum control 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 arbit arily set at 42 lbs (19.05 kg)) the maximum

-. possible weight. A frequency of 1525 rpm was selected since it yields

a dynamic force of approximately 42 lbs (19.05 kg), thus balancing the

static and dyna•z.c f rces as suggested by Contrerse (8).

"Compaction Resu ts. The data obtained from the analysia of foot

size/shape effects o the compaction of each of the soil samples are

contained in Figure 26. The results are portrayed in terms of the
c-
contact area of the compactor foot, but for the long semi-circular foot

//,
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the contact area is actually unknown since it depends on the depth of

embedment of the foot. In Figure 26, the contact area for this foot is

shown 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 compaction of the beach sand

or clay soil. For the variables tested the dry unit weights obtained

for the beach sand were approximately 103.5 pcf (16.46 kN/m 3 ), and

Sfor the clay, 90.5 pcf (14.39 kN/m3 ). The dry silty soil compacted

best with a 5 inch (127 mm) diameter foot for a dry density of 103.0 pcf

(16.38 kN/m 3 ). The low dry density for the silt, 98.5 pcf (15.66

k./r 3 ), was obtained with both the 2 inch (50.8 mm) and the 6 inch

(152.4 ms) diameter foot. 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 silty and clayey soils, during the

initial stages of compaction, the static compactor veight exceeded the

soil's bearing capacity and the operator was required to gradually

allow the compactor's weight to 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

S/

P.

4\
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yielded dry unit weights'approximately equal to those of the Standard

compacted soil at its limiting moisture content (p. 52). Therefore, it

appears that compaction of the dry sand using vibratory methods willI.. yield, a dry density equal to or greater than that obtained at the-

limiting moisture content using Standard compaction methods.

In contrast, for the silty and clayey soils, none of the feet

tested yielded dry unit weights close to those obtained with the

I Standard compaction method.

Overall, especially far the beach sand and clay soils, the results

*tend to suggest that for the circular feet an increase in the contact

area (and a decrease in the pressure exerted on the soil) 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 da ta for this test yield inconclusive

results as to which foot is best for compaction purposes. Since a foot

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

(127 mm) diameter foot was selected because it minimally disturbs -he

soil without totally confining it. The long semi-circular foot: was

also used for some of the tests on the beach sand since it yielded the

highest dry density for that soil.

Analysis of Frequency Effe~cts

Selection of Variables. Initially, a compactor static weight of

42 lbs (19.07 kg) with an eccentric weight of 0.2 lbs (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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compact the sand, while only the latter was used to compact the silty

and clayey soils. Subsequently, the compactor static weight was varied

from 18 lbs (8.17 kg) to 42 l~bs (19.07 kg) and the frequency effects at

those static weights were evaluated as well.

Compaction Results. The results of the frequency tests on the

sand are presented in Figure 27. As can be observed from the figure,

for both feet tested, as the frequency increased, so did the dry unit

weight. In contrast to the previous results, it appeared to make

little difference which foot was used. Dry unit weights in excess of

110 pcf (17.49 kN/m3) were obtained at frequencies greater than 2500

cycles per minute. The sandy soil was also compacted using the

long semi-circular foot with a static weight of 18 lbs (8.17 kg). A

comparison of the 18 lb (8.17 kg) and 42 lb (19.07 kg) static weight

results are shown in Figure 28. In contrast to the results obtained

*with the 42 lb (19.07 kg) static weight, the dry density reached a

maimum of approximately 107.0 pcf (17.01 kN/m3) at 1000 rpm; any

*further increase in frequency beyond this point had no effect on

* compaction.

The-beach sand was again compacted with- the- 5 inch -(127 Y

diameter foot at additional vibrator static weights of 18 lb (8.17 kg),

20 lb (9.08 kg) and 29 lb (13.17 kg). The test results are shown in

Figure 29. These results indicate that the dry densities obtained with

an 18 lb (8.17 kg) and 20 lb (9.08 kg) vibrator reach a peak at

frequencies of approximately 2300 rpm. For a static weight of 29 lb

(13.17 kg), the dry unit weight versus frequency curve is nearly
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identical to that obtained with the 42 lb (19.07 kg) vibrator static

weight. In both cases the dry density increases with increasing fre-

quency, but a peak or optimum frequency was not reached. These curves

also indicate how much compaction is attributed to static weight alone.

The loose dry unit weight fcr this soil waas 97.2 pct (15.45 kN/m 3 ).

Static weight compaction produced 0.5 to 1.0 pcf (0.0795 to 0.159

kN/m3 ) increases in unit weight.

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 lbs (8.17 kg)

and 42 lbs (19.07 kg). In each of the four cases, a maximum dry

density was obtained in the approximate range of 1500-2000 rpm. For

the silty soil, maximum dry unit weights of 107.0 pcf (17.01 kN/m 3 )

and 102.0 pcf (16..22 kN/i 3 ) were obtained with vibrator static

weights of 18 lbs (8.17 kg) and 42 lbs (19.07 kg), respectively; for

the clayey soils, maximum dry unit weights of approximately 95.0 pcf

(15.11 kN/m 3 ) and 93.0 pcf (14.79 kN/m 3 ) were obtained with

vibrator static weights of 18 lbs (8.18 kg) and 42 lbs (19.07 kg),

respectively. The loose dry unit weight of the silty soil was 87.1 pcf

(13.85 kN/m 3 ) and for the clayey soil, 76.0 pcf (12.08 kN/m 3 ).

No frequency checks of greater than 3000 cycles per minute were

conducted since the compactor became unbalanced and uncontrollable at

approximately 3000 rpm.

Discussion. The results of Figure 27 suggest that good compaction

can be obtained with either the long semi-circular foot or the 5 inch

(127 m) diameter foot. Using either foot and vibrator static weight
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"of 42 lbs (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 vibrator weight

"of 18 lbs (8.17 kg), then a more rapid increase in dry unit weight

"results for frequencies up to 1000 rpm. Incidentally, 1000 rpm is the

point at which the dynamic force is roughly equal to the vibrator

static weight. This is also the point where the maximum dry density,

107.5 pcf (17.09 kN/m 3 ), is obtainable for this compactor configura-
C..

t ion. In contrast, the heavier 42 lb (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
.S

static weight also tends to yield higher dry densities at 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 that obtained using Standard com4ction methods. Additionally,

throughout the range of frequencies evaluated, the lighter 18 lb (8.17

kg) vibrator always gave dry unit weights significantly greater: than

- the heavier 42 lb (19.07 kg) vibrator.

In the cast 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.

°2%
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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-
1 14 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 obtained with the Standard method. The maximum dry densities

of the silt and clay soil obtained with vibration, however, did approx-

imate or exceed the Standard Compaction dry densities for that particu-

lar moisture content. For example, the dry density of the silty soil

at one percent moisture was approximately 103.0 pcf (16.38 kN/m 3 );

the maximum dry density obtained with vibration was 107.0 pcf (17.01

kkNlm 3 ). The Standard compaction dry density of the clay soil at 4%

moisture was 96.5 pcf (15.34 kN/m 3 ); vibratory compaction yield a dry

density of approximately 95.0 pcf(15.ll kN/m 3 ). The lower maximum

it -6 dry densities for both the silty and clayey soils could be due to the
p.• low compactor weights and dynamic forces which were unable to overcome

"the effects of surface tension or cohesion in the soil.

•'a.

Analysis of Static Weight Effects

. Selection of Variables. The eccentric weight and moment arm

remain unchanged. Since vibrator static weights of 18 lbs (8.17 kg) to

42 lbs (19.07 kg) were to be evaluated, a dynamic force in the middle

Sof this range, 29 lbs (13.17 kg), was selected so that data could be
Srng, ass
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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 highest dry ,mit weights were obtained

with the lightest vibrator weight. At an 18 lb (8.17 kg) vibrator

static weight, the beach sand had a dry density of 105.2 pcf (16.73

"kN/m3 ); the silt, 102.1 pcf (16.23 kN/m 3 ). 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 higher

static weights. Its dry density was approximately 92.0 (14.63 kN/m 3 )

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 density

decreases or remains unchanged for both the silty and sandy soils. The

clayey.soil exhibits a slight increase in dry density with increasing

vibrator weight. The higher densities at the lighter vibrator weights

for the sand and silt may be attributed to an increased vertical foot

"displacement. Th" sLight increase in density for the clay soil with

"increasing vibrator weight may be attributed to a larger 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) was used for this test. A

dynamic force of approximately 42 lbs (19.07 kg) was generated with a

frequency of 1525 rpm. The 5 inch (127 mm) diameter foot was used for

testing each soil. The moisture content was varied for each test.

.1 Compaction Results. The results of this test are presented in

Figures 35, 36, and 37. The dry density at the lover moisture 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 ,a decrease in d'y density. However, with the addition of

more moisture the sandy soil's dry density remained constant at 98.5

pcf (15.66 kN/m3), while the dry density for the silty and clayey

soils decreased to a minimum and then increased, forming a generally

U-shaped curve. Minimum densities for the silty and clayey soils were

"87.5 pcf (13i.91 kN/m 3 ) and 72 pcf (11.45 kN/m 3 ), respectively.

IN Discuss:ion. None of the dry densities were approximately equal to

those obtained with the Standard compaction method. This is due, in

part, to low pressures being exerted on the soil by the vibrator.

These pressures were not high enough to overcome the surface tension

* and cohesion in the soil. However, the general shape of the silt and

clay compaction curves follow those obtained with the Standard
%4

compaction methods.

Mathematical Modeling

In order to compare the effectiveness of impact versus vibratory

1 compaction methods, a standard basis for comparison should be
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established between the two. A logical basis for comparison 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 compaction, such a

determination is much more complicated.

Mathematical modeling can be used to obtain an expression repre-

I senting the vertical motion of the compactor. This expression, when

I combined with the forcing function, can be integrated to determine the

work done by the compactor per unit of time. These results will repre-

sent the compactive effort used in compacting a given soil sample. By

p adjusting this compactive effort, realistic comparisons of Standard and

P vibratory compaction methods can be made.

. Figure 38 represents an equivalent mechanical system for the

vibratory compactor-soil system. A mathematical representation of this

mechanical system is:

m• + ci + ki -ina w2 e sin wt . . . . . . . . . . . . . (2)
b

where m- the total mass of the comp ctor,

the velocity of the compac or,

mo a the mass of the eccentric w ghts,

"k - the soil spring constant,

c a soil damping constant,

* a the frequency of vibration,

a - the radial eccentricity of the rotating mass mo,

t
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Figure 38. Mathematical Modeling of Vibratory Compactor.
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t - the time of soil vibration,

Y - acceleration of the 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

constant soil spring value) is

X e- 6k [ A coo wdt +.B sin wdt]*
2a w e

0 sin (wt-4) (3)

22 2
k (i- ) + (2F.2 Ww n

where P,B - constants of integration to be determined from

the boundary conditions,

Vn w the natural frequency of the system

vd - the damped natural frequency of the system

L ;hase angle, and

damping ratio.

However, the solution is complicated by the fact that the soil spring,

k, will not be constant throughout the compaction test. As the time of

compaction increases, 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.

i ] There are no concrete methods for determing a constant 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 oscilloscope 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 information is then used to determine the work or

compactive effort used in compacting the soil.

Acceleration Measurements

"To get some idea of how much compactive effort was utilized in

compacting the beach sand, an accelerometer was mounted on the motor

support bracket footing and acceleration measurements were recorded on

an oscillographic recorder as the soil was being compacted. Measure-

.4
- men,.s were made at various 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-

4 ly integrated to obtain the compactor displacements. However, the

"displacements obtained were obviously incorrect (several inches for 5-6

cycles) and did not represent the actual displacements of the foot.

Therefore, no comparison between the Standard and vibratory compaction

efforts can be made with the data.

"*- Durirg the analysis of the data, it was discovered that two peaks

or maximum acceleration values were generally obtained for each

.- f:equency (Figure 39). The frequency of the smaller peak represents

/
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the frequency of thec€ompactor motor and the larger peak is from an

Sunknown source. A plot of the ratio of the magnitude of large peak to

small peak acceleration versus compactor frequency yields no

discernible relationship with dry unit weight of the sandy soil

(Figures 40, 41).

Figures 42 and 43 are plots of the average maximum accelerations

versus compactor frequency for compactor static weights of 18 lbs (8.17

kg) and 42 lbs (19.07 kg). These data indicate that, in general, as

,." the acceleration increases, so does the dry unit weight.

Also, a ratio uf the peak frequencies was plotted versus compactor
frequency and superimposed with dry unit weights (see Figures 44 and

.4 45). In general, it is observed that 4a the ratio of larger to smaller

peaks decreases, the dry unit weight increases, and vice versa. This

p indicates that higher dry unit weights can be obtained if the unknown

source causing higher acceleration peaks can be eliminated.

A.
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SUMMARY AND CONCLUSIONSI

I A comparative itudy of the data obtained from Standard and

I vibratory compaction, and an analysis of the variable effects on

I "vibratory compaction permit the following conclusions to be made:

1. Vibratory compaction of cohesive and other fine-grained soils

is ineffective in achieving dry unit weights equivalent to Standard

* compaction dry unit veights.

2. Vibratory compaction of a uniformly-graded sand may yield dry

unit weights in excess of 100% Standard compaction.

3. There is no optimum frequency of compaction for a particular

soil. The soil-compactor system as a whole ultimately governs the

level of-compaction.

4. The light-weigLt'vibratory compactor tends to compact the soil

better than the heavier vibratory compactor when both are compacting at

low frequencies.

b. Vibratory compaction of dry soils appears to be more effective

than vibratory compaction of moist or saturated soils.

6. For a constant frequency of compaction, merely increasing the

vibrator static weight will no necessarily increase the dry unit

weight.

7. The foot size effects n compaction yield inconclusive

results.
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RECOMHENDATIONS FOR FURTHER RESEARCH

An analysis of the data indicates the need for further research

into the following areas:

1. The foot size and shape effects on compaction of cohesionless

* soils in unconfined molds should be analyzed. Compaction should be

perfotmed 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 compaction for

frequencies above 50 Hertz should be conducted

3. An investigation of static weight effects on compaction for

static weights greater than 42 lbs (19.07 kg) should be performed.

4. The compactive effort employed in compacting a soil at various

frequencies and static weights should be determined.

5. An investigation should be conducted to determine the maximum

dry density and optimum moisture content of soils using vibratory

methods.

6. These test results should be verified with a field investiga-

tion.
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APPENDIX II. - NOTATION

The following symbols are used in this paper:

AASHTO - American Association of State Highway and
Transportation Officials;

ASTM - American Society of Testing and Materials;

BS - British Standard Compaction Test;

CE - Compactive Effort;

c - soil dAmping constant;

D - number of blows per soil layer;

e = moment arm, eccentricity of rotating weight;

F - total force exerted on the soil;

Fd - dynamic force;

Fs = static force;

H - height of drop;

k - soil spring constant;

L - number of soil layers compacted per mold;

MDD - maximu dry unit weight (density);

m - mass of compactor:

m - mass of eccentric weight;

OMC - optimum moisture content;

t - time internal;

V - volume of mold;

W - rammer weight;

x - vertical displacement;

S- velocity;

x2 acceleration;
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APPENDIX II. - NOTATIONI
The following symbols are used in this paper:

*1• - damping ratio;

5 0. =phase angle;

-* w - circulcr frequency;

vd - damped natural frequency; and

vw - natural frequency.
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.. 1. Figure 10 of this report was compiled from data presented by C.I.
q Ellis in a paper entitled "Soil Compaction at Low Moisture Content:
o Field Trials in Sudan". The paper was published in the Seventh
* Conference for Africa on Soil Mechanics and Foundation ingineering,

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
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3. 1 have complied with those directives.
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