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One of the most popular methods of soil stabillzation used in
present day construction is compaction, The meaning of the term com-
paction as defined by the authors for the purposes of this study is,
"That process by which the volume of a given mass of soil is reduced
througt. the physical application of an external force".

Methods for designing and controlling the compactive effort for
a given job in currently acceptable practice leave much to be desired.
The most desirable method, which requires construction, testing; and
analysis of a test embankment, is very expensive. Cheaper methods in
which use is made of experience, judgment, comparison, end results of
laboratory test data are not within the usually desired limits of
accuracys

The need for accurately reproducing field conditions in the lab-
oratory becomes immediately apparent. If samples, in which stress
strain and strength characteristics are equivalent to those obtained
in the field could be manufactured in the laboratory, the need for a
test embankment would be eliminated, and design would be accurate.
This then should be the goal of any research which strives to improve
present laboratory compaction methods.

Good field data for the necessary comparisons which must be made in
any such study are extremely limited. However, moisture - density relation-
ships, CBR, and Trisxial test data are aveilable for large scale field
tests conducted on two soils by the U. S, Waterways Experiment Station,
Vicksburg, Mississippi. Current research cn the problem is therefore
l1imited to these two soils. One of these, a lean silty clay from a zone
of westhered loess in the vieinity of Vicksburg, Mississippl wes chosen
for this investigation.




Since time did not permit a thorough investignbicon of comperative
stress-strain cheracteristics of thz soll, this study was limited to oo
attempt to veproduce, by lsboratory methods, the molsture denoity xe-
lationships obtained in the field test. The authors folt thot thio wos
& good starting point for e lerger investlgation. This feeling is buced
on the assumption that if laboratory prepared samples follow the pexe
moisture density relationships as those obbained in the field, they will
also essentially follow the same stress-strain and sirength relationships.
Since the ecsteblishmant of moisture - density reletionshipe in the leb-
oratory is cheaper in texrms of tiwe, this becomes the logical starting
point for the general research indicated sbove.

The investigation consisted of three phases. In phase 1, a com-
paction machine was designed and constructed. The wachine was designed
to reproduce as closely as possible, within the limite of economy and
practicality, the action of a typical rubber tired xoller. Phase 2 con-
sisted of studying the performance of this machine undey different basic
conditions or varisbles. In phase 3, en effort was mads to reproiuce
(with the machine) a moisture density curve formulated in the Vicksburg
field test. The aim of phase 3 was not simply to reproduce the curve,
but to do so by using variaebles on the machine which could be easily
correlated with unit pressure, number of coverages, nwmber of 1lifts, and
time rate of application of pressure used in the field test. '

Results of phese 3 showed that with the same unit pressure, same
number of coverages and lifts, and the same time rate of epplication of
pressure, the laboratory machine could eesentially reproduce the fidld
curve. It is therefore concluded that this approach to the general
problem shows promise of validity, and that research along these lines
should continve with the examination of stress-strain relationships for
this soil and for other soils.

THESIS SUPERVISOR: DR. HARL P. ALDRICH, JR.

TITLE: ASSISTANT PROFESSOR OF SOIL MBCHANICS
DEPARTMENT OF CIVIL AFD SANITARY ENGINEERING




Cambridge, lfasscchusetta
May 21, 1956

Professor L. F. Hamilton
Secretary of the Faculty
Massachusetts Institute of Technology
Canbridge, Massachusettis

Dear Sir:
In partial fulfillment of the requiremeants for the degree of Master
of Science in Civil Engineering, this thesis entitled "Laboratory

Compaction of a Siity Cley to Simulate Field Density Curves" is
submitted.

Respectfully youxs,
Edwaxrd C. West

Barry M. Coyle



el T TR BT ek

ACKNOWLEDGEMBIFTS ; :

The authors wish to express their gratitude to the meny people
whose kindness, patience, time, and advice helped immessurably in
pursuing this study.

We are especially indebted to My, C. M. Stahle fox the contribu-
tion of many ideas for the desiga of the machine, and for the construc-
tion thereof.

The euthors also wish to thank the following members of the Soll
Mechanics staff: Professor H. P. Aldrich for hie advice, guldavce, and
suggestions during the entire investigation; Professor D. W. Teylor for
his encouragement before his untimely death; Professor T. W. Lambe for
his interest and suggestions; and Mr. J. M. Roberts for his comments
during the course of study.

Further gratitude is expressed for the diligence with which the
Misses Mary de Sesa and Theresa Di Prizio typed the manuacript.

Acknovledgement is also made of the cooperation of the Waterways
Experiment Station, Vicksburg, Mississippi, for providing the soil and
a great deal of necessary field data. Col. A. P, Rollins, Ccmpanding
Officer of the Experiment Station, and Mr. W. J. Turnbull, Chief of
the Soils Division were most helpful in this regard.

E. C. West

H. M, Coyle




TO OUR WIVES

FOR THEIR EVERLASTING

PATIENCE, FOREBEARANCE

AND STRONG MORAL SUPPORT.




TABLE OF CONTENTS

Pege
Chapter 1 Introduction. ... .iiiiiii it i i i i e i 1
Chapter II Background.........c.oeeieenieieonnennennnnnnennnnnns 6
A. Purpose of Compaction. ... ..covuviiiiruniirinnninnnennennns 6
B. Use of Laboratory Compaction..... et e e, 6
C. Resume of Laboratory Compaction Methods in Use Today...... T
Chapter IITI Theoretical Conseiderations.............. ... 12
Chapter IV  Description of Apparatus...........coviiiiiivninnnnn. 20
A. Generel DesCription ... iviii ittt ittt ennnnnnns 20
B. Detailed Description....... oottt iinnnnnnn 20
C. Operating Instructions.............iv i innnnn. 23
Chapter V TEBE PrOBTAIM. ¢ttt itieirteneieeeneneeneensnnannnns 26
A, S0il DeSerdption. ... iviiiiiiii i i e e e e e 26
B. Method of Preparing Soil...ceveiiriiiiinrenennenennennnns 28
C. Preliminary Plan for Compaction Tests......cvvvvveeenn... 29
Do DemBAtY SBBUAY .« e eeerevrtrtettnee ettt 33
E. Sample Computations.......... B i e e, 37
F. Study of Precision and Reliability of Results............ ko
Chapter VI Results and CONClUBIONG .« v v v v viere e neenennnnennnns ks
A. Conclusions Relative to CW Compactor..................... hé
B. Indications Based on Limited Data........................ T
C. Anslysis of "Best Tests".......... ettt i W7
D. Summary of ConCluBionS . .oveeeeernenenenenens veveennnenss 54
Chapter VII Recommendations.......... feesesettsetsenrsarenancans 56
Appendix
Part A - Identification Tests................ciiviviininnn. . 59
Part B - Sketches and Pictures of MIT Compactor.(CW)......... 63
Part C - Test Program Data
" Basic Variasbles and Best Test Results............... 69
Part D - Test Program Data
Density Study.....cviiiiiiiiii ittt . 86

Part £ - References..... Seectsesssresacscsanns Ceesasasrennens . 93



LIST OF TABLES

Teble - Chapter VI Title Page
Vi-1 Compaxieon of Field Curves vs.
"Begt" Laboratory Test................... 1]
vVi-2 Comparison of Field Curves vs.
MIT, Harverd, and Northwestern Curves.... 51

Table - Appendix

A-2 Standerd AASHO Test Data................. 60
- Date - Contact Pressure varied........... T0
- Data - MNumber of layers varied........... TO
- Data - Number of coverages vavried........ Tl
- Data - Time rate of application varied... 71
- Data - Mold size varied............ teeceo T2
- Data - Foot size varied......ioceveevennn T2
- Data - Best Test, Time varied............ T3

Date - New Varisbles, New Field Curve.... T3
Date - New Varisbles, New Field Curve.... Th

1

- Data - Density Study - Case I..... ceeesa . 87
- Data - Density Study - Case II..... R = 1
- Data - Density Study - Case III.......... 88
- Data - Density Study - Case IV..ecoeenn.. 88

Data - Density Study - Cese V....oevevve. 89
mta—DenBity Study-case VItonoooau-oo 89

UUUUGUO?OOOOOOO
O\ FW D HF\WO OO\ Fw o




LIST OF FIGURES

Figure - Apperiix Title Page
A-l Identification Test Curves and Data...... 61
A-2 Standard ABSHO CUXVEB . oeeerreneanananenns 62
B-1 Scale Drawings - C-W Compactor........... 64
B-2 Scale Drawings - C-W Compector........... 65
B-3 Picture - Mounting the Mold.............. 65
B-U Picture - Adding Soil....covvevnenennnnnn 66
B-5 Picture - Pinning the Iever.............. 66
B-6 Picture - Applying Pressure.............. 66
B-7 Picture - Releasing Pressure............. 67
B-8 Picture - Rotating Turn-table............ 67
B-9 Picture - Machine Set-up, large mold..... 67
B-10 Picture - Large Mold in Plece..ceeceecess 6T
B-11 Picture - View of Tamping Feet.......... . 68
B-12 Picture - View of Tempingi'Feet........... 68
B-13 Picture - Sample under pressure, ,

kneading action shovn.......... 68
c-1 Curves - Contact Pressure varied......... 76
c-2 Curves - lLayers varied................... T7
c,3 Curves - Coverages varied................ 78
c-L Curves -~ Time varied.........coeuveeeeunnn. 79
c-5 Curves - Mold size varied................ 80
c-6 Curves - Foot size varied................ 81
c-7 Curves - Best Test, Reduced Time......... 82
c-8 Curves - New Field Curve, layers veried.. 83
c-9 Curves - New Field Curve, Best Test...... 8L
C-10 Curves - Comparison of MIT, Harvard,

and Northwestern Curves......... 85
D-5 Curves - Density Study, Case Vieos....... 91
D-6 Curves - Density Study, Case VI.......... 92




CHAPTER I INTRODUCTION

Among the fundamentel problems which face foundation engineers
is the enigma of developing or exploiting the basic engineering %
properties of their most important material, soil. Probably the +
most universal method of developing soil properties for a given
job 1s compaction. Compaction is defined as reducing the volume

of a given mass of soil by the application of an external physicai

force. Although a great deal of study has been devoted to the sub-
ject of- compaction, many of its more important secrets remain obscure ;
and not completely understood. i

The designer of an earth embankment today is torn between the

cost of his design and the accuracy thereof. To get an accurate,
dependable measure of the compaction characteristics of a soil or
soils chosen for a given job, it is necessary to construct a test
embankment. Tests are then run on samples from this embankment, and
analysis of the test results along with sound application of judgment
and experience give the engineer a solid basis for his design. This
process is often out of the guestion because of its prohibitive cost,
yet this is the only really reliable method available. The alternative
is to resort to Judgment, experience, comparison, laboratory tests,
and combinations of these. This second alternative is not within
the usually desired limits of accuracy, and often leads to erroneous

conclusions, uneconomical or dangerous designs and legel disputes

(Ref. #5).

Research into the mysteries of compaction has given the engineer
a fairly good idea on how such basic properties as density, moisture

content, permeability, shear strength, and C B R vary with compactive

A



effort. The primary.difficulty with which the engineer is faced is

his inability to correlate laboratory- tests with results in the field.
Present methods of compacting samples in the laboratory ere completely
érbitrary and empirical. The ideal solution to this very vital problem
is a laboratory process which reproducgs the action of field compactors.
More important, this précess should also produce in the soil the same
stress-strain and strength characteristics as those induced by field
equipnment.

Anslysis of the problem outlined above starts with the hypothesis,
"The s;me compactive effort applied to samples of the same soil under
similar conditions will yield equal resu}ts". This hypothesis can be
accepted with little reservation. From this it follbws that the lab-
oratory compaction apparatus should reproduce the actiOn.of the field
equipment as closely as possible consistent with economy and practical
considerations. It is readily recognized that exact reproduction is
‘impossible if the usual advantages of laboratory work are to be pre-
served. The problem now resolves itself into one of reproducing
those items which can be reproduced and correlating those items which
are impossible to reproduce beceuse of normel limitations imposed
by the laboratory.

An inherent difficulty in research of this nature is the woeful
lack of good field data with which to make the necessary comparisons.
Choice of soil and field.equipment with which to compare the laboratory
work is therefore limited. The United States Waterways Experiment
Station at Vicksburg, Mississippi has conducted extensive field tests
on two solls native to that aree. One of these soils, a lean silty

clay from a zone of weathered loess in the vicinity of Vicksburg,




was chosen for this investigation. 1000 pounds of the subject soil
was subsequently procured for the study.

Because of the intricacy of the general problem presented above,

the veritable mountain of work required to investigate such a problem,
and the limited time available for this thesis, it beceme vitally
necessary to limit the objectives of this study at the outset. The
study waes first confined to an investigation of the rubber tired'
roller since this particuler field compactor is fast becoming the
most popular method of compacting soils in current construction f
practice. It was then decided to attempt reproduction of moisture ;

density curves rather than stress strain reletionsiips per se. Adequate

date to substaentiate conclusions on the latter would have been impos-
sible of attainment in the available time, and moisture density re-
lationships were considered a good index to all of the important soil

properties involved. The objective of this study then is to produce

'moisture density curves by laboratory methods meeting the following
specifications: i
1. Curves are to lie within the band of scattered points
obtained by typical rubber tired rollers compacting y
the subject soil under field conditioms.
2. Physical varisbles such as covereges, layers, unit
presdure, and time rate of application of pressure
are to be the same in the laboratory as those used in
the field or at least possible of accurete correletion, _
To accomplish this objective, the investigation was divided into i

three phases which are described briefly in the following peragrephs.
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Phase 1 - A detalled study was mede of current loborotory co-

paction methods with emphasie on their sdventegse ond limltations.
Speoial sttention was devoted to the work of Wilsen wlth hie
“Miniature Compaction Device (Ref. #25), end Osterverg end
Rutledge 's work on the "Kneading Compactor (Ref. #11). A lob-
oratory compaction machine combining the ideas of Wilgon,
Osterberg, and Rutledge elong with eware originml thoughte of the
authors was then designed and constructed.

Fhase 2 - This phase consisted of atudying the action of the
co;npgction machine with special regard to xepreducibillity of
resuite and performance under varying conditions of preesurs,

lift thickness, number of coverages, time rate of application

of pressure, and mold size. The machine proved to give con-
sistent results with minimum scatter of points on any given

curve. Daily use showed the machine to be rugged and readily
adaptable to the changing couditions just described. Test

results showed a normal reaction to increase snd descrease of
compactive effort. Sstisfied with the performence of the machine
the authors then embarked ca phase 3 of the study.

Phase 3 - This phase was devoted to reproducing {with the
laboratory appmtuﬁ) a curve obtained in the field at Vicksburg
with a rubber tired roller. It should be pointed out bere that
this field curve is an average of many scattered points. It is

the best criteria on which to base a study of thies nature, but

the reader should be cautioned that it represents an area or

rangs rather than a well-defined curve. The end result of phase 3
vas & leboratory curve which came within 0.5 #/ft3 of maximum field
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density 1.4 % of optimum field water content, and L ¢ of
saturation on the wet side of the field curve. TFurther efforts
to move the wet side of the curve closer to field saturation
succeeded in suggesting several promising possibilities. Various
speciel density studies were conducted to investigatc thesec pos-
sibilities but insufficient data was obtained for drawing any
firm conclusions. The curve indicated above was obtained with the
same unit pressure, number of coverages, number of layers, and
time rate of application of pressure as used in the field test.
Tﬁis last fact is considered to be most significant.
The overall conclusion arising from this study is that this method of
laboratory compaction shows promise of validity. Research aiong these
lines should therefore be continued with speciel emphasis on examining
stress-strain and strength characteristics of samples compacted with
the machine used in this study. 3Similar studies should also be initiated

on other soils for which the necessary field data are available.




CHAPTER II  BACKROURD

Before launching into a discussion of the detolls of this particuvlar in-
vestigation, it 1s necessary to review work which hae alresdy been done in the
compaction field. This must be done in order to plece this study in ita proper
perspective.

A. Purpose of Compaction.

The general purpose of compection in the field is to lmprove, develop,
or otherwise tailor certein properties of the scil to suit the peculiar neceds
of a given project. These properties may be one or more of the followling:
strength, permeability, and compressibility. This is mo6t comnonly eccomplished
in the field with rollers of various types, vibration, pneumetic tamping devices,
ete.

B. Use of Laboratory Compaction.

Laboratory compaction is useful in three gensral areas: design, con-
trol of comstruction, and research.

1. Design - In preliminery studies, especially where test
embankments are not resorted to, representetive pamples of s0il to be used in
the project are compacted in the laboratory in order to study physical proper-
ties of the soil. These data along with rasults from other common leboratory
tests are used by the designer.

2. Field Control - Once design is complete, laboretory
compaction becomes one of the most frequently used methods for field control.
From standerd laboratory tests, optimum dry densitiea and optimum water con-
tents are obtained. The specifications for compaction will often be based on
this information. Usually the specifications will require a given compeciive
effort for a given range of water contents or that a given per centage of mexi-~

mum dry density be attained in the field. These items are suppossed to be
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checked frequsntly by inspectors on the Jjob.

3. Research - Samples compected by leboratory methods ere
used in studying permeability, strength, compressibility, etc., on o queli-
tative and/or quantitative basis.

C. Resumd of Laboratory Compaction Methods in Use Today.

These tests are described briefly in order that the reeder be in a
position to eveluate the gifferences between the machine used in this study
and other common laboratory techniques. The list of compaction machines does
not puport to be all inclusive, but is rather a survey of the more well-known
metheds .

Laboratory compaction had its real start in 1933 when R. R. Proator
developed the "Standard Proctor" (or Standard AASHO) test in connection with
the construction of earth fills in California (Ref. #8 & 1k). This test is
an impact test in which & hammer falls freely and strikes soil in a mold. The
"Modified Proctor" (or Modified AASHO) was developed by the U. 8. Army Corps
of Engineers to give a heavier standard of compaction for air field construc-
tion (Ref. #8). This test uses the standard CER mold in order that CBER tecsts
can be conveniently run directly on compacted samples. The test is funda-
mentally the seme as the Standard AASHO. The *British Standard" compaction
test is the seme as the"Standard AASHO" with the exception that the British
remove all materisl retained on the 3/&" sieve; whereas ia the United States,
that fraction retained on the 3/16" is scalped. (Ref. #3). The chart below

gives vital particulars on the two so-called AASEO Tests.

# of Ht of
Blows Fall
Mold # of per Hemmer of Compactive
Size Layers Leyer wt  Hammer Effort
Standsxrd AASHO 4.6" X 4" Diameter 3 25 5.5¢ 12" 12,400
FT
Modified AASHO 5 + in X 6" 5 55 10# 18" 56,000 FT
Diameter FT




The "Providence Vibrated" test, although not stendardized at
present, is receiving increasing attention in areas where granular
soils ayre prevalent. This test was developed by K. S. Lane in 1942
to obtain higher compaction standaxds on cohesionless coils {Raf. #3).
Another of Lane's goals was to obtain laboratory compaction values
more closely spproximating field values. In this tesit, the compection
mold (7" diam.) is welded to a base plate. A dry sample of known weight
is placed in the mold under a surcharge of 1000# imposed by a calibrated
spring. A 2-1/2# hammer is then used to strike the outside of the mold
until ch&nge in height of the sample ceases. The height of seaple 18
then measured snd volume is computed. It is then a simple matter to
obtain the dry demsity. This method does in fact give higher densities
for laboratory compaction, and these densities are consistent with those
obtained in the field. The primary factors blocking standardization of
this test are:

1. The mold changes shepe and volume under constant beating and
mst be recalibrated or replaced frequently to maintain accuracy end
uniformity of results.

2. 8ince the beating is done by hand, there is little wniformity
in time rate of application of the blows and coverages around the circum-
ference of the mold. -

The New England Division, Corps of Engineers, is presently working
on means to eliminate the above-mentioned difficulties. They ave &p-
Plying blows automatically on specially prepared gun metal molds.

The "Californie Static Losd" (or Porter Static Load) test was de-
veloped in 1935 by O. J. Porter, Californie Division of Highways » in
connection with the C B R test (Ref. # 3 and 13). The mold is 6" in
dismeter and 8" high with & detachsble base plate. A 5" long piston fits



into the mold. Material is scalped at the 3/k" pieve. Loading le static,

end is accomplished by & hydxaulic press. The customary msolmum losd ig

2000 psi epplied gradually under a controlled rate of strain equal to
.05 B/min, Maximum pressure is maintained for one minute and relessced
over a period of 20 seconds. Note that only one layer or 1ift of soil
is used.

Thus far teeta have been discussed which axe in general uvse to
verying degrees in cuxrxent practice. Row let us review two tests which

are later developements, end which were designed with the idea of re-
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pmd.ucing. the action of field equipmsnt in the laberatory. ‘The first of
these is the "Harvard" (or Wilson) Miniature developed at Harvard
University by S. D. Wilson and A. Casagrande (Ref. #25). The mold silze
is l/hsll- cu. ft. which means that the weight of a compacted specimen in
grams is numerically equal to the unit weight in 1b. per cu. ft. The
mold is furnished with the customary detachable base and collar; and the
equipment is accompanied by an extruding spparatus, and a jig for con-
veniently removing the collar. Unconfined compsession tests cen be run
on samples without trimming because of the convenient dimensions chosen
for the mold. The tamper is hand operated, and consists of & spring |
loaded piston 1/2" in dismeter. The spring is prestressed to a given s
value by means of a lock tfut on top of the tamper. The tamping operation
consists of pushing the temper into the soil until the load equals the
prestress. This point is easily detexmined by noting thet point at which
the spring starts to deform under load. The tamping force, number of
tamps, and number of layers cen be varied to produce a wide range of com-
pactive efforts. Note that the effort is more static than dynamic, and
closely approximates the action of a typicel sheepafoot roller. The
apparatus is limited to fine-grained soils because of the smell mold used.
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Results of tests on fine grained scils chow that this device cen
reproduce field density curves very clesely (Fig. C-10).

The second recent significant developemznt in lsboratory cown-
paction methods is the "Kneading Action" compactor developed by
Osterberg and Rutledge at Northwestern University (Ref. #11). This
machine can be used for so-called knseding compaction as well as for
dynanic coaapaction. It was designed with the following oblectiven
in mind: (1) Produce cptimm watexr contents and meximm densities close
enough to field resultes to be used for field control. {2) Produce
moisture - dansity curves reascnably the saewe as thoee produced by
field campaction equipment. (3) Produce soil samples having styess-
strain end strength characteristice reasonsbly close to those of field
campacted semples. These objectives are designed to overcome the dis-
crepancies between field and laboratory compaction which ave common in
curreﬁt practice. Limited teat results on the machine show that the
idea is feasible, and that the apparatus yields good results for the
soils tested (Fig. C-10). Only the kneading coapaction set-up is des-
cribed here since impact or dynamic compaction with this machine is
similar to the AASED tests described above. The mold i3 a standard
C B R mold 6" in diameter and 7" high. Compaction is produced by
compressed air a.utcne.ticaily such that pressure and time rate of ap-
plication can be held steady and uniform. The compscting foot is a
segment of a circle, slightly rounded on the bottom and attached to the
piston through a spring loaded universal joint such that a slight rocking
or kneeding is induced by irregularities in the soil. The mold rotates
automatically with ea.ch application of pressure such that a complete
coverage is obtained after a specified nmumber of temps. Varisbles axe:
unit pressure, time rate of pressure application, mmber of lifts, number

41N
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of coverages.

It is important here for the reader to have a clear understanding of

basic differences between the C-W Kneading Compactor used in this study

and the Northwestern Kneading Compector described immediately sbove.

The primary difference between the two is a matter of design per-
spective. The Northwestern device is fundementally an automatic mechine
with the variables controlled by mechanical means. The C-W Compactor

is completely hand'operated, and since there is no firm mechanical control
of the variables, human error is more pronounced. ﬁue to its automatic
features éhe Northwestern Compactor is more complex, more expensive, and
larger than the C-W device. The details of applying compactive effort
are basically the same in both machines, and one would therefore expect
them to yield similar results., Fig. C-10 bears this out. It is be-
lieved that there is a place for both machines‘in practice, and the fact
thet they give similar results is fortunate. The Northwestern Compactor

lends itself best to detailed research and to the permanent laboratory

facility. The C-W Compactor is well-suited to the temporary field type
laboratory.

A reader interested in the possible differences in kneading action ' é
between the two machines should compare the machines more closely than 1
is possible with the meager information availaﬁlé to the authors at
this time. The reader is referred to Chapter IV for a complete des-
cription of the C-W Kneading Compactor. Published description on the ’%
Northwestern Compactor gives insufficient information for determining
whether or not the manner in which the foot kneads is indeed the same

for both machines.

1




CHAPTER III  THEORETICAL CONSIDERATIONS

Theoretical considerations are analyzed here on the bagis of the
hypothesis, "The same compactive effort applied to samples of the seme
soil under equal conditions will yield equel results."” It 18 believed
that this hypothesis can be accepted with little reservation. In order
to reproduce field compaction in the laboratory, it follows that all
conditione and factors involved must in turn be duplicated. The fol-
lowing enalysis attempte to outline the variables concerned in terms of
their effect on compaction and feasibility of reproducing them in the
laborstory. The variables have been cetegorized to facilitate the dis-
cussion. It is recognized that many of these veriables ag outlined be-
low overlap their category. Tb segnent the problem any further however,
is impossible due to the infinitely complex nature of the interrelation
of all the factors concerned.

Let us first examine the various basic methods of delivering'com-
pactive effort. One method is dynémic or impact. Here a welght drops
freely and strikes the soil with a sharp instanteneous blow. (Ref. #1).
A second method is static compaction. In its purest sense static com-
paection is accomplished by a weight sitting on the soil without motion
relative to the esoil surface. (Ref. #1). A third besic method of com-
pacting soil is by vibretion. Here the soil mess is vibrated by an ex-
ternal force in such a manner that the soil particles rearrange them-
selves. In so doing, the particles tend to fill existirng voids in the
mass until some minimum volume is reached. The latter is not discussed
any further since the method applies only to granulsr or non-cohesive

materiels, and theréfore has no bearing on the problem at hand.

12
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Rollers used in field compaection are neither purely dynemic or
purely static in character. They are rather a cowbinetion of these
two. To describe this action we adopt the term "Kneading Action" as
used by Osterberg and Rutledge in their gtudies on thie sems subject
(Ref. #11). At this point we can make our first conclusion. The
laboratory apperatus must be of the "Kneading Action" type since nelther
dynamic or static compaction per se meete with the requiremsnts of the
hypothesis.

Now we shall examine the soil factors concerned. Soil is no doubt

the biggest single verisble. Among the meny soil properties which heve

some bearing on the problem are: scil minerals, grain size disiribu- k-

tion, Atterberg limits, specific gravity, sheer strength, coupresai-
bility, permesbility, moisture content, shepe of particles, chemical

content, and past history. To evaluete each one of the above-menticned

L N e T

soil properties with relation to compaction is beyond the scope of this
:eport. Research has shown how some of these properties are affected
by compaction and vice versa (Ref. #17, 22, & 9). Theories have been
presented for others, but an understanding of ell the relstionghips :
involved has not yet been reached, nor is there likelihoed of attaining
such an understanding in the near future. We can, very blandly, point i
out that the exact same soil must be used in the leboratory to repro-
duce field data. Anyone familiar with soil mechanics knows that the
ability to get samples alike in every respect is somewhat remote. Due
to differences in past history, disturbance on excavating, processing

in the laboratory, and the ever-to-bcéexpocted varietion of soil semples o

taken within several feet of one another in the same borrow area: we
should expect to get some differences between field laboratery from one

to another. This difficulty must be recognized from the start. It can

L PR S L T L e T ST L G X g A e
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not be overcome completely, but it can be minimized by Jjudiclous choice
of samples, careful sempling techniques, extensive identification tests,
and searching interpretaetion of test results.

There are other varisbles concerned which the authors classify es
miscellaneous for want of a more descriptive term. These items generally

arise from the physical factors attendant to the process of compaction

and the circumstences under which compaction is accomplished. Host of

ey

these items can be controllled in the leboratory, and some of them can

e sl bt

also be controlled in field work. These are the items which get the
largest share of attention in this paper. Bach of the so-called miscel-

leneous variables is listed below end discussed briefly: %

1. Temperature and Relative Humidity - These items can be

D e

controlled in a laboratory, but can only be recorded in the field. Some 5
measure of field control can be attained by choice of construction season %
where we cen expect limited uniformity in conditions. In this study we j
are forced to the somewhat questionable assumption thet temperature and j
relative humidity may be neglected. This assumption is adopted because
of lack of field dats and limited laboratory facilities.

2. Unit Preesure - The pressure per unit erea can be control-
led in the leboratory and in the field. Thargfore the same unit pressure
should be used in leboratory work as applies tﬁ,the piece of field equip-
ment in question. .

3. Number of Coverages - Number of coverages is defined as the
number of times that a given compactive effort is applied to the entire
surface of a given 1ift. This also can be controlled in both field and

laboratory work. It follows that coverages should be reproduced between

the laboratory and the field.

e T T T T T N L, T S L.
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4. Velocity of Impact - Velocity of impact is primerily a
function of the type of compaction exerted. In static compectlon ve-
locity of impact is zero for all practical purposes; whereos in dynamics
or impact compaction this velocity is & function of the height of fall
and acceleration due to gravity. 3Since kneading compaction has been

previously defined as a combination of static and dynamic, the velcelty

of impsct for a typical field roller is greater than zero. If the
roller does not bounce, velocity of impact is zero for all practical
purposes. If on the other hand, bouncing does occur, the velocity of
impact is increased to some smell finite vaelue. For an average bounce
of 2 inches or less velocity of impact is on the order of 3 fps. How-
ever, the bouncing is not sufficiently uniform to be evaluated quenti-
tatively. The machine 1is therefore best constructed with regard to im-
pact velocity to provide random bouncing such asg th;t which tekes place
jn the field. With this feature incorporated, we shall then assume that
velocity of impact is reproduced if the laboratory mcisture density curve
is essentially the seme as the field curve. This assumption is reason-
able since the meximum expected impact velocity is small in any event.

5. Time Rate of Application of Pressure - This is defined as 1

the time increment for.which the load is mainteined in any given appli-

cation of pressure. Time can be computed for the field if the length
of the contact area and roller speed are known. It must be pointed out
however, that this computed time is not exactly ccrrect beceuse the
roller is bouncing. In the laboratory time can be easily measured and
controlled. It is therefore possible to produce field time increments
in the laboratory, if we accept field time as being edequately repre-

sented by length of the contact erea divided by the roller speed. It

15
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should also be mentionad here that the roller spced is not meintuined
absolutely constaat. This fact affects our evelustion of “ims es well
es velocity of impect treated in U above.

6. iumber or Thickaess of Lifts - Here & twofold effect must
be exemined. Generelly epeeking, the thinner the layer, the greater the
effect of an spplication of pressure on thet layer. Also if thinner
layers are used, the compactive effort is transmitted to other layers
below the layer being compacted. The magnitude of these effects cen be
measured in the field or in the leboratory by sultable instrusentation
with strain gauges or the like. These magnitudes cen algo be computed
within a reasonable mergin of error by use of the Wastergesrd or
Boussinesq enalysis (Ref. #15). In correleting leyer thickueas in the
laboratory with layer thickness in the field, any enelyeis of the tranc-
mission of pressure loses some of its mesning since the amount of pressure
transmitted is elso affected by such things a8 side friction end sample
size. Since the problem of correlating the subject of layers between
field and laboratory caﬁ be seen to depend on number of layers, thick-
ness of each layer, sample size, side friction, etc; it 18 believed thet
an empirical approach to the golution of this problem is more practical
then a direct analysis. This empirical approach consists of finding
combinations of variables which yield laboratory curves within the band
of scattered field points. In this study an effort is made to determine
geveral of these combinations. When many of these combinations have been
determired, it might then appear that they follow some logical pattern.

7. Semple Size - The volume of a laboratory semple is eesily
measured, but the corresponding volume of soil affected by field com-

paction is very difficult if not impossible to analyzs. For this reason,
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an empirical approach is once again thought to be the most pres bleal method
of analysis. This problem ia intimately connscted with the correletion of
leyers as sesn in the diecussion for 6 above.

8. Shape aund 8ize of Contact Aree - The shape and sixe of contect
area in both field end lsbaratory are eesily zeasuwred. It is impracticel
however, to use the same foot size or contact area in the laboratory es that
which is used in the field. A contact arsa as large as that produced by e
field roller would make the laboratory apparatus unwieldy, uneconomical, and
consequently impractical.

We can ﬁow summerize the theoretical considerations presented above by
using them to formulate guide specifications for the laboratory coapaction
apparatus, and by defining more clogely the limits of this investigation.

The guide specifications are 1isted below in twe categories. The first cate-
gory arises from arbltrary 1limications imposed by svailable funds end mstexriele
for constructing the mechine and by the authors! conception of certvain naces-
sary'qpalities thet a good piece of laboratory apperatus should possesz. This
is followed by a second category of specifications based on the theory already
presented. The reason for this order of presentation will become epparent as
the reader digests category FRo. 1, and sees how it limits the applicetion of
theory.

" CATEGORY BO. 1

a. Maximum use must be made ef available screp material since
funds for the machine are limited to approximately 30 dollars.
b. The mechine should possess the following basic cheracter-
istics}
(1) Simplicity
(2) Flexibility - Easily edspted for chenging the basic

veriables in order to make an adequate empiricel analysie.
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(3) Dursbility - Rugged enough to withetand herd uss.

(4) Adasptable for use in permanent or in temporsry field
laboratories.

(5) Easily operated by unskilled leborsfory workere.

(6) Not so sensitive to humen error that results cennot be

readily duplicated by different operators.

CATEGORY NO, 2

a. Machine should be of the kneading action type, epproximating
as closely aa possible the action of a typical rubber-tired roller.

b. Representative sauples of the same voll as used in the field
must be used in laboratory compagtion.

c. Control of tsmperature and relative humidity is confined te
testing in normal room conditions.

laboratory unit pressure
field unit pressure

d. Pr = pressure ratio

- = lo
e. = coverages ratio = pumber of 1abora§g_11 coverages
Gr=e naes ¥ number of field coverages
= 1

f. It is assumed that velocity of impact may be neglected if
true kneading action is indeed produced. This essumption is based partly on
the feeling that the effect of velocity of impact in ths narrow range pointed
out previously is indeed negligible, and also on the practical impossibility
of providing the necessary instrumentation and controle to reproduce veloci-

ties in the laboratory.

g. Tr = time ratio = time increment in the laboratory
time increment in the field

2 1. It is not thought necessary to reproduce

this item exactly since the field time is scmewhat nebulous to begin with,

18



and e8lso because of the instrumentetion and controls reguired. Instead of ex-
act reproduction we shall therefore choose & convenient time increment approxi-

mately equal to that used in the field.

v
K

layer ratio - this item is left to ewpirical snslysis.
i. Vr = volume ratio - left to empirical enalysis.

Jo Axr

contect area ratio - left to empiricel aselysia.

k. Er

compactive effort retio [ 1.

We can now clearly define the limits of this research. It is recognized from
the start that to derive all the empirical relationships epparently required

is imposeible in the time availeble for thie study. We therefore confine this
investigaticn to determining conditione under vhich Ex4 1. It is essumed that
this condition is reached when the field curve of per cent moisture content {of
dry weight) versus dry density is essentially reproduced with the lsboratory
apperatug. An attempt will also be made to postulete on the empirical relation-
ships based on limited dete (See Chepter VI). It is hoped that further recearch
will be cerried on by others to more definitely define ‘the empiricsal relation-

ships referred to above.
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CHAPTER 1V DESCRIPTION OF APPARATUS

A. General Description

A lsboratory compactor (See Appendix B) was designed for this
investigation in keeping with the guide specifications outlined at
the end of Chapter III "Theoretical Considerations". The compactor
incorporates some of the ideas used by Osterberg and Rutledge in
their "Kneading Action Compaction Device" (Ref. #11), principles incorp-
orated by Wilson in the "Harvard Miniature {Ref. #25), and some original
ideas of éhe authors. As this section is studied, the reader should
refer frequently to Appendix B in which a complete set of pictures
and drawings may be found to facilitate understanding of the des-
criptive material presented below.

Compaction is accémplished by raising the compaction mold into
the piston through a lever system with sufficient mechanical advantage
to obtain the desired applied unit pressure. The compacting force is
read on the extensometer dial which is actuated by the deflection of
a standard proving ring.

The machine is built consistent with the specifications outlined
in Chapter III and the limited time available for conceptual design.
The platform is dimensioned to take molds from 2-1/2" to 6" in diameter.
The piston head is removeeble to facilitate investigation of various
sizes and shapes of the compacting foot. A mechanical advantage of
10-1/2 to 1 is furnished so that a sufficient range of applied pressures
can be attained. It is also easy to lengthen the lever arm should more
mechanical advantage be required.

B. Detailed Description

In this section the compaction machine is described in detail, and

20N



reasons for certain features of the dzaipg: are outlined. Thne machine
is divided into the following assemblies (See Appendix B, Fig. B-L) %o
facilitate discussions

1. Frame assembly

2. Proving Ring assembly

3. Piston assembly

4. Turnteble assembly

5. Lever assembly

1. Freme Asgembly (Fig. B-1 and B-2)

The frame consists of 4.5/8" steel rods threaded on both ends,
and attached with standsxrd nuts to standaxrd 6" channel sections. The
top channel is 15" long and the bottom 13-1/4" long. The choice of
materials and dimensions is governed by clearances and materials which
were avallable for use. These materials do not necessarily represent
the best choice from & structural standpoint, but they are satisfactoxry.
The purpose of the frame is simply to provide a mounting for the working
parts of the compactor. 'The top channel hag several sets of holes to
facilitate changing the position of the proving xing for diffexent size
molds. This is necessary because the piston is off center relative to
the center of the mold.

2. Proving R:I.ng. Assenbly

The proving ring assembly is composed of the necessary mountings
top and bottom, the proving ring itself, and @ standard leboratory ex-
tensometer (Fig. B-2). Choice of rings depends on the range of pressures
required for a given test. This in turn is dependent on total load and
area of the compacting foot. Two rings were used in this iavestigetion.
For the lower pressures and smaller contact areas, a 4OOf capacity ring

reading epproximately 1.2#/div was chosen. For higher pressures and
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larger contact areas it was necessary to use a ring with 1000# capacity
reading approximately 5.8#/div.
3. Piston Assembly
This assembly consists of the piston (7/8" steel rod), and the
compacting foot (See Fig. B-1l, detail A). The compacting foot is
removeable, and several sizes and shapes were used during the course
of laboratory tests (Figs. B-1l and 12). These sre described at scme
length in Chapter V. Generally the foot is slightly rounded on the
bottom (approximately on a 6" radius), and the piston is pivoted 1-1/4"
above the ¥op of the foot such that the foot is free to swing in a
limited arc of S%t. The rounding and pivoting are included sgo thst
irregularities ih the soil surfece will produce a slight rocking or
kneading action similar to that obtained with a typical rubber-tired
roller, This i@ea is much the same as the kneading arrangement incorp-
orated by Osterberg and Rutledge in their machine (Ref. #11).
i, Turntable Assembly (Fig. B-2, detail B)
A 1-1/4" diemeter steel rod supports a bearing and the turntable.
The rod moves up and down guided by a 1-1/4" home-made bushing. The
bushing is bolted to the bottom channel of the frame assembly. The
turntable is attached to the bearing with a screw such that the table
is free to rotate continuoﬁsly in a 360o traverse, but cannot displace
up or down. The turntable (5/8" steel plate, 7-3/8" diameter) is pro-
vided with mountings (Figs. B-3 and 10) for the various molds used in
the test, The 1-1/h" rod has 3/8" holes spaced 1" center to center for
pinning the rod to the end of the lever.
5« Lever Assembiy
The lever assembly consists of the fulerum, lever, and pin

(Figs. B-1 and 10). The fulcrum is 4" center to center from the 1-1/4"
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rod of the turn-table assembly. The fulcrum is mede fxom scrap mebexial,
and thexefore it is only important to de=scribe its key dimension end
details of the topmost part. The fulerum pivot point is 8-1/2" from the
bottom channel of the frame. The top of the fulecrum ie provided with o
roller (3/8" hardened drill rod) so that the lever will slide easily
when the lever sxrm changes as the end of the lever tries to move in a
circular arc. The fulcxrum rollexr 1s housed in a slot or guide so that
the level csnnot displace sideways (Fig. B-2, side elevation). The end
of the lever is a machined piece, U - shaped to fit arcund the 1L-1/4"
rod which supports the turntable. A cleavance of 1-1/k" is provided
between the pin hole and the bottom of the "U" in oxdexr that the lever
be able to swing freely for meximm lift. The lever itaelf is 1-3/L4"
x 1/4" steel stock, 47" long. The short arm is A" when the lever is
horizontal, and this arm lengthens as the lever moves up and down.
C. Operating Instructions

Description of the manner in which the machine operates is pre-
sented in the form of cperating instructions. Instructions are am-
plified by pictures in Appendix B where applicable.

1. Choose variables for test depending on the investigation
involved. It is neceessary to compute an extensometer dial reading for
the desiyed unit pressure (See Chapter VI., Semple Calculations).

Choice of number of coverages, mold size, foot size and shape, time
increment, and number of layers is also described in Chepter VI.

2. Mount the mold and collar on the turntable (Fig. B-3).
This is done by tightening bolts on the rods provided for holding the
mold in place. Note the use of wax paper to prevent leakage of pore
vater and to keep soil from sticking to the turnteble when the compacted

specimen and mold are removed from the machine.
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3. Add sufficient ecil for ore layer (Fig. B.k). The vum-
ber of spoonfuls of scil to be added for uniform layer thiclmezes is
easily estimeted after a minisum of experiences with eny given mold.

4. Pin lever to the 1-1/4" rod supporting the turn-toble
(Fig. B-5). MNotice in the picture, the use of & block of wood to
support the turn-table assembly during pinning. Choice of hole in the
1-1/4" rod is a matter of convenience. With e little experience, the
operator soon learns which hole is the best choice for any given cou-
dition.

. .5. Dppress the end of the lever thexeby raising the semple
into contact with the compacting foot (Fig. B-6). When tbe extenso-
meter dial reaches the computed reading, hold this pressure for the
previously specified time increment. Time may be controlled with a
stop watch. It ves found that an experienced operxator could easily
control time by simply counting aloud.

6. After the given time increment, release pressure by
raising the level (Fig. B-T).

7. Rotate the turn-table to a new location (Fig. B-8). The
operator chooses this new location based on the number of pressure ep-
plications required for one full coversge of the soil surface. He
,shcu;.d arrange his suceesﬁive locations so as to provide overlap. It
has been found convenient to mark and number locations on the turntable
so that the operator can easily keep treck of the number of applications
and coverages.

8. Repeat steps 5 thru 7 until the desired number of coverages
for one layer has been accomplished. Remember thet a coverage ia defined
as one application of the specified pressure over tbhe surface of the
mold.
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9. Add soil for each succeeding layer and repeat steps % thru 8.
As the thickness of sample increases, it will probebly be necessary to
repin the lever in a higher hole on the 1-1/4" rod.

10. After the given number of layers has been compacted, remove
the mold.

11. From here on normal laboratory procedure for trimming,

weighing, and extracting water content samples is followed (Ref. #8).
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CHAPTER V TEST PROGRAM

This chapter is devoted to a description of the test progrem
resorted to in evolving the conclusions and recomm=2ndations of this
study. Presented herewith is a description of the soil, deteils of

the various tests, esnalysis of sources of error, sample calculations,

and partia’. analysis of results obtained. Pertisl apalysis is made
from the curves taken at face value in this chapter. Finsl analysis

presented in Chapter VI is & re-evaluation of the partial analysis

in light of the precision study and tke amount of date obtained in E
these tests. Reference is freguently made to fj_ms and chaxts in ;:
Appendices A, B, C, and D. E

A. Soil Description - The soil used was cbtained from a zone of
weathered loess in the vicinity of Vicksburg, Mississippi. It is most }
generally described as a lean silty clay, and identification test re- E;
sults (See Appendix A, Fig. A-1) show thet the soil is a representative ;
sample of the same soil used in Reports 2 and 7 (Ref. No's 17 and 22) é
in which the fleld studies made at Vicksburg are described. The fol- “

lowing is a visual description of the soil following the "Unified Soil

Classification System" promulgated by the U. 8. Army Coxps of Engineers:
Dry Strength - Medium
Dilatancy - Slow to Medium
Toughness - Medium
Color - Light Tan

-
e
Ry
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Organic Matter - Negligible, small amouni of roots and dry

and Hydrometer

weeds i

&

Passing #200 sieve - 91% |
i

Data From Liquid Limit, Plastic Limit, Specific Gravity, |
‘.%
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Anelysis Tests - (See Appendix A, Fig. A-1)
CLASSIFICATION - CL

In addition to normal identification tests, the following was
done as a matter of curiosity: It was postulated that if we did in
fact have the same soil, it should be possible to reproduce a moisture
density curve obtained by some standard test. Consequently a test was
conducted by normel dynemic methods. This test wes done with the same
mold size, hammer weight, height of fall, etc., as a test run at Vicks-
burg. The Vicksburg curve and the MIT curve axe shown on Fig. A-2.
Also see ':l‘able A-2 for pertinent data. Note that height of sample at
Vicksburg was 4.5" whereas height of ssmple in the comparitive MIT test
was 5.0". This difference 18 due to limitations imposed by laboratory
equipment.

Note also that the grain size analysis (See Fig. A-1) is not es
close as it might be expected to be with the same soil. This is not
considered significant since the Vicksburg analysis was by hydrcmeter
only whereas the MIT analysie was of the combined type. It should also
be recognized that some experience is required to run the hydrometer
test properly; and the hydrometer analysie conducted for this study
was made by inexperienced personnel.

With regard to soil identification, it is very important that the
reader be reminded of a significant fact in the past history of this
soil. The soil used at Vicksburg in their Report #2 (Ref. #17) was this
8ilty clay taken from & virgin deposit. The soil in Vicksburg's
Report #7 (Ref. #22), and the soil cbtained for this study was not
virgin soil. The latter was taken from previouely used test sections,
and was therefore subJecf. to varying campactive efforts in the initial
tests. The reader is referred to Report #7 (Ref. #22) for dcta on the
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effect of recompacting this soil by dynswic methods. No investigation
has been made of the effects of recompacting by the knesding method
treated herein.

B. Method of Preparing Soil

Normal lsboratory procedure was followed in processing soil for
the various tests. The soil was first sir-dried st room temperature.
All lumps were then broken down by sileving and by use of & rubber-
covered pestle. That fraction retained on the number 6 sieve was then
scalped out. This fraction amounted to less then 4% of the total sample
by weight, and coneisted of heavy rock particies which could introduce
errors in unit weight in a 2-1/2" diameter mold. This problem is com-
mon in ccmpactibn tests, and has been under limited investigation for
some time (Ref. #3). Thus far no theory or relisble system hes evolved.
to compensate for this error. However, variocus arbitrary methods are
used to take this discrepancy into account. A common device is to scalp
out all material retained on a given sieve. For example, in the Standard
AASHO Test, all material retained on the #4 sieve is discarded (Ref. #8).
In the British Standard Test, that portion retained on a 3/4" sieve is
scalped out (Ref. #3). The Corps of Engineers scalpe out that fraction
retained on a 3/4" sieve, and replaces this fraction with an equal weight,
of material passing 3/L" and retained on #+ in the Modified ANSHO Test
(Ref. #8). Using these examples as a guide, the #6 sieve was chosen for
scalping as follows:

Volume {Std AASHO)
Volume ratio = Volume 2-1 /2., mold) =

i
o

= 3¢9

e

T
(Volume ratio) 1/3 = 3.9 1/3 = 1,575

. L istd AASHDE =  Screen size (Std AASHO
= L {2-1/2" mold) Screen size (2-1/2" mold)

7R

Length ratio




VS N ST ATIE R I T

WEEETIIR VR IR ST ST o S

Then, Screen size 2-1/2" mold = I:%% . 119" opening. The closest
stendard sieve opening is .1l32",

Soil passing the #6 sieve was then divided into 6 pavts. Each part
was subsequently prepared at a different water content. Wetexr contentie
ranged from 11% to 25% of dry weight. The water was edded with a spray,
and the scil and water were mixed vigorously to obtain meximum uniformity.
To further insure uniform water coantents, the six paxrts were placed in
large Jars and allowed to cure at room temperature for a miniwmum of 24
hours before compecting.

C. Preliminary Plan for Compaction Tests

Before any attempt was made to reproduce field curves, it was
neceseary to determine how the machine reacted under varying conditions.
Prior to any formal testing, several triel runs were conducted. The
data for tbése tests is not given in the report since the tests were
repeated later on in the formal testing. Results of this preliminery test-
ing showed that the machine ylelded smooth uniform curves, that these
curves could be easily reproduced, and that different operators could
produce the same results using the same test procedure. With this
evidence that the machine functioned in a reliable fashion, it was now
possible to investigate the effects of changing the so-called basic
variables: contact pressﬁre » Dumber of layers, coveragss, time incre-
ment, mold size, wnd foot size. In order to facilitate this besic
investigation, a reference or base test was formulated. The varisbles
used in this test wexre designed for convenience in order that each
individual test could be easily coatrolled and conducted in the least
amount of time. Variasbles chosen were: (See next peragraph for field
varisbles)

Contact Pressure = 65 psi
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fumber of Layers = 3
Coverages = 6
Time Increment = 2 sec

Mold Size = 2-1/2" diameter x 3" high

"

Foot Size

i

1/3 sector of a circle 1/8" less in dlaweter than
the mwold diawmeter

With the base test as & reference, it was then a simple matter to change
one varisble at a time to determine the effect thereof. Results of

these tests are tabulated in Appendix C, tebles C-1 through C-6; moisture
density curves are shown in Figs. C-l through C-6 of Appendix C; and
these results are analyzed in the discussion which follows. HNote that the
zero air voids and 90% saturation lines are plotted on each of the mcist-
ure density curvees cited above (Figs. C-l1 through C-6) to facilitate
analysis. In addition, the field curves which the authors are endeavor-
ing to reproduce is likewise plotted on each figure. This field curve
(Ref. #17) is for a rubber tired roller exerting 65 pei contact pressure,
8 layers, 6 coverages, each layer 6" compacted thickness, end roller
speed of 2 to 6 MPH. Discussion of the basic tests follows:

1. Varying Contact Pressure (all other variables held constent).
Refer to Appendix C, Table C-l, and Fig. C-l.

Study of the molsture density curves plotted on Fig. C-l1 that
increasing contact pressure gives a higher maximum density at a lower
optimum water content as expected (Ref. No's 3, 17 and 22). Saturation
on the wet side of the curve remains constant at approximately 92% regard-
less of contact pressure variation. A large increase in maximum dry
density ( 3 LB) is reflected between £5 psi and 90 psi. No significant
change in optimum density is apparent between 90 psi and 150 psi. In-
crease from 65 to 90 psi reduces optimum water content by 1-1/2%; whereas

increasing pressure from 90 to 150 psi reduces optimum water content by

11
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only 1/2%. It would appear from these limited date that in the renge
of 90 psi, an optimum compactive effoxrt is reached beyoud which no
significant change in moisture density relstionships can be effected
by increasing pressure.

2. Varying Mumber of Layers (Teble C-2, Fig. C-2)

Increasing the numbexr of laysrs has & twofold effect. The thick-
ness of each layer is reduced, and the effect of a given tamp is trans-
mitted to layers previously compacted a greater number of tiwes.

Fig. C-2 shows that saturation cn the wet side of the curve is independ-
ent of the number of layere. Increasing the mumber of layers (or con-
versely reducing the thickness of each layer) gives a higher maximum
dry density at a lower optimum water content as expected (Ref. #3).

Ncse that the movement of the peek up and to the left is approximately

- the same for an increase from 2 to 3 layers as for an increase from 3
to 8 layers. This shows that the variation in location of pesk point
wii;.h change in number of lsyers possibly is an exponential rather than
a linear variation similar to that shown for changing contact pressure
above. ’

3. Varying Number of Coverages (Teble C-3, Fig. C-3)

Some difference is noted in saturation on the wet side of the
curve with change in mumber of coverages. Between 6 coverages and 18
coverages, saturation appears to increase from about 92% to approxi-
mately 95%. Increasing the mumber of coverages moves the peak point
up and to the left with a greater change shown between 6 and 12 cov-
erages than between 12 and 18 coverages.

L. Varying Increment of Time During Which Full Specified Contact
Pressure is Maintained (Table C-i, Pig. C-4)

A time increment of 1/2 second. reduced saturation on the wet side
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to 90% or 2% lower than the saturation for 2 seconds end 5 seconds.
These limited date would indicate that a peak value of epproximetely
2 seconds exists (for the conditions or variables of this test) be-
yond which decreasing time increment will increase aiy voids in the
sample. Also note that the peak point once again moves to a higher |
optimum dry density at a lower optimmum watexr content with increasing
time increment as expected (Ref. #l1).

5. Varying Mold Size (Table C-5, Fig. C-5)

Increasing mold size with all other vaiiables held constant moves
the peak point up snd to the left. Saturation on the wet side 1is inde-
pendent of mold size. Intuition and results of past studies (Ref. #3,
17, 22, and 14) would indicate movement of the peak point down and to
the right with increase in mold size. Results of this pasxticular test
in which increasing mold size gave an opposite movement of the peak
point helps us to appreciate the infinitely complex relationship of the
many variables involved in compéction. In order to obtain 65 psi con-
tact pressure with a 1/3 foot and 6" diam. mold, the total load on the
foot was increased on the order of 6 times between the 2-1/2" diam. mold
and the 6" diam. mold (562 lbs for the 6" diam. mold as opposed to 96 1lbs
for the 2-1/2" diam. mold). Study of the Westergaard or Boussinesq
methods for determining mm: of pressure at various dspths below
a loaded ares shows that the heavier total load tranemits more pressure
to the same depth even though contact pressure in the two cases iz equal.
From this it can be seen that a'simple increase in volume will not reflect
a decrease of compactive effort in the resulting curves unless other
more effective variables are also changed. In this particular case (Fig.
C-5) then, the movement of peak point was probably a result of ircrease in

total load rather than increase in mold sigze. In effect the variation of
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volume was damped out by variation of total load.

6. Varying Foot Size (Table C-6, Fig. C-6)

First we shall examine the changes in moisture-density relation-
ships incurred by changing from a 1/3 circle foot to a 2/3 clrcle foot.
The changes thus incurred are minor and mag not bave any particular
significance. It would appear that increase in contact area (all other
varisbles held constant) increases saturation on the wet side by ap-
proximately 1%, and increeses maximum dry dencity to a negligible degree.
It should be pointed out here that in -addition to changing contact area
the knesding chaxacteristic was also altered. With the 1/3 foot, rocking
was in the direction of the long axies of the foot and parallel to a
chord of the circle described by the walls of the mold.

The 2/3 cirecle foot rocked in the direction of the radius of the
mold (Fig. B-13) (Rocking with the 1/3 foot is described as "circum-
ferentially" vhereas rocking with the 2/3 foot is "rsdially"); and with
the full foot, there was no knsading action. Also contact pressure on
the full foot was more uniform since the bottcm was flat. Note now that
the full foot ylelded no change in saturation on the wet side, but re-
sulted in a considerably lower maximmm dry density at a higher water con-
tent. We might therefore consider that foot size was not the variable

which brought about the change but rather the presence of kneading action

or lack thereof and the degree of uniformity of contect pressure.

D. Density Studies Arising from Observations Made During Teste of
"C" Above (Refer to Appendix D).

Two significant observations were masde while conducting the tests
referred to in paragraph C above. It was noted that weter collected
between the bottom of the sample and the turntable surface during the
process of compaction, and that the very bottom of the sample was con-
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siderably wetter than the top of the sample as a consequence. This
phenomenon was especlally apparent on the wet side of optimm. It was
also noticed thet when the foot rocked or kneaded radially, it alwayso
kneaded in the same direction; and thet this resulted in a depression

on the top of the sample in the center. The 1/3 foot for the 6" mold
kneaded radislly and always toward the center resulting in a cone-shaped
depression in the center of the sample, Note here 1In order to avoid
confusion, the 1/3 foot for the 2-1/2" Qiam mold rocks circumferentially
as indicated previously. The 1/3 foot, 6" diam mold which is under dis-
cussion he-re s rocks radially as indicsted. The 2/3 foot for the 2-1/2"
mold rocked radially and toward the outside of the samwle resulting in s
small bump in the center of the sample. The hump for the 2-1/2" mold and
2/3 foot was not neerly as evident as the depression in the 6" diameter
sample compacted with a 1/3 circle foot. These observations ralsed some
interesting questions, and gave rise to two special studies which are des-
cribed below.

1. Variation of Deneity and/or Moisture Content with Depth
(Tables D-1 through D-h)

Collection of water in the bottom of the sample might indicate a
generel movement (however small) of pore water from top to bottom during
compaction. If this is indeed what heppens, it should be reflected by
a difference in water content and/oxr density between various levels in
the sample. From this it was postulated that the difference between
field and laboratory moisture density curves might be partially due to
the depth from whibkh the sample is taken.

In order to examine the above reasoning, a test (65 psi, 6 coverages,
3 layers, 5 seconds, 2-1/2" mold, and 2/3 foot) was run as follows: each

of the six samples (different water contents) was campacted according to
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the prescribed varisbles. The entire sample {with 1wold) vaes weighéd.
The sample was then extruded (opposite to the direction of the commactive
effort) about helf-way, and the portion remaining im the:mold wac shaved
flush. A water content sample was teken from the removed portion of the
specimen, and the portion remaining in the mold was weighed. The dis-
tance between the bottom of the mold and the surface of soil remsining
in the mold was then measurzd, and finelly a fra.ter content semple was
taken from thet portion remaining in the mold. With this infbma.tion »
it was possible to compute density and water conteni; for the entire
semple, top of sample and bottom of sample. For method of calculation
see "Sample Computations".
Results (Table D-1) of the first extrusion test indicated that the |
top of the sample wes considerably denser than the bottom at all water : *
cantents including the wet side of the curve. Scatter of points was ap-
preciably greater than the scatter obtained in normal tests.
~ The curious results of this £irst extrusion test led to the con-
clusion that the process of extrusion wes at least partially responsible.
The next test in this series was therefore run with extrusion in the op-
posite direction (same direction as the compactive effort). This test
resulted in more scattered data shown in Table D-2. Curves could be
interpolated between the ﬁointa, obtained, but conclusions ere not war-
ranted because of the scattered points.
g f' Despite erratic results cbtained thus far in studying veriation of
‘ density with depth, it was still felt that this line of thought merited
some further research. The authors now resorted to a split mold, 3" in
total height (same as the standard 2-1/2" diem mold used in other tests)

and divided into three 1" sections. The mold was made such that the

semple could be weighed and trimmed three times. By calculating remainders,




it was possible to obtaln densities and water ccatents for top, middle 5
bottom, and for the entire sample (See “"Sample Computations"). Study
of Teble D-3 shows a trend toward greater density and greater saturation
on the wet side for the middle of the semple. There is no rational ex-
planation for this. Furthermore the scatter of points when plotted in-
dicates that considersble error (See discussion of "Sources of Erxor")
was introduced in blowing volumes up on the oxder of 350 times. Since
erratic results continued to be the order of the dasy, it was concluded
that further study of variation of density with depth would require

more time and more accurate and elsborate methods of volume determination.
Since time was limited, this study was dropped at this point. Note that
curves are not included in Appendix D for the 3 tests just discussed.
They are omitted lest the reader Jump to conclusions based on inaccurate
data. ‘

. A fourth test was made with regard to vertical drainege in the
sample. Uptil this time all tests had been conducted with drainage
sealed off in the bottom of the mold b& wax peper. Test four in this
series was conducted with a soaked porous stone (3/8" thick) at the
bottom of the mold. This was dome to allow drainage at the bottam of
the sample, For each sample the stone ﬁas soaked for 3 minutes and then
dried by blotting with a paper towel. This peculiar procedure was neces-
sary since only one stone was available for the teet. Table D-U shows a
lover meximum dry density at a higher water confcent for the test without
porous stone. Drainage however, is not neoeasa.r‘iiy the cause for this
effect. Thickness of sample was reduced from 3" to 2-5/8" by introducing
the stone. Reference to Fig. C-2 reveals that the change which occured
is a normal result of decreasing layer thickheas. A curve is not included

in the Appendix for this test since the date 18 inconclusive,




2. Variation of Density and/or Moisture Content Redielly from
the Center of the Sample (Tebles D-5 and 6, Figs. D-5 and 6)

These two tests were conducted to investigate the significence of
the depreséions and humps referred to above. It was suspected that the
sample had a greater density in the divection of rocking. It was also
theorized that confining effects might well produce a grester seturation
in the center of the semple on the wet side of optimum. Densities in
the center of the sample were determined by excaveting a hole in the
center, weighing the soil extracted therefrom, and then measuring the
amount of- 30 weight motor oil required to £ill the hole (See "Sample
Computations").,

For the 6" mold (Table D-5 and Fig. D-5), it was found that the
center of the sample was indeed more dense than the outer annulus. It
was also noted that saturation on the wet side is greater in the center
of the sample.

In the second test with 2-1/2" mold end 2/3 foot (Table D-6 and
Fig. D-6), density was greater in the outer annulus , and saturation
was greater wet of optimum for the center of the sgample.

Results of these two tests would indicate that density is indeed
greater in the direction of rocking, and that confining effects in the
center of the sample do produce greater saturation wet of optimum., The
limited amount of data gathered, and the rough procedure used for deter-
mining volume of the center of the sample should caution the reader to
accept these conclusions with a jaundiced eye. PFurther work along these
lines might be warranted, but was not undertaken by the authors for lack
of time,

E. SAMPLE COMPUTATIONS (Ref. #8)

1. Calculations for a typical complete test.
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a. Variables
Contact pressure = 65 psi
Coverages = 6

Number of layers = 3

Time = 2 sec
1
Mold size = 2-1/2" diam. x 3" high =17 cu. ft.
Foot Size = Contact area = 2/3 sector of 2-3/8" diem.

circle = 2.95 8q. in.
b. Extensometer dial reeding
Force = 65 x 2.95 = 191.75 1b.
Calibration of proving ring on platforin scale gives s
disl reading of 162 for a net load of 192 lbs.

c. Number of tamps per layer

_ coverages x area of full circle foot
actual foot size

_6x3 _ 9 tamps
= %=

d. Dry Density (B")

Wet density -¥wet - ¥or weight

Velume of sample

x B do

d ° Tiw

e. Water content
_ Wet weight - Dry weight _ W
- Dry weight -——w'*;—-

2. Determination of Density Top and Bottom of Sample by Extrusion
Method given: Weight of entire sample = 0.945 1b
Sample extruded opposite to direction of compactive effort.
Depth from mold flange to surface of sample after partial
extrusion and trimming -= 47 w

32
Weight of soil remaining after extrusion = 0.461 1b.
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Water content (top) = 12.6%
Water content (bottom) = 13.1%
Mold Volume =i%7'cu £t

; _ 117 x 0.945 - 98 per
¥y (entire sample) - JTEITL | - 9B

2

&y (vottom) - °~“6i9x(1i7f€311‘y32 = 93.5 pef

_ (0.945 - 0.461) x 117 x 3 x 32 _ .
¥ (top) = (0945 e 102.6 pet

3. Detemmination of Density Top, Bottom, and Middle by Split
i\aethod given: Weight of entire sample = 0.984 1v.
Weight of bottom = C.327 lb.
Weight of middle and bottom = 0.658 1lb.
Depth of mold = 3"
Depth of each section = 1"
Water content top = 13.4%

14,29
Water content bottom = 13.5%

Water content middle

Mold volume = 1/117 cu. f£t.

_ 00961 X 117 =
xd (entire sample) = P& =lapy— I T PR

rd (top) - £0.9§l+-.%BLX DTx3 _ 93.8 pef

& (bottom) = ‘%%Z.%%.llii = 101.2 pef

_ (0.658 - 0.327) x U7 x 3 . 101.
& (miaae) 2= 0.387) 101.7 pef




i, Determination of Density of Center of Sample by 01l
Displacement given: G of the oil = 0.891L
Welght of soll excavated from ceanter of
semple = 97 gms
Welght of oll required to fill the hole

= 48 gms,
vwet= 8 x ¢ oil x b,
)

[t

% x 891 x 62.h = 112.5 pef

F. ©Study of Precision and Reliability of Results.

l. Compaction Machine

Due to the inherent simplicity of the mechine, controls such
as those incorporated in the Northwestern Kneading Compactor (Ref. #11)
are lacking. Magnitudes of error which might conceivably be introduced
are outlined balow, and are analyzed with regard to possible effecte on
a typicel moisture density curve. The errors are discussed with regexd
to a single point. It shculd be remembered in reading this presenta-
tion that many of these errors are iikely to occur in the positive as
well as the negative direction with equal frequency. Since moisture
density curves at best represent an average of many points , errors which
appear to be of significant magnitude are dampened out to the voint of
beiag negligible when the final curve is drawn. This fact becomes evident
when the reader compares the relatively smooth curves usually obtained
with the possible sources of error.

a. Contact pressure - The only means of controlling contact

pressure is manual. The operator must keep the extensometer dial at the
specified reading for the given time increment by exerting a constant

force on the end of the lever. The maximum probable error is 3 divisions
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on the dial or 3 x 1.2 = 3.6 psi with the 40O pound cepacity proving

ring. Reference to Fig. C-1 shows that an ervor of 3.6 psi has

negligible effects on any point above 90 psi, and can raise or lower
the point on the order of 0.3 lb/cu. £t. at the lower pressures.

b. Layers - Two possible errors present themselves
here. First, is the possibility cf the operator miscounting the
specified number of layers. This is unlikely to happen if reasonable
care is exercised. If it did occur the resulting error in dry density
would be on the order of 2 1b/cu.ft. at low number of layers and 1 1b/cu.ft.
at higher' numbers of layers (Fig. C-2). Since these errors would not
occur at each point, the point in error would show up as a bad point
when plotted, and would consequent)y be neglected. A second possibility
is the likelihood of non-uniformity in layer thickness. This can be
reasonably well controlled by carefully measuring the soill required for
each layer in the loose condition. The operator soon learns how many
spoonfuls of soil are required to £ill the mold under varying conditions.
; Since layer thickness is an average of the total sample height divided
§ by the number of layers, any small deviations from uniform thickness are
effectively dampened out.

c. Coverages - The number of coverages is also subject
to the human error of miscbunting. Once again this error is easily
eliminated with reasonable care. However, should the error occur, study
of Fig. C-3 reveals that an error of one coverage for one or two points
on the curve is negligible (order of 0.2 1b/cu.ft. at more critical
portion of the curve).

d. Time - Time is controlled by a stop watch or by counting.
Errors in time increment of the order of 1/2 second are entirely pos-

sible. Maximum deviation of a single point due to a consistent error of
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1/2 second 1s on the order of less than 1/2 1b/cu.ft. Also to be taken
into account when viewing this possible error is the fact that time in
the field 18 a random proposition at best. The reader is referred to
Chapter III for a discussion of determiriog time rate of appilicotion of
pressure in the field. See also "Sampie Calculations" in +this chapter.

e. Mold Size - The error introduced by mold size is in-
timately related with the accuracy of scales used and the care exercized
in trimming samples. Generally the smaller the mold, the larger the
likelihooé. of error since errors are magnified by a largexr factor in
blowing mold volume up to units of pounds per cu. ft. The maximum pro-
bable error in sample weight is estimated to be 0.0l 1b. For the 2-1/2"
mold, 3" high (V = 1/117 cu. £t.), ervor is 1.2 #1 £43 1n wet density.
For the 6" mold, 3" high (V = 1/20.3 cu.ft.), error ie 0.2 #1 £t3 in wet
density. These errors are further reduced when converted to dry density
depending on the magnitude of water content.

f. Summary - If all of these errors were tec occur con-
sistently and in the same direction for each point on a curve, the peak
point would be displaced on the order of I to 5 lb/cu.tt. with a like
deviation in optimum water content. Errors of the same order of magnitude
are equally possible with piesent standardized tests. When considering
this error, the reader should keep in mind that with due care in ex-
perimental procedure, the possibility of significant error is easily
eliminated. Controls to eliminate the large majority of possible errors
in a positive fashion can be incorporated in the machine. The added
expense however, is not considered wvarranted in light of the preceding
discussion.

2. Errors in Laboratory Procedure
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a. Normal procedure
(1) Dry Density (See 1 e above)
(2) Weter Content - An error of 1 gm in dry weight for
a sample weighing 100 gms wet yields en error of 1% in water content.
The scales are accurate to 0.1 gms; hence this error assumes negligible
proportions.
b. Determination of Density Top and Bottom by Extrusion
Errors cen be introduced in weighing, and by virtue
of change in length of sample induced by the extrusion process. In this
method and in the method analyzed in ¢ below, weighing errors are more
serious than usual since more weights are determined for the same sample
or parts thereof. When determinations are made by use of residuals as in
the extrusion or split mold method, errors in weighing become cummlative.
For errors of .0l 1bs, 1/64" in length measurement, and 1/32" shrinkage
of sample after extrusion, the order of magnitude of error in dry density
is L4 pef.
c. Determination of Density Top, Bottom, and Middle by
Split Mold (See discussion in b sbove relstive to
curulative weighing errore).
An error of 0,01 lbs in weighing results in a dif-
ference in the order of 3 pef in dry density.

d. Determination of Density of the Center by 0il
Displacement

Because of low permeability of the sample and vis-
cosity of the oil used, losses of oil due to seepage may be neglected.
It 1s extremely difficult in this method to insure that the oil surface
is indeed in the same plane as the soil surface around the perimeter of
the excavation. Practice reduces this error somewhat » but it cannot be

eliminated entirely. This could easily result in a 2 gram error in welght
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CHAPTER VI FESULTS AND CONCLUSIORS

In Chapter V of this report a limited emount of analysls wes
nresented for each of the tests conducted during the course of the
investigation. This chepter is devoted to en appraisal of the dsta
analysis in Chapter V in light of the diecussion of accuracy also
presented in Chapter V. As these results sre evaluated in thie chepter,
certain conclusions will be drawn. The conclusions thus &'am will be
sumnarized at the end of the chapter.

In sf;ud\ving the conclusions drewn from this investigation the
reader must keep the limitations of the study constantly in mind. It
therefore becomes necessary to preface the presentation of Chapter VI
with a fev general remarks. These date are for one soil only, and the
nunber of tests conducted is limited at best. All conclusions must con-
sequently be accepted in the light of these twc primary limiting factors.
The data gathered can be used to dsmonstrate the qualifications of the
MIT Compactor as a nev piece of laboratory equipment. Otherwise the data
indicate but certainly do not prove any bypothesis presented in Chapter III.
These indications in most cases hcwever, are considered sufficiently en-
couraging to be worthy of further research along these same lines. It is
believed that such xwesea.rcﬁ will substantiate the indications of data
available herein. The major contribution of this work is therefore con-
ceived to be a new laboratory compaction apparatue, techniques developed
for its use, and the established accuracy of data obtained through its use.
Another significant, if somewhat secondary, contribution is the initial
rough developement of a fresh approach to the general problem of reproducing
field compaction in the laboratory.

kY




A. Conclusions Relative to the "MIT Ccmpactor” (or "CW Compector")

For noxmal testing, possible errors resulting from leck of contzols
and the ever-present humen equation axe considered negligibvle (Bee
Precision Study, Chapter V). The following basic conclusions with regard
to the machine are therefore warranted:

1. An incresse in contact pressure, numbexr of leyers, number
of coverages, snd time increment increasge the compactive effort. This
is shown in Figs. C-1 through C-} where an increase in any one of these
variables results in a higher maximum dry density at a lower optimum
water content. This direction of peak point movewment is gererally ac-
cepted as an indication of incressed compactive effort {Ref. #15).

2. Kneading or rocking action gives a diffexent result than
pure static compaction. This is clearly demonstrated in Fig. C-6 in
which the 1/3 and 2/3 circle feet were used in conjunction with knead.-
ing action whereas the full circle foot was used without kneading.

3. The machine is easy to use, well-adapted to changing a
multitude of variables for research, accurate, not subject to overt
experimental or human error, and extremely rugged.‘ The reader should
review "Operating Instructions" in Chapter IV, Figs. B-1 aud B-2, pictures
in Appendix B, and the uniformity of experimental poinis in Figs. C-1
through C-10 to satisfy himself that these conclusions are valid.

B. Indicetions Based on Limited Data

Although not within the specific scope of the study, the following
indications presented themselves in coanjunction with certain of the
tests conducted. These are merely observations based on a minimum of
data, and are given here to complete the anelysis s and to raise questions
for further research and study.

1. It is possible that increasing contact aree results in

4%




grester saturation wet of optimum (Bee Fig. C-6).

2. It is possible that the sample ic more dense in the
direction of rocking or kneeding (See Figs. D-5 end 6, also dlocussion
of "0il Displacement Method", Chapter V).

3. It is possible that confining effects yleld a greater
density in the center of the sample (Compare Figs. D-5 end 6, end refer
to discussion of "Oil Displacement Method", Chapter V).

4, It is possible that limited drainege within the sample
during compaction results in a variation in density emd/or water con-
tent with depth (See diacussion Chapter V).

The reader is reminded here that the accuracy of extrusion, split
mold, end oil displecement tests is of such a low degree that the results
of thege tests are relatively inconclusive.

C. Analysis of "Best Tests"

Up to this point no mention has been made of the tests which in
truth satisfy the expresced intent of this investigation, ie., "To
simulete field density curves". This was done by design rather thsan
omnission in oxder that the basic variables might be well-digested before
examining the results of these tests. The term "Best Test" as used in
Figs. (C-7, C-8, C-9, & C-10) requires definition. "Best" is ueed in the
sense of that curve which most closely approximates & given field curve.
"Best" does not connote the best data for several tests under the same
conditions as might well be implied by the baxe term ' .est Test". It
should be remembered that the field curve is the mean for a great many
points of considereble scatter (See actual field points on Figs. C-8
and 9). The field curve then represents a band of values rather than a
well defined curve such as is obtained in the laboratory. To reproduce

this field curve per se is therefore not deemed significant. However, a
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laboratory curve which falle in the bend of field points 1z considered

significant.

For ease of reference in discussing comparisons boiween

field and laboratory results, the field curve will be used; but the

reader should temper his thoughts with the councept of & bend of scui-

tered points for the field.

Comparison of field and laboratory curves is presented in terms

of the following indices of analysis:

1.
2.

Maximm dxy density

Optimm water content

Seturation wet of optimum

Visual inspection of shape of the curve

Reduction in dry density at ¢ 2% of optimum water
content., This is a convenient arbitrary evalustion of
the shape of the curve.

These five indices are presented in tebular form below (Table VI-1).

4 8
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Study of Figs. C-T, 8, aud 9 snd the nateriel presented im-
rediately shove in chert foxm show that the so-cslled “best" tests
do essentially reproduce their field counterparts. They arc cervain-
ly within the aforementioned bend of scattexed field péints. ‘his
alone has no parxticular significant velue othexr than eubstantigting
what Wilson and Osterberg (Ref. #25 and 11) have already demonstrated
with their compaction machines. The significant importence of these
"best" tests is that the: rere conducted wiﬁh the same or similar
veriebles as the field tests in conformesnce with the theoretical con-
siderations in Chepter III. HNote that in each case of laboratory curve
vs field curve, the contact pressure and coversges is the same, time is
approximately the same, and only layer thickness is appreciably dif-
ferent between field and lsboratory variebles.

Fig. C-10 shows the field curve, closest MIT curve, and the closest
curves from availsble literature (See Appendix C, Comparison of Tests
under Teble C-9) obtained with the Harvard Miniature Compactor and the
Northwestern Kneading Compactor. Note the similarity among these curves
and their relative position to one another. The following (Teble VI-2)
is a8 tabulation of the indices of coeparison for all 4 curves. All four
curves lie within the band of scattered field points showing that the
laboratory method of kneading cowpaction mey well approximate field com-
paction with a rubber tired roller. In order to make a fair compariscn,
the reader should reslize that the Earvard and Horthwestern curves
probably do not'mpresent an effort to peproduce the field curve shown.
These curves are from availsble literature, as mentioned above, end were
chosen becsuse they are the closest published curves (closest tc the
specific field curve shown on Fig. C-10). Also the reader's attention
is invited to Fig. A-2 where he will see clearly that the Stendard AASHO
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curve is not within the specified band of scattered field pointe.
With the above information in mind we can now refer back %o

Chapter III "Theoretical Consideraticns" to re-eveluste and emplify

the theory presented. Compactive effort has long been described in

texms of foot pounds per unit volume. This method of expressing

so-called compactive effort is deemed & miexepresentation. The term

compactive effort should invelve a combination of variebles wbich pro-

duce the same effect on the soil mass cozpacted when a function of

these variables yields the ssme result. The fact that fcot pounds

per unit volume is & misrepresentation is then easily pointed out by

compacting 2 samples by normal dynamic methods such thet the product

of 2 different sets of variables (No. of blows, hammer wéight, height

of fall of hammer, etc.) gives the same foot pounds per unit volume.

The 2 moisture density points will not be the same. We must therefore

seek a better means of expressing compactive effort. The anslysis be-

low attempts to do Jﬁst this:

Variables |

Compactive Effort

Contact Pressuxe

Rumber of Coversges

Number of Layers

Thickness of one Compacted Layer

Time Increment During Whickh Peak Contact Pressure is Maintained
Volume of Sample

<HUU=ZOQOYW
WouwoRouououon

Assumptions

Assume same soil is used in field and laboratory.

Assume method of compgction is essentially duplicated if the lab-
oratory moisture density curve lies within the band of scattered field
points.

Assume temperature and relative humidity comsideratione are negligible
if the laboratory test is conducted at normal roc.m tanperatum.‘
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Assume velocity of impact is the ssme in the leboratory and the
field if the laboratory moisture density curve lies within the bend
of scattered field points.

With the above assumptions, it can now be shown that

E=¢(,C, N, L, T, V).

It can further be shown from the pextisl analysis of basic date
in Chapter V that E increases with some function of P, C, N and T; and
further that. E decreases with some function of "L" -and "V'. It has
also been shown in this study that P and C can easily be made the seme
in field and lsboratory. "T" cannot be mede exactly the same since it
is impossible to evaluate time in the field. However, Fig. C-I indicetes
that the effects of varying time are of a low order of magnitude. Hence
slight differences (order of 1/2 sec) between computed field time dnd
laboratory time are not reflected in the moisture density curve. On
this basis, this study would indicate that time in the field and time
in the laboratory can be made the same for practicel purposes. If the
definition of compactive effort is accepted, then this study ylelds
three different sets of conditions for which compactive effort is the
same in field and laboratory (Figs. C-7, 8, and 9). The reader should
now refer back to Chapter III "Theoretical Considerations". Here he
will find a discussion pointing out that it is not feasible to re-
produce field values of L and V in tbe laboratory. 8Since N is intimate-
ly associated with L for a given mold size, "N" also beccmes difficult

to reproduce. The reader may now recall that these particular items
were resgserved for empiricel analysis in the theoretical treatment. The

three sets of conditions referred to above (Figs. C-7, 8 and 9) axe not
considered to constitute sufficient data to attempt such an empiricsl

analysis. However, it is possible to specifically evaluate both L end N




in the lsboretory end in the field. V is more difficult to determine,
but it cap be estimated reasonsbly well by the suiteble epplication
of pressure bulb theory. Since these three variables can be evaluated,
it should be possible to isclate each one individually in the leboratory
and thereby determine the pertinent functions. |

From the results of this study and those of Osterbexrg end Wilson
(Ref. #11 and 25), it is proposed that the epproach outlined above be
considered as a means of alleviating existing problems relative to
compaction. These problems are enumerated in Ckapter I. In order for
this approach to become useful, the following supplementary test pro-
gram would be required:

1. Tests similar to the ones used inl this study but on
different soils.

2. Strength tests to prove that like stress-strain
characteristics are indeed obteined if the laboratory moisture-density
curve lies in the zone of scattered field points.

3. Tests'in which N, L, and V are isolated individuslly in
order to evaluate their effects on E and thereby determine the unknown
functions.

k., A series of check tests to prove the validity of pxoposed
values of each function once these functions have been determined.

D. Summary of Conclusions

1. Compective effort is increased by increasing any one or
more of the following: contact pressure, coversages, time increment,
and number of layers.

2. Compactive effort is decreased by increasing layer thick-
ness or the volume of sample.

3. The kneading or rocking feature gives a different effect

, Sh
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than that obtained with puxe static loading.

4. The C-W Compactor is a suitaeble apparatus for leboratory
compaction meeting the general criteria of: eimplicity, Tlexibility,
ruggedness, adsptability, accuracy, and econoty.

5. The generel approach in this study involving leboratory
and field vaeriables and their relationship to compective effort ehows

encouraging promise, and should be pursued further.



CHAPTER VII RECOMMENDATIONS

As in most studies of limited scope, this study seems to have
raised more questions thah it has answered. The velue of this study
is therefore extremely limited unless these questions are answered
by further work along these lines. It is therefore considered neces-
sary to summarize the more importent questions rsised by listing
several recommendations. The suthors respectfully recommend the fol-
lowing as a result of this brief work:

A. That the machine be investigated for general laboratory
use other than compaction with a view toward obteining a wultiple pur-
pose type of apparatus. For example the C-W Compactor cen be easily
adspted for an accurate cone penatration device. In cone penetration
tests we ususlly apply a steady rate of strain and record deflections
of a proving ring. Since the calibration factor of the ring is usually
not constant, and steady strain is subject to human exror, this pro-
cedure is not very accurate. With the C-W Compactor, the sample would
first be compacted. Then the foot would be removed, and replaced with
s cone. After this is done, place sufficient weight on the end of the
lever to produce a given deflection on the proving ring. Now measure,
with a stop watch, the time required to obtein the given proving ring
deflection. This procedure is simpler to accomplish, and the results
are more accurate.

B. Conduct tests on other soils (for which field data are
availsble) to determine whether field moisture density curves can agein

be reproduced using the system suggested in this report.

C. Conduct strength tests on samples whose molsture-density .

coordinates 244e in the band of scattered field points to determine
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whether these samples have the same stxess-gstrain and stirength

characteristics possessed by field samples. These tests will prove
or disprove the validity of certain assumptione mede in developing
the theory. l

D. Conduct tests in which K, L and V are isolated and 1
varied individually in order to evaluate their pertinent unknown '
relationships to compactive effort.

E.. Conduct a final serles of check tests using diffexent
combinations of variables to cbtain Er = 1. If these tests continually |
show thet Er in fact equals one, and that equal stress-strain and ]

strength characteristics are obtained, then the theory can be accepted

as valid. Note Er - Compactive Effort Ratio = Laboratory Compactive Effort
Field Compactive Effort

F. Recompendations for Improving the CW Compactor Should
Another Unit Be Built.

1. Provide a clamp type or a threaded fitting on the end
of the lever so that the lever can be easily lengthened should more

mechanical edventage be required. This would increase the flexibility

of the machine by allowing a wider range of total applied loads.

2. Provision should be ma&e for a timing mechanism to
eliminate this source of human error. This mechanism should be arranged
such that the uperator can actuate the timer from his position at the
end of the lever when the specified proving ring dial reading is reeched.
After the desired time bas elapsed a bell should ring at which instant
the operator would release the pressure. The timer should be cepable of
accurate settings in 1/2 second increments between 0.5 seconds and 10
seconds.

3. A comfortable removeable handle shauld be furnished

for the operator's end of the lever.
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4, The fulcrum should be replaced with a solld piece of
stock.

5. The lever should be furnisbed with o suiteble meens
of attaching weights of known magnitude on the ocperator's end. This
arrangement would serve & twofold purpose. The welghts could be used
as a means of controlling errors in contact pressure in precision
testing. They could also be used as a surcharge to assist the operator
in developing large total loads for high pressure testing.

6. Tae turntsble diemeter should be increased at leest
one inch in order to make testing with the 6" diam mold more convenient.

7. The turnteble should have holes drilled in it and
suitable fittings for attaching piezometers to these holes. This would
provide the experimentor with a means of studying pore pressures during
the process of compaction.

8. Lucite or plexigless molds shculd be provided with the
machine in order that the kneeding action be more eesily observed and

studied.
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IDENTIFICATION TESTS
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IDENTIFICATION TEST DATA

The fcllowing listed standard leboratory tests were run on the supply of Vicke-
burg Silty Clasy in accordance with directions outlined in "Soil Testing for
Engineers" by T. Williem Lembe:

Specific Gravity Test - Chapter II

Atterberg Limits Test - Chapter III

Grain Size Analysis - Chapter IV
Results of the;e tests run at M.I.T., and results of the same tests run at
Vicksburg on the same scil are given in Figure A-l.

TABLE A-2

Standard AASHO Test

Test Used Test Data

i
b

10 1b. Hammer 9.8 99.2
18 inch Drop 13.2 103.3
‘ 16.5 106.7

Semple Size 19.2 105.2
23.0 98.8

6 inch Diameter
5 inch Depth
-5 Layers
12 Blows per layer
(Stendard Effort = 12,000 ft. lb’/cu. £t.)

¥ Note - This test was conducted for the purpose of insuring that the soil
used for this investigation was the same soil as that used in the Vicksburg
field test. This ie the same lab test (Standerd AASHO Effort) as that made

at Vicksburg, with the exception that the Vicksburg sample size was 6" diemeter
and 252" deep.

See Figure A-2 for comparison of curves obtained. Vicksburg Test date teken

from Report No. 7 (Draft Copy), Plate 2, Tech. Memo, No. 3-271, Oct. 1955.
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FIGURE B-8
ROTATING TWRK-TAGL
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FIGURE B-
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FIGURE B
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MOISTURE - DENBITY CUAVE YEST DATA

VARIABLE - CONTACT PRESSURE

TABLE C~1
TEST DATA
TEST USED Base Test 90 1bs. per sq. in. 150 lbs. per 8q. in.
(Base Test)
- w* By W by 0 i
65 psi 11.7 97.5 11.9 102.7 12.7 105.7
3 leyers 1.1 100.8 15.1 106.0 16.0 108.5
6 covereges 16.8  10k.6 17.8 109.0  18.1 108.5
2 seconds 18.9 106.0 19.2 106.7 19.5 105.7
2 1/2 Diemeter mold 21.9 103.1 20.6 105.0 21.8 103.2
1/3 Circle foot tamper 22.7 101.7 22.8 101.4 23.2 100.0
* - Note - (W) Water content in % of dry weight
** _ Note - (H;) Dry unit weight in pounds per cubic foot
VARIABLE - NUMBER OF LAYERS###
TABLE C-2
TEST DATA
TEST USED Base Test Two Layers Eight Layers
(Base Test)
w ¥ w P ) w Vel
65 psi 11.7 97.5 12.9 95.5 11.9 102.8
3 layers k.1 100.8 15.9 §9.0 14.5 106.5
6 coverages 16.8 104.6 18.7 101.0 16.9 109.0
2 seconds 18.9 106.0 20.2 102.5 19.1 106.0
2 1/2" Diameter mold 21.9 103.1 22.9  100.2 20.9 10%.1
1/3 Circle foot tamper 22.7 101.T7 23.9 98.7 22.6 101.5

#¥% Note - A test was conducted using one layer, but the density was non-
uniform end it was impossible to obtain a curve with any reel significance.
¥¥%% Note - The mold used in thie test is 2 1/2 inches in diameter end 3

inches deep. Therefore, the compacted layer thickness for the bese test is

1 inch per layer.
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MDISTURE - DERZSITY CURVE TEST DATA

VARIABLE - NIMBER OF COVERAGRS

TABLE C-3
TEST DATA
TEST USED Base Test 12 Coverages 18 Coversges
(Begse Test)

A

w  §y w ¥y @ w B
65 psi 11.7 97.5 11.9 98.6 12.0 100.2
3 layers 1.1 100.8 ih.1  101.6  1k.3 103.0
6 coverages 16.8 104.6 17.2 106.1 17.2 107.3
2 seconds 18.9 106.0 18.9 106.8 19.3 107.0
2 1/2" Dismeter mold 21.9 103.1 20.8 103.8  21.3 10%.3
1/3 Circle foot tamper 22.7 101.7 20,7 10L.9  23.0 102.5

# Note - One coverage in these tests corresponds to three tamps with the

1/3 circle foot tamper.

VARIABLE - TIME RATE OF APPLICATION **

TABLE C-k&
TEST DATA
TEST USED Base Test 1/2 Second 5 Seconds
(Base Test)
w r‘ W a‘d W & a
65 psi 11.7 97.5 12.8 98.0 12.7 99.6
3 layers 1%?1 100.8 15.7 101.6 15.2 103.0
6 coverages 16.8 104.6 18.7 104.8 18.5 107.0
2 seconds 18.9 106.0 20.1 104.7 19.8 105.0
2 1/2" Dismeter mold 21.9 103.1 21.6 102.2 21.8 103.1
1/3 Circle foot temper 22.7 101.7 23.2 100.0 23.5 99.8

¥ Note - Time rate of application meauns the actusal time during which the
contact pressure was held constant per temp. One point was tested
at 10 seconds with the following result:
w = 21.8% L = 103.h #1 £t3

Since this density is almost exactly the same as the 5 second density for the
corresponding water content, no further tests wers made for increased tinmes.
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g ' MOISTURE ~ DENSITY CURVE TEST DATA

VARIABLE - MOLD SIZE

TABLE C~5
' TEST DATA
TEST USED 2 1/2" Mold 6" Mold {18%t Run) 6" Mcld (214 Run)

: (Base Test)

W e ¥ w
f 65 pel 4 11.7  97.5 3.6 97.8  11.5 93.5
: 3 layers 4.1 100.8 1.6 103.5  13.9 102.1
6 coverages 16.8 104.6 16.9 107.0 ,16.5 10%.9

2 peconds 18.9 106.0 18.1  107.8 18.3 107.5
2 1/2 & 6" Diameter Mold 21.9 103.1 20.1 105.7 21.h 102.5
1/3 Circle FPoot Tamper 22.7 101.7 21.6 102.5 23.3 100.7

* Note - The tests on both mold sizes tiere run exactly the same wey including

a compacted layer thickness of one inch per layer.

VARIABLE - FOOT SIZE (Tamper) *#

TABLE C-6
TEST DATA
TEST USED 1/3 Cirecle Foot 2/3 Circle Foot Full Cirele Foot
(Base Test)
w ¥ s ) ws 0%

65 psi 11.7 97.5 13.7 99.0 11.6 96.2

3 layers .1 100.8 16.0 102.6 15.1 97.9
6 coverages 16.8 104.6 18.7 106.2 17.1 100.5
2 seconds 18.9 106.0 20.3 105.2 18.7 102.0
2 1/2 Diemeter Mold 21.9 103.1 22,7 102.5 21.0 103.2
1/3,2/3, & Full Circle
Foot 22.7 101.7 2k.2  99.3  25.1 97.6

*# Note -~ These tests were run using the small (2 1/2" Diameter jmold and
increasing the size of the tamping foot by 1/3 of a circle each time. For

the 2/3 circle foot tamper 6 coverages were obtained by tamping nine times
per layer.
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MOISTURE - DENSITY CURVE TEDST DATA

BEST TEST (Reduced Timz) #

TABLE C-7
TEST DATA

TEST USED 2 seconds 1 second
(Base Test)

L %@ﬂ s i
65 psi 13.0 102.5 11.9 98.4
8 leyers 15.5 105.9 1348 101.6
6 coverages 17.9 109.6 16.7 106.6
1 and 2 seconds 19.1 107.7 18.7 107.0
2 1/2" Diemeter mold 21.3 104.5 21.2 104.0
?/3 Circle Foot Tamper 23.1 101.9 2.8 98.1

# Note - Both of these tests were run at 8 layers since it wes determined that
the this gave the closest results to the Field Curve. The 2 seconds test is
considered the best test and the 1 second test was run to determine the effect

of reducing the application time.

NEW FIELD CURVE (Four Basic Variables Changed) *#

5 TABLE C-8
TEST DATA

TEST USED 5 Layers 8 Leyers
(Bese Test)

w ac' w aﬁﬂ
50 psi 11.9 97.0 11.9 97.5
5 and 8 layers k.2 98.5 13.9 100.2
b coverages 16.6 103.0 17.0 103.5
1 second 18.8 105.2 18.5 106.2
2 1/2" Diameter mold 20.9 104.9 20.8 104.0
2/3 Circle foot tamper 25.0 98.0 2h.8 98.5

**% Note ~ See special note for complete field data concerning fisld curves

used in figures C-1 through C-8.
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MOISTURE DENSITY CURVE YEST DATA

NEW FIELD CURVE (FOUR BASIC VARIABLES CHAKGED)

TABLE C-9
Test Used Test Data
(Best Test) vy ggﬁgé_
90 psi 12.7 1042
8 layers 15.1 106.8
b coverages 17.5 109.5
1 second 18.5 108.0
2-1/2" dia. mold 20.9  10k.6
2/3 circle foot temper 2k.3 99,2

* - Note - See special note for complete field data concerning field
curve used in Fig.C-9.

COMPARISON OF TE3TS

Fig. C-10 shows four curves including the originsl basic field curve

used with original basic varisbles. The best curve (closest to field
curve) obtained using the“l«;!l'mxneading Campactor is the curve obtained
using the date for the 2 second time intexval from Table C~T. The othex
two curves shown on Fig. C-10 are:

(1) Barvard (Wilson Miniature) Curve for 200 psi and 3.7
coverages

(2) Northwestern (Osterberg Kneading Compactor) Curve for
200 psi and 2.4 seconds.

Data for these two curves were obtained from Fig. 3, oppesite page 169,

Proceedings Conference Soil Stebilization, MIT, 1952.
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MOISTURE DENSITY CURVE TEST DATA

SPECIAL NCTE (FIELD DATA)

1, The following variebles were used to produce the field curve
shovm in Figs. C-1 through C-7 and C-10:

Rubber Tired Roller

65 psi - average contact pressure

8 layers - compacted thickoess 6 inches

6 coverages - 1 roller pese per coverage

1/2 - 1 second - Roller speed 2-6 mph.

Reference (17), Figure 17

2. The following variables were used %o produce the field curve
including points, shown in Fig. C-8:

Rubber Tired Rollex

50 psi - contact pressure

£ layers - compacted thickness 6 inches

A e SR gl R RN R

b coverages - 1 roller pass per coverage

|

1/2 - 1 second - Roller speed 3-5 mph.
Reference (22), Plate 4
3. The following variasbles were used to produce the field curve
including points, showm in Fig. C-9:

Rubber Tired Roller

90 psi - contect prcesure

5 layers - compacted thickness € inches
4 coverages - 1 roller pass per coverage
1/2 - 1 second - Roller speed 3-5 mph.

Reference (22), Plate 5
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APPENDIX - PART D

TEST PROGRAM DATA

DENSITY STUDY

Note: See Chapter V, discussion of deneity study. Date is presented
herein on the examination of variation of density with depth

. of sample., Curves for these data however, are not included in
1. the report since the laboratory procedures used were found to

be of such low accureaecy. E
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MOISTIRE - DENIITY CURVE TEST DAYA

TOP AND BOTTOM OF SAMPLE DENSITY TEAT (CASE 1) =

TABLE D-1
TESY DATA
TEST USED Entire Top Bottom
w o & s ees &

65 psi 12.9 98.0 12.6 102.6 13.1 93.5
3 layers 15.6 100.1 15.5 103.0 15.8 89.0
6 coverages - 18.1 10k.6 18.2 107.8 18.C 10L.5
5 sec 19.8 104.9 19.9 108.5 19.8 101.0
2 1/2" mold 21.h  103.9 2L.3  105.9 1.y 101.9
2/3 foot 23.9 100.h 2.0 102.5  23.8 98.6

* Note - This test was conducted to determine whether or not the density was
different in the top aud bottom of the sampie. The semple was extended approxi-
mately half way and cut off. Then densities and water contents were computcd
for top and bottom portiona. The semple in Case 1 wes extruded cpposite to the

directibn of spplication of the compective effort.

TOP_AND BOTTOM OF SAMPLE DENSITY TEST (CASE II) *#

TABLE D-2
TEST DATA

TEST USED Entire Top Botton
w &a w - ) ws &
65 psi 12.7 97.7 12.8 96,7 12.6 98.6
3 layers 15.8 99.8 . 15.8 100.2 15.9 99.5
6 coverages 18.2 105.1 18.2 105.8 18.2 104.3
5 sec 20.0 105.1 20.0 102.7 20.0  107.k
2 1/2" mold 21.6 104.0 21.6 104.2 21.7 103.3
2/3 foot 2k,0  99.0 4.3 96,6 23.8 101.0

** Note - This test was conducted in the same manner as Case I, but the sample
wvas extruded in the same direction as the application of compactive effort.
The purpose of the test was to determine the effect of the extruder on densities

of top and bottom of the sample.
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MOISTURE - DENBITY CURVE TEST DAYA

8PLIT MOLD DENSITY T88T (CASE IXY) #

TABLE D-
TEST DATA
TEST USED ~ Entire # Top Middlae Bottom
W & w Eﬁ@ s ¥a uas &a

] 65 psi 13.7 99.0 13.h4 93.2 13.5 102.2  1b.2  101.2
: 3 layers 16.0 102.6 16.3 100.9 16.0  103.7 15.9 103.6
: 6 coverages 18,7 106.2 18.7 106.3 18.6  110.0 18.7 103.4
2 sec 20.3 105.2 20.)1 103.2 20.6 108.8 20.h 10%.0

2 1/2" mold e2.7 102.5 22.7 10l.b 22,5  10%.3 22.9 102.5

2/3 foot 29.2 99.3 2h.2 95.8 28.2 101.2 24.2  100.3

R R,

* Note - This test was run using the reguler small mold 2 1/2" in diemeter and

3" deep, but the mold was sseperated into three picces, each 1" deap. A water

content and density determination wes mede for the entire suample and for each of

Pl b e s

the three sections, top, middle, and bottom.

v i v T

*% Note - This is the same data as that given in Teble g:é for the bage test with

2/3 circle foot tamper since the tests were run concurrently.

POROUS STONE TEST (CASE IV)

TABLE D-4
: TEST DATA
: TEST USED Entire Bample
: w &y
; 65 psi 13.1 99.2
: 3 layers 15.7 103.8
6 coverages 19.1 106.8
2 sec 23.0 100.6
: 2 1/2" mola
; 2/3 foot

¥¥#% Note - This test wes conducted using 2 3/8" thick porous stone in the bsttom

of the small mold. It's purpose was to determine what effect if any, drainage
had on density.
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MOISTURE - DEISITY CURVE THST DATH

CINTER OF SAMPLE DENSINY TEST (CASE V)

TABLE D-
TEST DATA

TEST USED Entire Semple ## Center of Semple
(7.9 Zfa a9 éﬁg
65 psi : 11.5 98.5 11.5 101.5
3 layers 13.9 102.1 13.9 104.0
6 coverages 16.5 104.9 i6.5 109.0
2 sec 18.3 107.5 18.3 111.1
6" Mold N 21.4 102.5 21.5 105.1
1/3 foot 23.3 100.7 23.0 97 .4

¥ Note - This test was conducted to determine 3f the density in the center of
the semple differed from the entire sample. Oil wes used to determine the volluma
of the soil dug from the bottom center of the large mold.

** Note - This is the same date as that given in Table (-5 for the bese test

large mold (2“d run). The tests were run concurrently.

CENTER OF SAMPLE DENSITY TEST (CASE VI) %

TABLE D-6
TEST DATA
TEST USED Entire Sample Center of Sample
W g7 s 3@5
65 psi 12.7 101.2 12.7 99.8
8 layers 15.3 105.8 15.3 04,2
6 coverages 18.4 109.0 18.4 107.5
2 sec . 19.6 107.8 19.6 107.1
2 1/2" mold 22.0 10k.2 22.0 105.1
2/3 foot ' 23.8 101.5 23.8 102.0

*¥* Note - This test was conducted to determine if the density in the center
of the sample differed from the entire sample. Oil was used to determine the

volume of the center of the sample from the s&@ll mold (2 1/2" Diameter).
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MDISTURE DENSITY CURVE TEST DATA

e o e

SPECIAL NOTE (FIELD DATA)

1. The following variables were used to produce the field curves

shown in Figs. D-1 through D-6:

Rubber Tired Roller
65 psi - average contact pressure

8 layers - compacted thickness 6 inches

6 coverages - 1 roller pass pex covexage
1/2 - 1 second - Roller speed %-6 mph .

Feference (17), Figure 17
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