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INTRODUCT ION
The practice of transporting and placing earth materials to
form £ills «r embankments for highway construction is older than

the' term " highway " iteelf, In faet theiwery neue Was sdonted in

'ancient times to deseribe the more ambitlous roads that had Leen
butlt up sbove the surroundina terrain and hence were called "higk
ways to distlnguish them frow the casual paths or bywavu. For:,
eenturieaembalkments were 00ﬂstructed by the most simple and dire
‘- methods, using hand barrows or horce drawn scrapers operating from
.8159 barrow pits. WLth the develonment of moborized equipment,
’:iongitudinai haul bhecame mOre nrevalent, moving material friom the
cuts and dumplng into the appqurlate low areas that need Lo Le
“brought up to grades. The’construct‘on of rills by end dumping
methods contlnued upto. comperat¢vely modern bimes, and in cartaih
‘}faases is 5till tha anly feaaabla methoﬂ. o SpegLal efforts,
U;Jihnwaver, were made to conpaet hlghway emoankmtnts because théxroq
'“suraaces ware flexxble noubh to remain unharmed by the settleng
or the £11ls  Until very recently railroad Tills were also built
 ‘up by loose dumping aud allnwed to settle under their own welght:
for several years befor placement of high quality ballaste The
settlemant of uncompacted fills did notlresult in any serious
inconvenience» untxl the begloming of 20 th centufy, when the

!"]f'ranid davclopment at the automcbile creaied an increasingly high

'Udemand for hard surfaced roads. It soon Decawe gonarent that

concrete ‘posds on uncompacted fill were likely to break up,and
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tandéncy bo hegsane heryiuneven. The pecessily fcr Vol i sne
hdes irable, conditiong Tostered ttle ‘developient of methods ol s0i
gompanchion btk would ‘satigfy Gue reguireménts of( oottt economy

efficliencys

On the other hand, by excavating s0il masses and redepositing
them without special care, fhe average porosity, permeability, an
 compressibility of the soil is increased, and the capasity to
resist internal scour by water veins is greatly reduced. Therefo
even in ancient times it was customary to compact fills to be use
~as dams or levees. 'A'simultaneous increse in activiﬁy in 20th .
“ century in the field of earth dam construction provided an additi
“incentive for the development Of compaction methods.
Attempts were made in Callfornia and elsewhere about 1925 T«
meet this problem by overloading the deeper fills, that is by i
building the £ills temporarily above profile grade in an amount i
prOportional to the depth of the fill, These "hump-backed" or
"camel backed" fills-presented rather a novel appearance in an ot
wise conventional grade line but, with the well known perversity
of inanimate things, most of the fills refused to settle where t

greatest surcharge had becn applied and all too often greatest

gubsidence occured at the ends of the fill near the point of Jjum
‘tion with the existing ground. This effeqt accentuated the lump
in the centre, so this expedient waé soon discarded.
The California Division of Hizhways (U.S£.A) Standard specif:
~cations for 1927 included the requirement that all embarkments bi




constructed in layérs and much much‘argument}and controversy
developed because the specification also required contractors to
distribute haul‘equipment over the entire surface. About 1929,
the division adopted the practice of requiring that the layers be
thoroughly rolled in order to forestall settlements., This requires
ment immediately raised the guestion of comtrol and demanded a
means for checking the contractors' operations. The first work
aloﬁg this line was done by the Califormia pivision of Highways in
1929 when an extensivé series of tests was conducted from which
was developed field equipment anc methods of compacting soil samp=-
les to determine optimﬁm moistureirequirements before construction
and subsequently the relative compaction of the embankmcnt. This.
procedure and equipment was adOpted as standard rn August 1929 and
has been in use without substantial change Lo the preoent datees
,nbout 19353 $he pnglneerc of the Burecau of Water Works and Supply
_of the city of Los Angeles conducted a similar studi, the results
"of which ware deseribed in 2 series of articles by R.0. Iroctor%
field engincey of thé bureau, yugiished.in geversl <osuves of the
Engineering Nevs Record. The compaction procedures were similar
but the field apparatus was different, The Proctor method of
cqmpaction control became widely known amd led to the widespread
aéoption of similar control test procedurcs such oo the Sturdard
AASEHO method, With the tremendous expansion of military construc
~ tion, particularly of airfields during war years; the Corps of
“Engineers stepped up the compaction requircments by adopting a

compaction procedure known as the Modified //SHO which sets a
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higher standard of density, concluding that if embankments were to
withstand the increasingly heavy loads and propeller wibrations

-

of military planes a higher standard of construction coumpaction
would have to be establighed, Thuac sone 30

begen to tolk sboub maxtinum Gensity and optimum moisture content 01

coile and bYoldoy nmony seems o believe that these texriis eforess
fundemental bagic constants like the grevity constent or the boil-

ing point of wa.i:er. Table 1 1lists the escential details of ceriain
compaction test procedures used by various agencies under Uhe
desipgnation shown.

The exbtensive studies, thus becsuse of primary importance and

the enginecering practice revealed the fact thal soils of different

|
divide so0ils invo groups based on various ciriterion became stronge:

kind behaved differently in this respect. Thuo the tendency %o

.

A most widely accepted classification is the K.T.7. Cla:s fication.

MILIME TERS MICRONS MILIMICRONS

GRAIN SIZE
D

i~
< < e g - o

4000
400

400
4000
400

2.0 mm 0.06 mm 0.002 mm

M.IT
CLASSIFICATION| GRAVEL SAND SiLT CLAY

w&rTg_ MaL -J;‘b‘J‘._

MACROSCO PIC 'S® MicROscCoOPIC UB MIGROS.

DESCRIPTION

VERY CoOAR sei COARSE FINE ::: CoLLOiBAL
1

Fie-1
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TEST [ s7b. | Bureu | s7p. |CALIF. | MoabD.
IDEN. AASHO REC PROCTOR | IMPACT |AASHO
MOLD
DIAMETER , in 4 4 4 3 4
iGN S i 4 Y 6 4% | 4012 | 4%
VOLUME ,cu Ft 1/30 Yo ’4/39 Var. 140
TAMPER
WEIGHT , Ib e Yk 558 P pe 40.0 10.0
FREE DROP, in 12 18 12 18 18
FACE DIAM. in 2 % 2 2 2
FACE AREA sqin, 3.1 A 3.1 3.1 3.1
LAYERS
NUMBER , TOTAL e 3 3 S )
SURFACE AREA,
EACH , 59 in 12.6 412. 6 12.6 e 12.6
C OMPACTED : ,
THICKNESS EA. in| 1 %8 2% 156 | 2 4
EFFORT
TAMPER BLOWS
PER LAYER 25 25 2% 20 25
Fé_lb per cu ft 42375 | 12375 33 000 |56 250
MATERIAL
\
MAX.5izE PAss. | *4 *4 ¥4 VAR & T
CORRECTION FOR
OVERSIZE NO YES NO YES NO

SUMMARY OF LABORATORY APPARATUS AND PROCEDURE FOR VARIOUS
STANDCARD COMPACTION TESTS

TABLE T
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However any system of clasgification baseld on grain size alone is
likely %o be misleading, because the properties of the finest soil
gractions Cepend on many factors other tham the grain size. Hence
on the basis of its grain size composition a natural soil can be
designated by the names of its principal components such as "silty
clay"™ or "sandy silt". Such designations are facilitated by the
use of diagrams such as that adopted by the Public Roads Administe—
ration. (Sce fig. 2) In this diagram each of the three co-ordi-

nate axes pertains to one of the grain size fractions, designated

as sand, silt and clays ' The chart is divided into regions to whic

: =
.§ &0 o
§ SRR
3 ALty Y
We SANDY, SuTYA_4de

CLAY, cLAY

F"‘Z &y L4 (l L L4 ’ Ed L v [ J o

the names of soil types are assigned. The three co~ordinate of a
point represent the persentages of the three fractions present in
a given soil and determine the type to which the soil belongs. F
example a mixed grained soil composed of 20% sand, 30% silt and
50% clay is classified as a clay. Therefore the major p rhion of
clays consist of particles smaller than 0.002 m,m. It is obviocus
than, that the p:opérties of this "wvery fine™ fraction lave a

strong influence on the properties of the soll itself. Among the
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properties is the fact that the surface of each particle is nega-
tively charged, which is responsible for the adhesion of water
molecules and cther cations that may be.prusent to the particle
surface. It was founda out that clays having different exchange
catione showed different properties such as compressibility,
coefficient of consolidation etes 4 second property is that these
soils consolidate and swell, Thirdly if a soil containing a large
percentage of very fine particles is consolidated under a pressul
of not more than 10 kg/cm2 the soil is likely to be plastic. And
lastly they possess cohesion, or the capacity to resist shearing
stress. It seems most likely that the cohesion is due not to
direct molecular 1nterqct10n between soil particles at the points
of contact, but to the shearing strength of the adsorbed layers
that seperate the grains at these points. This hypotheeils is ‘
corroborated by the fact that, the cohesion of a sample of a give
very fine soil fraction at a given water conbent depends To a
large extent on the nature of the absorption complex. If bthe wab
content of a very fine grained saturated soil is reduced by conso
lidation or surface evaporation, the volume of voids occupied by
1iquid water decreases, whereas the volume occupied by the adsorb
éubstances remains unchanged. Therefore cohesion increases with
decreasing water content.
Now let us take a look at the structure of clays, It was

found out hy the aid of the Electron Photomicrographszthat clay
pa:ticles lmminated crystelline structure whether they are flukes

;?shaped,like the kaolinite crysbals or needle like crystals of
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halloysite. Thus clay particles can be spoken of as having an

arientation. Th

D

attention of the reader is drawn to this propers
which, as will be shown later, has a profound influence on sonme
properties of clays. These particles are combined in a flocculent

gtructure, which is a very complex arrangement of the particles

Fige (3) Floceculent Structure

which have been wabter depositeds In thig type of structure, par—
ticles of ultra-fine cdlloidal material are combined into groups
or aggregations, called floc, by the attractive force of the
electric charges of opposite sipgn on the surfaces of those par—-
ticles. Thege egrregations were forhed while the colloidal mabte-
rial was in suspention prior to deposition. When a sufficient
number of individual particles adhered to one snother, the resule
tant floc settled to the bottom under the influence of gravity,
instead of remaining in suspention as is characteristic of indivi-
dual clay particles. After settling, the aggregations joined witk
one another to form minubte arch~-like boundary units over and over
and around relatively large void spaces, arrangement being simila:
to that which is typical of honeycomb structure. Thus, flocculent

structure may be described as honeycombd structure in which the
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FIG- 4 HONEYCOMB STRUCTURE

anits that form the arch like enclosures are aggregations of ultras

fine particles instead of jndividual particles. The remaining
volume occupied by the soil bulk consiste of the air voide amd the

goil water.

L

Among, these two, water deserves special attention because gl

problems associated with the use, manipulation and treatment of
|
coils arice from the effect upon ecil properties of the presence

of water. In essence at least, the major objective of the science
of so0il stabilization is to develop methods of treating soile &o©
thaet they retain desired properties irrespective of the wetness 01
dryness of their environment. Alan B. hichaelsqconsiders soil
waber in four types. Sece Lig.(5) '

1. TPore Wetexr- This water has all the physical and chemical

-

characteristics of normal liquid water. Such water is displacsbl

N

by normal hydrodynamic means rovided it is not present in scaled:
k

-

off pores, ©Or in pores =0 small thot caillary forces holding the
water are greater than available hydrodynamic forces.
2, BSolvation Water- This water is present in relatively thin

layers around individual s0lid particles, and is held by polar,

.




it e G e AR AN

ROBERT COLLEGE GRADUATE SCHOOL G
© BEBEK, ISTANBUL

clectrostratic or ionic-hydration forces near the particle surfaces
The water in these layers (pfobably pot over 200 molecules thick)
nay be considerably denser and more viscious than ordinary liquid
water, but is nevertheless mobile.

%, Adsorbed Water— This water is present in extremely thin
(1-10 molecules) layers on both the exterior and interior surfaces;
The forces holding these water molecules are extremely large, £0
this laerger layer is inmovable by hydrodynamic mechanlsms.

4. Structural Waeter- This is essentially not water =zt all, bu
represents hydroxyl groups, which are integral parte of the solid
crystel lattiees This "water™ cannot be removed cxecept by hipgh

tempereture breakdown of the ecrystal structure.
t

The four types of water listed above are all very important

in detemmining so0il structure and properties, and it is difficult

ADSORBED WATER

STRUCTURAL
WAT ER

SOLVATION WATER
Sotw 2t
PARTICLE

PORE WATER

Fig.(5) ©Soil Water
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-0 ascribe greaber gignificance to the part played by any onee. It

ir likely, however, that changes in phy rsigal properties of s0ils

brought about by changes in vabter content are due to chenges in
pure or solvatbion waters.s This assumption appears justifiable in
light of the fact that adsorbed water and structural water are 80
tightly held by the soil solids that, 1ittle change in the amounts
of these types present would be expected to occur during normal
variations in temperature and humidity a2t the earths gurfaces
Therefore in compaction pPIocess, whieh is the constrainising of
soil particles to pack more closely togelher through o resduction
in the air voids only, generally by mechenical means, Our concern
will be with the pore ahd solvation water. Let us point out now,
a common source of confusion. Nemely, that between compaction and
consolidation. Consolidation is the packing closer of cohesive
soils by the extraction of soil moisture under constant pressurcs
Compaction is measured quantitatively in terms of the soil,
~which is the weight of the soil golids per cubic foot of the soil
in bulk.‘ The moisture content of the soll is the weight of mois=
ture present expressed as a percentageyof the weight of dxy soil,
and the dry density is thus determined from the bulk of the soll
by deducting the weight of moisture present, The increase in the
dry density of soil produced by compaction depends mainly on the

moisture content of the soil and on the emount of compaction
applied. With a given amount of compaction there exists for eack
goil a moisture content termed the "optimum moisture content" at

whiech the maximum dry density 1is obtained (Fige €+)e The behav il

]
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of s0il at different moisbure contents has been explained by

Hogentogler5as follows:

Vhen the moisture content is low, the water films eround the
particles are very adhesive and thus the so0il is very difficult €0

compress, giving way to low dry densities and high air contentes

As the moisture content increases these adhesive forces decrease |
and water sbtarts to act as a lubricant, causing the scil bo soften
snd become more worksble. This results in higher dry densities
and lower air contents. As the air content becomes less, the wate%
and air combination tend to keep the particles apart and prevent
any epprecisble decrease in air content. This is the limit of
lubricetion. The total voids,however, continue to increase with

£l . moisbure combtent, end hence the dry density of the soil fallse
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COLPACTION IN LABORATORY

loisture content of a soil having so profound an effect on

the compaction, relation between the moisture content and the dry
density has been sought, and procedures have been standardized by i
various apencies. These were given in Teble 3. Lookiﬁg at figure]
7, B, and O it is clearly evident that there are marked differences
in the maximum dry weight per cubic food obtained by these diffe- .
rent “atandard" lsboratory procedures. It is also evident that |
the devices giving the higher density geperally indicate a lower i
percentage of moisture as optimum. Thesge figures then demonstrate‘
a fact which is well known %o many engineers, namely, that as the
compactive effort is incroased the moisture content necded to
produce meximum density is generally reduced, The opinion, howeve
expressed by many engineers as to the direct proportlonallty betb
ween the amount of compaction and the energy or force used in the
process is erroneous. The same amoun% of energy may produce
different degrees of compaction. For example the Modified AASHO
develops about 56250 ft-1b per cu~ft of coil end Califormia Impact
develops 33000 yet the latter produces @ greater density on many
goils. By referring to figures 7 %o 9 it will be noted that thenr
is a fairly consistent order in the méximum density velues produe
in a soil by the several conpaction methods under consideration.
First it dis cvident_ that in all cores Standard AASHO produces th
lowest dry weight per cubic foob and the optimum moisture content

is higher then it is for the other methods. In the same relative
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DRY DENSITY - Ib per cu ft
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icale the Proctor method produces the next higher "méximum"denei'gﬁ»'
jith a corresponding reduction in optimum moisture content, but
talifornia Impact and Modified AASHO are consistently higher,

yroducing nearly identical weights on certain soils and ax'.l.‘l:ex:nat;:'u;f";T

Por the top position on others. A related fact which parallels iﬁ%ﬁ
above observation is that there is an orderly increase in density b{
which varies directly with the log of the number of blows per
layer (Pig 10) . These different methods cen be compared on the
game datum by the help of a graph such as P.N. Hveem'sﬁ(lig 11}y YAl
Phis is done by auplicating the density achieved by any method by
different numbers of blows of reference method, California Impaect =
in this case. This increase in dry er51+y due to 1ncrﬂ"sha*znmvg
bep of blows depends on whether the moisture content of the soil -
above or below optluume. Below optimum, increase im number of bl

per layer mekes way for a substantial increase in dry density (F'ﬂ
whereas above optimum the effect is small. The same effect ocen

when soil is compacted under static prescures Data given by »Lg

Hogentogler has been plotted uSLng a logarithmic scale of mouldiag

pressures. Over the range of pressures examined linear relationq
were obtained between the logaritim of the moulding pressure and

both the moximum dry density amnd the optimum moisture content,

(Fig 13) Had the range of pressures becn extended, the 4ry densiﬂw

mnst have approached some lipiting volue. The maximum dry density

\ i
lthat can be obtained either in laboratory tests or in the field .ﬁ
3 ' Y
with any soil depende on its type and varies from ebout 140 1b, pex

.
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for a heavy clay. Typical dry density Vs moisture content curves

obtained with a lsboratory compaction test for soils having maxinﬂ

dry densities differing by 5 1b. per cubic feet is shown in (Fig@i

It wili be seen that on the right hand side 2ll the curves approat
the saturation line, theoretical relation between drw density wm&
moisture content for zero air voids, sn account of which will be
given later, andthe peaks all occur ab oir voids content of appro:
imetely 5%, which in its turm is the theoretical relationship‘bcﬁf
ween the dry density and the moisture content £o 5% air voids.
Generallv speaklnb a flat curve denotes a closely graded eoil and

a ecurve wilth a pronounced peak denotes a well graded soil,. This“

jllustrated in (Fig 15). Furthermore, the pcsxtion of the aena@
moisture curve depends also on the type of the cowpactive eIforﬁJ

Por example the line of the optimum moisture contents come cledﬂ#

G ‘

to saturation where the compaction is done by the "Mlniature ‘,fw

Compactlon Device"of Stanley D. Wilsom  of Harward Unmvereity anﬂ

the "Eneading Compactor" developed in Northwestern Universs.ty. 1

1

" Jatter of the two deserves special ati ention because its characti

tistics are totally different from that of the impact compaetors

which achieve compaction by 2 freely falling tamper. Thus these

 gompactors are far from repregenting field conditions where the |

‘usual compaction plant is the smooth wheeled rollers, pneumatic

 gyred rollers or shecpsfoot rollers, end as will be shown Lluter

;results obtained from such compactors do not compare with field
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ta. The Kneadinyg Compaction was developed to answer this need;

mely thet the field compactlon curves chould entirely be du pliom~

ed by the laboratory results. In particular, an improved ldborﬂﬁﬁ;

ory compaction metlhod should produce curves which have thc seme

elative positions with respect to the zero air voids curve as'thcvf
jeld curves. To bring this abouf the characteristic of the roller|

ompaction in the field, by either sheepsfoot or rubber tyred rol— |

ers were observed and results were as followss
The sheepsfoot of the roller or the surface of the tyre conss':

nto the soil with little or no impacte. It pushea on the soil wit

, definite pressure for an appreciable period of time, since the

rollers oporatc at speeds between 2 and & mph, then the pressure

removed and comes omto the soil agein at an adjocent location in

the next pass of the roller. In addition, the rotation of the ro

ler drum or the tyre causes & small rotating "kneading" or shovin

a rocking of the contact surface aaagl

action and, in some rollers,
In &1l cases the intemsity ar“

adjusts itself to the soil surfaces

pressure exerted by phe roller contact surfaces on the soll mnst

be sufficient to cause relatively large shear deformations in the.

soil,since rapid compaction can be ¢ achieved only by shear defor—

mations in which the relative positions of soil grains are change&*

In other words, the stresses oOn the ‘;i

aring capasity ef the uncompan

with respect to eachothers

‘eontact surfaces must exceed the be

ted soil and, after scveral pPasses, cshould be less than the ulti—.)

mate bearing capaeity of the partially conpucted soil but lerge
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enougl. o esusée effective shear deformations. vﬂa

On the basis of this analysis of the characteristics of field
compaction, P.C.Rutledge and J.0. OstnrberL at Northwestern Univer;
sity im 1946 set up the following desirable characteristics for ay(
laboratory soil compaction devices : ' 5

l. The compacting foot should not apvly‘impadt.td the soil; i

2% The comyiching foot should apnly & controlled pressure tbj
the soil for a comtrelled period of time, and variation of both thﬁ
contact pressure and the contact time over reasonﬁble ranges conw
responding to those anticipated in the field shauld hu P°BBible‘l¥#

o L The compacting foot should cover a moderntoly small pornhw

tlon of the surface area of the soil sample beins—eumpacted o tha
shear de!oxm“tlonb involving lateral flow of the auii cduld take ?ﬂ
place. 4 22

4, The Operatlon of the device should be as anf| ,

The compaction device to meet these characteristicéﬂwis designedf7*
by J.0, Osterberg and constructed by the Forthwestern Universtty
S80il Mechanies Laboratory in 1946-1947. A phote-copy 0f this device
is shown in (Fig 16), fThe results have indeed becn satisfactory,
such that:

1. fhe position of the optimum line can be shifted by N
changing the timc increment for the compacting foot. Increasing
the time increment cguses the optimum line to move cléser to the

Laero air-voids curve.
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In the field soil is compacted by zpplying emergy in one of
three ways, which in order of duration of the stress which they

FICLD COMPACTION

apply ares : R
1. Kneading ' 3
2. Pressure (Rolling)
%. Impact (Ramming)
4. Vibration

The type of compaction plant that are available can be listed
under these headings as followss
1+2. Rollers- Smooth wheeled, pneumatic tyred, sheepsfoot,
lorries and pneumatlc tyred construction plant, and track 1aying
ehlelos.
3
1nterna1 combustion type and pneumatic type.
: i
hydraulic type.

Rammers— Dropping weight(including piling eqnipment)

¥ibrators~ Out of balance weight type and pnlsating

The factars affecting the field compaction of s0il are sinilan

%o those 4nflucneing bthe compection of soil in the laboratory testa

The more 1mportant factors are the moisture content of the soil and

.~ the amount of compaction applied with the particular plant. The"«,

perfoxnnnce of compaction plant is dependent on the soil type, its

_particle size and its moisture content., In general, smooth wheel

ﬁollérs are most suited to crushed rock, hard core, mechanically
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stable gravels and sands, pneumatic tyred rollers to closely grad
sands and fine-grained cohesive soils at moisture contents apprda
ing their plastic limit, and sheepsfoot rollers to fine grained |

cohesive s0ils at moisture contents of from 7 to 12% below thelr

]
1

plastic limits.
Before we take up the compaction of cohesive soils let us sayl

a few words about the non-cohesive. The best method for these is
vibration. The vibration frequency is the most important factor |
_governing the cfficiency of the method. If the vibration freqneu*
is considerably smaller then the nabural frequency of the 50ily .

a relatively small se*tlement is obbtained. 4% the resonant

frequency the settlement obtained is 20-40 times the settlement

that would be obtained by the static load. This critical frequ
is different for different soils. Smooth wheeled rollers algo gl

good results with gands and gravels.
As the cohesion of the soil increases the effect of vibratial

rapidly decreases, because the smallest attachment between the aa

particles prevents them to move into a more compact form. 'I:hertli

fore for fine grained soils especially for closely graded aanda W

use pneumatic tyred rollers, and for more cohesive clays, sheeps-

"foot rollers. Pneunatic rollers can also be successfully used fo

{'"*61&&8. A comm
 platform mounted betw

on type of pneumatic roller consists of a box or

een two axles, the rear of which has one mol
" ‘wheel than the front, the wheels mounted on the fromt axle being
' apranged to track in between those mounted on the rear axle. Th

eI

.’ ! _-:7 :
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the roller. Another type known a2 the wob’ble—-wheel mller m

provides a kneeding action which is claimed o give mproved
results. ‘

ding to the type of roller used. Therefore the aperation?ur ¥
- rollers will be considered in relation to the factors. S
a) Pneumatic tyred rollers. y

A 1. Inflation pressure. b N &
Generally increased density resulted from increased inﬁation

pressure so long as a reasonable wheel loac‘i is- naintam-d. i'h

{llustrated by (Fig 17).where the dry densiwvﬂoisture eante;xt

pelation is shown for a lean clay of 1L1=38 and PI=18 is eonpact&

for three inflation pressures, and by (Fig 18) where & brxekaam

of LL=31 and PI=12 is considered. ‘

2. Number of covérages. Sl "

- Adequate densities are usually achieved with four coverages, a
small increase in dry density reeults from additional cmerages;J

this increase is larger at moisture contents drier than the opt
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in other words the smallest number of pasees ia :
- s0il is ab or a little
‘and (Pig 19)

5 5.' Depth of fill.

B 4G4 depth. It is cbvious that all _c:::t,'j ths @Weﬁﬂ

_constent velue. With this token, compseti

thmg weak zones in the subgrade and A mﬁ .

:Lble pavement systems.
D) Bheepsfoot rollers

EREr I , u«i
V? efn which proaectmg feet are mounteds The drms con,-be ba.
R

dﬁ:her with water or with wet send and they are momtt’ol‘

ml’ or in pairs on a welded steel fromee 'l‘here &B W
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The Club foot type and the taper foot types

s Foot pressure v b :;f'"n'

Tesls within the range of foot areas 6 to 21 'Dq ilwheqa?g:{ :
foot pressures 125 to 1110 psi showed mm. m' res in excess
400 psi generally resulted in no greater |

uc eeded.

RBL Mook dres.

loes not produce discernible bc—mefita. (Fig*z

Number of coverages.

Biatad with a2 small decrease in Optmum ko:x.sture cumsmt,
!‘esulted as the number of passes incressed from 6 to 2#.

meﬁn ‘the optimum. (Fig 22
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APPLICATION AND CONTROL

The very obvious recason for conducting lnboratom m;
simply the fact that we can neither spare time nor noney w

behavior of the structure by the help of am 1ndax pm;aam
can derive from the laboratory. In the case of eaxﬂlﬂn M

& sufficient number of respects, the links beﬂm}t

and the field would still be weak. For one thmg.ﬂ

possible exception of the N.U. EKneading Tests which m hgen
ted to produce coumpaction curves inm close agreement 1;9 fi.al

results and the position of the optimum line of which can ba

property in itself brings adjustibility to the method (Fig 25)&,
If we thmh of things like non-uniformity of compaction, n

&ﬁﬂ’uﬁmiﬁ: of the soil it beconias cleast Ehak Wi application of'
eenpacticn to the actusl problems needs a broader outlook,

»

eﬁ'w
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content. We have seen that compactive effort‘
Iaboratory tests generally bear little rel‘
‘f;,e]_d compaction plant. Therefore the prinﬁ

lﬂ@ﬁ‘bent. Therefore, as some field evi_a.‘_

minture history of the soill. Hawe{rer»a“

l:Lkely occur if it is compacted when at its

content measured below 3-4 ft. of seil usus.lla‘

Iloi.stﬁre content of cohesive soils., Any f‘ull scale e“
‘tnala carried out should therefore, be con.fined ‘ca ms,
‘,*naeural moisture content of the soil; the objeet ot fhe* ‘
| ;_to help in the selection of the plant for ctmpaetin@ tjhpv_ anil "h *

L J

ms moisture content. On the other handy from t:he 'i
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SITE

KIN6STON
8Y. PASS

GODALMING

YEAR OF CONSTRUCT 10N

|8y Pass

TRAFFIC CONDITIONS

|HaLsHAM | |

{ 3
:

DEPTH OF FreL (ft)

VESDIL: T Y PE

AVERAGE LIQUID L IMIT

AVERAGE PLASTIC LIMIT

AVERAGE SPECIFIC GRAVITY

2.72

272272;

. AVERAGE MOISTYRE CONTENT . (%) |29
_AVERAGE DRY DENSITY (Ib per cu ft) 98 mo |95

AVERAGE AIR VoIbS CONTENT (%) 0 6 |1 _l4c
APPROXIMATE AMOUNT OF SETTLEMENT OF 3 o. o
ROAD SINCE C ONSTRUCTION (in) j g ey

#) NO MEASUREMENTS ARE AVAILABLE BUT \ISUAL INSPECTION OF 7
. ROAD INDICATES THAT LITTLE SETTLEMENT HAS occ:u;‘ﬂ‘:

L%

&
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the degired properties after the compactioﬁ 'Ehe-"?
muy be taken os rough ;uides: |
1y Highway embankmente
Vcohe;siVe 801ls would best be compacted aom
Zoptmum in order to achieve high sbrength
¢ mation and low volume compressibility. '
| ' 2. Impervious cores for earth dams‘
"loi‘r ,b:émeability but be absolutely safe

Tage Ay
-,-,a'ble ta sacrifice strength and comruct tm‘r 3

e 3 oo

o |

' fLw mistance to defom‘.tien and :'
‘;?nzﬁhmorks there is reported to be a “"

| Miﬁ}[ is brou{,bt about vy the wettm{*;‘
c*ﬁicm ata:c"tq even at the ﬁrst c.gr le
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to subdivide the structural section and compact "transitio£v$e¢~
tions™ on the wet side in orxder to achieve the requirement of a
core. There is another point which should be considered in thn
cholee of the molsture content, and that is the fact that comyun~
tive effort decreases as the moisture of compaction increases
(Pig 27).

The second guestion is the stabe of compaction to be atisined.
This depends on the amount of ensuing settlement which can be tolo-
rated and the reqplrements for the StubllltV of the emb.n&ment. ‘
The permissable settlement is influenced to a considerable extent f
by the type of construc tion of the Duyerim>osed road pavement as %
concrete roads are usually more susceptible uG damage frqm setble—
ment than bituminous surfaced roade. BEicert in the cage GI relatim
vely high road - embankménts, problems of stabillty rarely arlse and

in ‘general the question of settlement is rebarded as the facﬁ¢r

gﬂ?ezning the uace¢sawy state of compaction to be produced; Littl;
intornation is at present available on the relutionshlp betwﬁun thg
state of compaction of road embankuents end the sbttlements eccnxm
ing after comstruction, and It is not possible therefenw, to aay
with any certainty the state of compaction that is requlred.v i
provide some inrornation on this subject, investigations have been'
canried out by the Road Rezearch Laborﬂtory CEnblan&) to uetemmine
the. state of compaction of the £ill material of & number of old
roaﬁ eub&nkmants in which the settlement has now ceaaed. The‘

te obtained (Table IT) susgest that the settlement of such
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smbakments is probably a function of the strength and compreéaibir_*
1ity properties of the £ill material as well as the state 6f COT~
paction obtained during comstruction, 4% sites 1 and 3 whore The
soils had high moisture contents in relation %o their plastic
limits and hence would he axpected to have low shrength and hish
compressibility, a considersble amount of eettlemcnt oceured. ! &k |
gites 4 and 5, however, the soils were much drier , and litflé :
settlement occured despite the fact that the states of ccﬁpact;on
of the £ill were not partlcular13 goolts With clar-Scils dt mois~
ture contente close to theilr plastic limits the qtate aﬁ cﬁmgactian

required to reduce settlements to 2 negligible amount appeans to b¢

no higheri than that corresponding te an air voids contentjﬁf abouh

10%. Weltes cloy soils, however. probably . require highex sﬁ$t& f
of compactions In structures like dams and levees, ﬁpeﬁgggaggnf' 4
factor is naturally the permeability, Soils campa"étaa?faf -

.“.“, . N

The sniaing principle in the selection of ‘the typeof Elant *Q' éamm
yactian work is that the equipment should be eapeble ef'pfmﬁﬁcins |

efficiuntly the desired state of com paction when the aoil iﬂ at tﬁq
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selected moisture content for compaction. Apart from the ability‘f
of the compaction plant to satisfy the requirements the availabilis
ti and cost of operation of the plant are important considerationss
'In shall *orkq the question of availability will probusbly be the
decidinb factor in the cholice of the compaction eculpm«nt. On
large projects, however, theeconomlcs of the plant and methods of i
comﬁaction'will probably be governing factors. On large earthworks
a smell Compaction trial should be carried out prior to the con-
struction work to detemmine the type of plamt, the optimum thick-
ness of layer and the number of passes which will give the requlrmd
stnte orcompactian with the lowest cost per cubic yard of fill
material | ,

The fourth question comes as 1o the control. The common _~€ii
pragtice is specifying a compaction as a percentage of the dry |
denﬁity obtained by a standard laboratory test,; the drawbacks of
ﬁhi&ﬁﬁwere already discussed. What ié more, when it comeé to the
pructice if the moisture content selected for compaction is found
to b@ much lower than the optimum obtained by the laboratory test.
& poor compaction measured in tYerms of the air voids of the soll
woﬁlﬁ result in the field even if a high "relative compaction® wen
aétnﬁlly relized. On the other hend, if the molsture content
selbeted‘for field compaction is much Lhigher than the laboratory
Optinnm. the specified relative compaction might well be ¢uite
‘unatsninable. A more logical approach would be to specify the

Aiﬁgf compaction to be obtained in the field in terms of =
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maximum air voids content for the compacted soil, The problem of
adntrol of s0il compaction would be simplified considerably by this
progcedure ag it would eliminate the difficulty whieh often arises
in distinguishing between variations in the dry density due to
changes in the state of compaction and chenges in the soil type.
The detu;mincuxon of the air voids content of compacted s0il is no
more compliceted than the caleulation of the relative compection |
as it requires only a knowledge of the specific gravity of the
801l particles in addition o the dry demsity snd the moistube
content of the compacted soil. It was found out that! twenty |
indapendent measurements of field denslta of an area of ground were
reqnired to obtain a2 mean relative compaction within limits of

+ 1% with a probability of 9 changes in 10.
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CHANGES IN PROPERTIES DUE 70 COMPACTION
Having consldered the process of compaction and the factora &
influemc:mg it, one last question will be considereds  Why clo we
require compaction of soils? TFirst, as ressec’ in the introducs
t:Ldn, 1% is necessary if embankments are to maintain a planned
g;racle 1ine, in other words, to avoid settlements in the emb:mhnan'
material itself. Secondly, mony materials have improved. bearing '
values when thoroughly comp acfed, although the amount of 11qu;x,é_1
préaent is usvally more significant. (,ome.ction also tends to: ~
dueé 'bhe size of the void spaces ané decrease permeability. :
: Betore going into a discussion of the above, a short expls
fti&n of the arrangement of the clay ﬁacticles in a compacted cl'f:

Lo ?

- wi.ll bﬂ giwen. ‘I.'his picture will help to visualize the proparty

£
-~

'ﬁﬁ’.r int A the small smount of water present results in & hish

L:%rabien of electrolyte which preven‘cs the diffuse double
: of ians surrounding each clay purticle from d.evelo;wmg ;
'mllsc *‘I‘he' double layer depression leads %o low inter particle
: replxlsion, resulting in a Yendency towercs flocculation of the

'uﬂllwids and a conqem’e,m low degree of cluy particle ementatlou

son,l. This type of stumehure has been texmed &

£ the waber contel
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between particles and a low degrce of flocculation, that is an
increased depgree of partiele orientation. A systen of parallel
:particlea, which is approached at point C has been termed a
1dtspersed system. Thus in general it may be said that COmp *cf¢on
of clay dry of optimum tends tvo produce a floecculated arrangenent
of particles, while the compaction of the same soil "wet of opti-
num" tends to produce a disperced arvangement of partlclese.

FNow let us turn to the important consideration of compacting
301ils to produce moximum strength, Conflicting opinions are pre—
valent at this point. Laboratory end field data have been presen~
ted to show that an increase in dry density at a given water
cantant may produce 2 decre“be in strength., On the other hand
many enéxneers inglst that this is not 50 and that incressed densi-
ty must inevitably lead to increased strength. Let us consider,
for example, the density-strength-vater content relationship for
hhe silty clay (Liguid Limit 37, Plastic Limit 23, % finer than =

5002 mm~24) shown in Fig 29. In these tests the entire stress~ 
struin relationshlp was recorded1 for each sample of different dry
denaity end moisture comtent, and the "strength" was determined
ba#h as the stress required to cause 5% strain and the stress
required to cause 20% strain. It should be noted that these 03‘210
“etrengths" are not simply the points on the stresg-strain curve
corresponding to 5% and 20% strains but will often be maximum
ﬁeﬁiﬁtor'thess which the sample cah ¢uvtaln if this stres& hes to.

Fronm

be ileﬁ@deé before the necessary strain cen be developed.
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his data the relationship between strength and dry density at
rapious constant values of water content can readily be determined.
‘hus at any given wabter content three corresponding pairs o
strength and density values can be‘interpolated from the curves

mnd plotted as shown. It will be' seen when the "strength" is de-
termined at low strains, say 5% as is the practice in the pavement
iesign, there is 2 marked decrease imn sirength as the demsity is
increased beyond a certain stage. Reference %o compaction curves
shows that these reductions in strength ere developed at densities
and water contents corresponding to high degrees of saturation or
to compacted conditions which are wet of optimum on a compaction
curve. Thus the sbrength reductions would appear 1o be asgoelated
witﬁ the more disperse struectures (and correspondingly high pore-
watér pressures) of samples compacted wet of optimum. These data

night therefore be interpreted as indicating that as long as struc—

ture remains essentially the same, strength will inerease with
density, (Fig29.¢), s
whan marked changes in structure are also incorporated in the data,!
the strength in the low strains may in fact be markedly reduced, 1nj
spite of density increases, as a result of the predominating
influence of the higher pore water pressures assoclated with the
dispersed structures. Therefore highway embankments and similar
structures consisting of cohesive soils would best be compacted
somewhat on.thé dry side of optimum in order to achieve high

strength and resistance ©vO deformation and low volume compressibi-
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lity. However, if strength is determined at high strains, say
20%, as is the practice for foundation studiecs or earth dam design,
gsamples of soil having the same composition exibit approximately

equal strengths whether the structure is flocculated or disperéed.i
Consequently,the soil behaves from strength point of view as if thef
structures all the samples were the same, and the relationship
between dry density and strength for a given molding wabter content
ghoﬁs no decrease in strength with increase in density as may be
seen in Fig 29, Thus the relationship betweun strength, density ]
and water content may vary greatly depending greatly on the manner i
in which the strength is determined, and this in turn will depend ‘
on thé purpose for which‘the relationship is being used.

It should be noted, however, that the above considerations do

not apply in their entirety to all compacted clays. TFor some soils‘

the interparticle forces may be so strong that the changes result—}
ing from compacfion at various are insufficient to influence ‘
appreciably the tendency of the particles to flocculate or disperse‘
Thus saﬁples compacted wet and dry of optimum will have essentially
similar structures, Again it is possible that in some soils the
structures of the clay fraction of samples compacted wet of opti-
ﬁum are considerably more dispersed than those of samples compacted
dry of optimum, but the influence of the differencé in structure is

mashed by other factors (such as high proportion of granular par-

ticles) which produce.a steep stress-strain relationship in spite

S
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fhe dispersed part}cle arrapgement in the cley fraction, in dther
words although the s0il has a dispersed particle arrangement it i
nay behave as if it has a flocculated one.

~The above are considerations for the "as compacted" state of
the soil. However, in practice, compacted soils ere often soaked
after compaction %o & condition approaching saturation, for exampl
under pavements and in earth dams, and the relationship between
initial composition zmd strength after socaking for such soils are
more importamt from practical point of view. Pig 20, Fig 31 and
Fig 32 show such a study%o The material is a silty clay(Liquid Ii-
mit 37, Plastic Limit 23, Percent finer than 0,002 mm=24) prepared
kneading compaction and soaked at constant volume. The samples ‘
were mixed to different water contents and then compacted using
these three different compactive éfforts. The water content and
dry density of each sample were dotermined and then the samples
were soaked under whatever surcharge was required to maintain éona
tant volume. After a period of soaking, durimng which the samples
became eszentially saturated, the strength of each sample was de-
termmined im an uncolidated-undrained triaxial compression test
using a confining pressure of.-1 kg. per sg.cm. "Strengths" were
determined ss the stress required to cause 5% strain and stresces
required to cause 20% strain. Fig 30 shows the results of such &
test, It is obvious from this figure that water contenbe g 1itt1,
5910" optimum lead to good strength walues as determined at.small
Sﬁrains. 7Fig 31 is derived from Fig 30 and Fig 32 from a similar




THESIS

ROBERT COLLEGE GRADUATE SCHOOL PAGE 65
BEBEK , ISTANBUL
§ |
s e A\
3 54 \
- -4
O .
BE i Crdgnn
a o p/“
W X $
05‘ 12 P UNC ONSOL I DATE]
9% / UNDRAINE D
« g y \ TESTS -
£ 3 CONFINING
¢ 8 PRESSURE .
&b o 1.0 kg per sp.cm
11 13 15 17 19 21 23 25 |
MOLDING WATER CONTENT . PERCENT
118

-
2

il

!f o

|

R

DRY DENSITY - /b per cu ft
—
8
i

98 |
" 13 15 AL | 24 & S 1

MOLDING WATER CONTENT- PERCENT

PELATIONSHIP BETWEEN |NITIAL COMPOSITION AND STRENGTH AFTE@
SOA!KING AT CONSTANT VOLUME FOR SAMPLES OF SILTY CLAY_ kN. COM.



THESIS

ROBERT COLLEGE GRADUATE SCHOOL PAGE 66
BEBEK , ISTANBUL

6 1 T ! +
i L
5 | MoLBING WATER /
i , ‘ | CONTENT wj{/ Pl
3 l i | /"A
el 5 P l (et
&S f "\
iy | e
Q
w P §
@
D 2 3 1%
2= / EdaERRT
% g 187
2 4 / %
w = 4
7
w
@
5w
L 0
{02 104 4106 108 110 M2 114 M6
DRY DENSITY _1b per cu ft
18 : ; ]
-~ MGLJ. AASHO TEST, \ g |
o ' Lo &
A 7 I} | z N
Q L) e ¢ 1 7 ‘. R 3
L T e
14 E | S \\\ J)
1 : o)
3.0 —
a 2.5 4 / ‘&
£ 10 , .
;) 0™ ‘ ‘ =
rd LA i | |
3 102 AL -
NOTE . CONTOURS OF INITIAL COMPASITION|
L RESULTING IN EQUAL STRENBTHS AFITER
= 9 SOAKING AT (ONSTANT VOLUME

10 42 44 416 18 20 22 24
" MOLDING WATER CONTENT_ PERCENT

RELATIONSHIP BETWEEN INITIAL COMPOSITION AND STRENGTH AFTER
SOAKING AT CONSTANT VOLUME FOR SAMPLES OF SILTY CLAY. KNEADING COM

F16- 21




THESIS

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK , ISTANBUL

18 r : .
MOD. AASHO O\ |
i
144l TEST \/\ t\ i
|
a3 ol |
3 srasusrﬂ_ 4.5 kg |
h 110# % 24
| 4.0
7 3.5
Q ot
> 106 3.0—
' | {
> % | 2.5 —
~ | i
o 102 ! f R8s Braifalc i ¥
< |
W |
Q g5 ;
& NOTE. CONTOURS OF INITIAL COMPOSITION
q RESULTING IN EQUAL STRENGTHS AFTER
Q 9 SOAK|ING AT CONS%ANT VPLUME

10 12 14 1e 18 20 22 24
MOLDING WATER CONTENT . PERCENT

RELATIONSHIP BETWEEN INITIAL COMPOSITION AND STRENGTH,

DETERMINED AS STRESS REQUIRED TO CAUSE 207% STRAIN, AFTER
SOAKING AT CONSTANT VOLUME FOR SAMPLES OF SILTY CLAY. KN. COM

EIG. 32

PAGE 67 |



nunﬁtcm;mw'MHmumz:xumn
‘ BEBEK, ISTANBUL

curve. It will be noted that the form of the resulting curves aiﬁ?
quite different for the two definitions of the soil strength. If
‘strengths are determined at high strains, the lines arc essentially
horizontal, indiecating that samples compacted to a given density,
no matter what the water at compaction have the same strengthe. In:
other worde, 1% would be concluded from this data that for this ;
801l the watcr content at compaction has no influence on the scil
‘strength after soaking. However, if strengths are determined at
low strains, it can be seen that higher utrengths result with lowex
moisture contents for 2 comstent density. =
The above conclusions change according to whether the soil is}
expansive or not. MorevexpansiVe clays obey these considerations-k
better., In non-expansive soils higher moisture contents are neceéﬁ
Sary o obtain higher "strengths" (both for 5% strain and for 20%'_"\_’
strain strengths) for a constant density achieved, In other worﬁéi
forfé constent moulding water content increase in density results ;
in increase in strength for non-expsnsive 30115, tested aftexr Sov
aoaking. Fig 33 and Fig 34 . Fig 35 shows the effect of moulding
water content on permeability. It is clear that higher the molding
water contemt, smaller the permesbility. The reduction inm perme.
ability attained by compaction is due to the réduction in porosity
Fig 35. A word of cautiom, however, should be adfed at this point,
because a well graded sand conbaining %09 voids may be quite per-
meghle but & clay may be quite pesistant to the passage of water

'Wéﬁh porosity approaching 50%.
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AN IIWESTIGATION ON THE EFFECT OF SIZE AND
AMOUNT OF COARSE AGGREGATE ON THE COMPACTION
OF A BRICKEARTH
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STATEMENT OF THE PROBLEM AND PREVIOUS WORK

The speeific problem to be investigated is the effect of the

amount of coarse particles added to samples of cohesive goll.
This problem was first 1nvestigated at the Road Research Laho—
ratory by Maddisagsand other workers, although in a somewhat 3
different formy nemely the added coarse materisl was single sized.i
It was found out thet the admixture of single-sized aggregate upto
about 25 percent of any one size (1 in-3/4 in, 3/4 in-1/2 in, 1/2
 in-3/8 in) had very little effect on the compaction of the soil v‘:
mortar, the stone acting merely as a displacer. At nighes BtORN: |
contents the dry density of the soil mortar decreased fairly rapi f
ly and at a stone content of 65 percent had fallen %0 a value of f
95 percent of the dry density of the soil when compacted alones
The dry density of the soil-stone mixture as a whole incresed with 
increasing amounts of stone up to a stons content of 40 percent, xt
stone contents higher than about 70 percent the stones were in |
contact with one another and so preventeld any compaction of the |
s0il mortar. The optimum moisture content of the soil mortar
increased as the dry density decreased with addition of stone.
In later work an agrregate graded between 3/4 in and No. 7 ;=;
B.E. siéve was used., Th2 results obtained were similar %o %l
Maddison's, bub the dry density of the soil mortar decressed on the
addition of even small proportions of apgregate, although this ,

decrease was not comsiderable until more then 45 percent of aggre-

gate had been added, Also the dry density of the solil-agpgregate
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mixture incresed only slightly with increasing percentage of aggm1

gate up to 50 percent and for higher percentages, decreased fig(s‘)q
46 4
Later M.8. Youssef investigated the relation between the ;

optimum moisture content, the size factor, (5F), and the mean !
grain size, (dp), in soils of different mean grain sizes with size

factors ranging from 0.0 to 7.375. e

The mean grain size, d,rof any so0il is defined by D.K. Pur- J
nister' as a meaauré of the position of that so0il as regards the ‘
degree of fineness. The value of ﬁhe mean grain size is equal to
the length of a rectangle of the socme area as that undcr the ﬂ'rain’
size curve of the s0il, considering the height of this rectangle

|
1 a8 the 1007 ordinate and its origin at diameter 3/8" on the gram

size scale. The size factor, also introduced by Burmister, is thqa\
summation of ordinates divided by 100, measured at the mid—point
of elementary uwnder the grading curve of the soil, each area of

width log 2, starting from the origin at dimmeter 3/8™ up to d.ia—

meter 0,001 mm. It was proved that
42
AN

where SF=  y/100
The usual compaction tests were made for all these mixtures, |
ami the typical curve giving the relation between the moisture
content and the dr,y compacted density were drawn, fig(37), of soil:
of 3 ‘diffex;ent effective size, which 18 defined as the diameter at
10%' finer, and of thé same size factor. From these curves, it was




THESIS

ROBERT COLLEGE GRADUATE SCHOOL
BEBEK , ISTANBUL

PAGE 75

2.1 :
X | : SIZE FACTOR=4.0
3 % f
3 2.0 | ,
< 1 |
& / N
2 1.9 effective size i @:r =
i e.s. =0.09 ] 0‘,
- e
2; e. 55024/
§ 1.7 = \\
5 1.6 :
0 5‘ 10 {5

MODISTURE CONTENT . PERCENT

PROCT OR CURVES FOR DIFFERENT MATERIALS WITH THE SAME

S/ZE FACTOR




o THER
ROBERT COLLEGE GRADUATE SCHOOL
BEBEK , ISTANBUL

found that the optimum moisture contént was almost the same for a.j&
given size factor whatever the grading may be. This was interpre—ﬁ%
ted as that the optimum moisture content does not depend on the
grading of the soil, but or the degree of fineness of that soil.

' Comnsidering Hogentogler's theory of compaction which says
"Mhe moisture in e soil is found as films surrounding the particles)
that forms the soils These films in low water content are very
gdhesive to the pafticles and as water increases this adhesive
force decreases, until the limit of lubrication is reached. This
limit is called the optimum moisture content"™ the resuvlts of these'ﬁ
tests were explained as follows: i
The area under the grain size curve gives the total surface area
of the particle composing the soil sample and when we equate this i
area %o that of the rectengle whose height is the 100% ordinate and
the length equal to mean grain size Qs Ve consider a soil sample
composed only of grains equal to dm' 2 :

As the adhesive force between the films of water and the soil

particles decreases as water increases, i.e. as the thicknesses Qty
these films increase,until we reach the lubrication limit, accord-
ing to the same theory, it was concluded that this thickness is
limited for any given éoil grain at the lubrication limit, and that
the thickness of the film depends on the diameter of the particles,

Thus for a given meen grain size dn whatever the grading may be we
should get the same thickness of film of water at the lubricatiomn

limit, which thus means thet for a given 4 we have a given opti~

i
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OPTIMUM MOISTURE CONTENT.
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DESCRIPTION OF THE LABORATORY INVESTIGATION

Unlike the work done by Maddison in the Road Research Labora—
tory the aggregates added to the samples of cohesive s0il were notv |
single~sized. Three groups of aggregates were useds

1. Passing No.4 sieve- Retained on No.8 sicve

2. Passing No.l0 sieve- Retained on No.20 sicve

3. Passing Ko.60 sieve-~ Retained on No.200 sheve
Yurious mixtures containing a percentage, between 5 and 25, of one
of the above groups were prepared. For exemple ssmple ¢ contained
9,66% by dry weight, agcregate passing No.4 sleve and retained on
No.B sieve ., These samples and the natural soil, which is a brick-
earth from the Topser Brick and Tile Factory site, andthe propers ‘
ties of which are summerized in figures(39), (40) and (44), were
compacted by Standard Proctor Method. The results of these tests
are shown in tables (W) - () and plotted in figures (22), (+3)
and (44). o

The grain gize distribution of the natural sauple was also
determined by 'sieve and hydrometer snalysis, the data and the
results of which are summarized in tables (X1X) and (XX), plotited
in fig. (45)., The grain size distributions of the other samples
were derived from this key distribution fig (46) - fig (59). For

example grain size distribution for semple H was derived as .. = i
follows: Since the aggregate added was between diameters corres-— |

ponding %0 No.10 and No.20 "sieves, that portion of the curve to

tﬁe_loft of No.10 'sieve is not affected, i.e. it is identical with
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SPECIFIC 6RAVITY DETERMINATION

PETERMINATION NO. 4 % =
BOTTLE NO 20 20 20
WT. BOTTLE + WATER +S0IL |, , 9| 83.30 89.88 | 83.83
TEMPERATURE , T, <9 ' 24. ¢ 1254 29 %
WT. BOTTLE + WATER , W, , 9 B245| 8244 | B2.07
EVOPORATING BISH NO . i 4 7 7
WT, DIsH + DRY SolL 9 22.86 22.86| 22.86
| WT. DISH 9 fo.8c| 10.86| 410.-86
YWT, DRY SoilL 9 A2 00 A2 001.-42.00
SPECIFIC 6RAVITY, WATER, & ©.9372 | 12-3371 0.9353
SPECIFIC GRAVITY, SOlL, G| 282 | 2.81 | 2.82
. Gr¥%
o % %%
Gy= 2.82
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AT TERBERG LIMITS DETERMINATION

NATURAL WATER

PLASTIC LIMIT CONTENT
DETERMINATION NO. 1 1 2
CONTAINER NO. | 5 S_.40 |
W7. CONTAINER + WET SOIL IN g | 16.50 —;g.s :

W7. CON TA!NER:.“D;;TS:)IL.—/IM\/»; ﬁ‘L;;'S 35 84.3
\XIT. WATER , W, N g 1. 45 4.2
W7. CONTAINER IN g ,__,_',_,449.’_?:3»4 13.5 | .
WT. DRY SOIL , Wy, IN - A0 4.39 J0.8
WATER CONTENT, W IN / 26.2 6.0

L/IQuU/dD LIMIT

DETERMINATION NO. | 4 | 2 | 3 | 4
NO. OF BLOWS 46 | ,i_ 30 } ‘8
CON TAINER NO. A e 30 et
WT. CONTAINER . WET S0IL INg | 24. 50 | 25.15 | 23.50 | 23.62
WT. CONTAINER, DRY SOIL N g 13.75 iz_v_?z 19.47| 19,69
WP WATER, W, , ¥ 9 | 4.75 | 4. 43| 4.03} 4.08
W7. CONTAINER IN g §4o.74 10.50| 40.43| 40.32
WT. DRY S0IL, ¥, IN g | 9.04 | 40.22| 9.04 3J.33
WATER CONTENT, w N %|52.6 | 43.3 | 44.6 | 2.2
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FLOW CURVE

60
. LA :
b4
w ss
J +
o
. pow
¢ 4_._ﬁ%
I A A
; 50 ,\<_
“ o e
‘.-
t
J 45 7 B
of
'} a b
+ \9
G r
3 |

%' ¢ 7 89%% 20 25 30 40 S0

15

NUMBER OF RLOWS

SHRINKAGE LIMIT

DETERMINATION NO A
UNDISTURBED ©R R dt
REMOLDED Sol. PAT

wT DRY solL PAT v, , 9 | 21.7
WT. CONTAINER + H3 , 9 -(?9‘5
EENenER, ., 9| 243
wWT. Hg | Y 464.OA
VoL soll PAT | Tl A
SHRINKAGE LiMiT , % | 20.3

RE SULT SUMMARY

PLASTIC LIMIT 26.2
INATURAL 6.0
LiQuip Lt | 47.0
SHRINKAGE LiMiT| 20.3

PLAST (CITY mm{ 20.8
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SAMPLE: A
PRESENT - -
AMOUNT OF COARSE PRESENT, 9% DRY WT. OF CLAY o
NO. | 4 b < S P 5
o | WT- OF MOLD + COMPACTED
Wil SOl = 1b 43.71 44.09 44.29 | 414.09
»
g: WT. OF MoLD — 1b 9.84) 9.84 9.84| 9.84
o | WT OF COMPACTED
ol soiL — 1b 387 425 445 4.5
L1 AVERAGE WATER y
: CONTENT , -~ 066 | 453 | .175 | .228
S| ory pensiTy = 32X b | 4090 440.3 | 1135 | 1033
] TARE + WET SOIL — 9m 95.1 1443.3 | 407. 4 | 120.0
o | rare s oRY sow — sm | g0.0 4014 935 402
1) »
; WT OF WATER — gm 1] 41.9| 43.9 49-8L
o i ; ,
Vil Tare — gm | 4125 | 13.6] 443 43.6 |
o GRS, g AL GE C, BT e Al -
E WT OF DRY SoiL _ 9gm 77.‘5{ 7'7-81 79:2| 86.6 ]
< e Tl Y L SR RV Rl e
2| WATER CONTENT . % 6.6 | 15.3‘ 1'7.51 22.8

TAPRLE oIV
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SAMPLE : B

~
Rl e eues PASSING RETAINED ©
PRESENT NO. 4 SIEVE NO. & SIEVE
AMOUNT OF COARSE PRESENT, % DRY WT OF CLAY ot
LI ! K | 2"? 3 | 4 ‘ o
|
ST OF “’,'ELD* compACTED 43.40 43.60| 43.90 43.78 4370
4 4 50'1—_: i - e A L ____;W__t , ,*%> FRLEEI ey IS A +_‘, A
0 |wr oF mMoLD - Ib | 384 9.84 9.84 3.84 984
b e T R Bt
2 l\WT OF COMPACTED e
. .56 3.76 4.06 3, .86
8 Solt ~ b e @ W T3 ! 1S B ;73 :34__3 |
< | AVERAGE WATER AR 0031 0068 023 0.232
':l CONTENT bt e e 1 gl e
O | pRY DENSITY = 34’3:," cu“;t ]!4035‘ 40581 93.0 | 89.5
(PG e
0 | TARE + WET sOiIL i ) (LD e e | !
5 RSN DY
Z | Tare + DRY solL o nge) R R I |
i | | | | 1
- g ; '
WY OF WATER = -3 B0 41 487#__2,1;3,,_2_2_5
0 e r ; ‘
¥ TARE i bl B 1 0 :
o LA : ! |
Bl ae Buy Ssaw =8 m ‘3]__(_[_?“36 843 "’87 77.4]
4 | 1370 298
3| waATER CONTENT o f 3.1 ] 6‘8} 23'oi 3 1

TR L BEiNE
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SAMPLE: C
PASSING RETAINED ON

SIZE o©F CoARSE

PRESENT NO. 4 SIEVE NO. & SIEVE
AMOUNT OF COARSE PRESENT, % DRY WT OF CLAY 9. 66

v |WT oF MoLD+ COMPACTED

YlscoiL ~ Ib 3.7 | 44.2 14.3 |14 .1 |44.0
3 |wT oF MmoLp - Ik 99 | 99| 99| 9.9| 9.9
J g

WT OF COMPACTED

B g W 38| 43| 44| 4.2 | 4.1
. R

< ‘:;\;E::gf:TWATE ) 0.052 | 0.137 |0.167 | 0.224| 0.272
=

< _30W 13 X - ;T
a |DRY DENSITY s o 407.0 | 144.0| 442.0| 103.0| 35
? | TARE + WET Solu - gm |[108.5 |128.0| 128.0| 124.0|413.0
- :

A

w| TARE + DRY SoiL ~gm [10§.0 417.0| 445.0| 408.0|401.5
i

2| wr oF wWATER -~ gm| 35| 0| 130 16.0| 415
U ; e

» TARE e -~ 9m 37.0 37.0 370 365 317.0
w e

F L wT oF DRY SoiL - am %8-_04 80-‘1 7?3 45| 64.5
<

3| wATER CONTENT o e S 43.7 | 16.7 | 22.4| 27.2

L]

TABLE - Y
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SAMPLE: D

SIZE OF CoA RSE PASSING RETAINED oN
PRESENT NO 4 SIEVE NO. © SIEVE
AMOUNT OF COARSE PRESENT, #DRY wT OFCLAY 13.88 |

| NO. 4 2 3 4 S
w = Lokt [0 SPURUORER FRYSIENIE TACNE U0 SULY Ol (OSSR W0, ST S S ST SR SV, (e Mt P A 1 (i o, 0T P BT
Ww | WT ©OF MoLD + COMPACTED
3 [seie - b i Bt o . st
3 wT OF MoLD - Ib 8.60| 8.60| 8.60) B.60

WT OF COMPACTED “
-4 s PGl R L R
u s

AVERAGE WATER
S lory pEnsiTY < 20w B 1405 6 14164 | 444.2| 404.0

1+w vt
9 | Tage » weT SO - 3m 55.3 | 55.3 | 76.0 | 84.2
=
Z : .6
W | TARE + DRY SOIL - g | 522143171 66.21 70
g | 13
g W OF WATER . - = gm | 54 5_.6 ?i_aq_ s
J
SR R . 125 | 13.6| 14.3 43.6?
1 ;

w | : z
F | wT oF DRY SoiL - gm | 297 | 361, %47 | 570
g |
3 WATER CONTENT - % | 7.8 | 4155 | 49.0 23.8

TABLE VI
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SAMPLE ! E

PASSIN G RETAINED ON

SIZE OF COA RSE
PRESENT NO 4 3IEVE NO & SIEVE

AMOUNT OF COARSE PRESENT , ¥ DRY wT oF cLAY | 47.71

T R A WL*_ ?—J U e 86, e S
§ 25,7 P OMPACTED e inso a3 |mss
Sleror mop b |as4 38+ 94 304|
1 “;Z;.S"f‘,’;""‘*”""" w 3.84 406 4.33| 4.04
A P i e e e
E DRy pENsITY= 0¥ b l0s4 1.2 4138 4os.oj
ﬂ TARE + WET Sol. =8 e 2 F%'Z ~f3_1'éiq,4_3i§l__,______.
E,. TARE + DRY SOIL = 9m. |72.9 |944 IBO 3 | 88_43{ _______ T
% WT OF WATER - gm | 3.6 '_; 7.4 | ! 40.7 ;»46.4 l 5
_ | rars AT e L‘Lﬂ_—fz;ji%MB-%

B wr oF bRY SoiL - gm | €% ii_“’léiff 6 % 8|
5 SRR coNTENT © ~i% | @0 | 25 "6-3: 24.5

‘[‘&LE = Vil
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SAMPLE | F

énze e PASSIN G RETAINED ON
PRESENT NO 4 sSIEVE NO B SIEVE
AMOUNT OF COARSE PRESENT, % DRY WT OF CLAY 21.25
R R TR N A 4 S
RS T eoneaeTED Meie AR i [k 8l
SRR s, |5
e X b s
o iyt .. o ) b
g DRY DENsnTY-% &'_*ﬁ- 440.0 | 112.6 |116.8 | 4111.3
EIvABE & weT soic | -agm | 8000443942041 1T
| rape + bav sew - gm| 855 4ons |06 o]
Glwr oF wavsR - gm 43 ;T - sl Wbl
:F_WJ‘EE_P?I*SP!E—_M: gm| 724 | 926 92| DR L
E TARE - am|434| 12.3] 144 135
; WATER CONTENT - % | &4 |44.2 | 459 | 13.9

TARLE - IX
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SAMPLE | G

SIZE OF COARSE PASSING RETAINED ©ON
PRESENT NO 40 sIEVE NO 20 SI\EVE
AMOUNT OF COARSE PRESENT, % DRY wWT OF CLAY | 5.06

a LNO. .__...4.;-1..,,.:77,. o S
i nilamtisie 42.60 | 12.80 | 43.30 | 13.00 | 12.90
0| wT oF MoLp _ Ib ' 9.00, 9.00 .00/ 9.00| 3.00
?’: :anOF_CIzMPACTED b '3.60 3.80| 430, 4.00| 3.30
SlGonrans w007 Gi0 0200|0250 [0.290| "
3 [pry pEnsiTy= 20X & 03,0 | 405.0 4090 96.7 | 91.0
0w | TARE + WET soiu -gm (230.0 [225.6 (433.8 |337.2 |316.5
% TARE + DRY SOIL - gm 9.47.6_»}206.3%467.7 277.9 253.‘5:
; WT OF WATER = - gm 12.4 17.34§ 264| 59.7| 63.0
3 TARE - am | 372.0 37.05 370 310|310
E WT OF DRY SolL ~ 3m |180.C 474.3?430.7 240.3 2’16."5
Skl CoNTENT — % | 67 |10.0 120.0 | 25.029.0

TABLE . X
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SAMPLE ! H

PASSING& RETAINED ON
SIZE OF COARSE
PRESENT NO 40 s\1eEve NO 20 SIEVE
AMOUNT OF COARSE PRESENT, 92, DRY WT OF CLAY| S.66
S5/ Py R B e R e
W | w i
Sy e OF MOLD+ COMPACTED ;43.4_0 1350 A AR 1 Hh v P daad
g L.Seie ~1b A %
3 wWT OF MoLD - Ib 984 9.84 9.84| 3.84 984
& |wr oF compacTED 3 56| 3.86| 4,34 4.22| 4.07
w (SOt - b e A S SR 8 :
AVERAGE WATER ‘.13 42 0478 0.247 | 0.260
;{ CONTENT _‘E’ 4!3 il i
3 cow b | 045 |{440.0 |403.5 | 96.
3 (PRY DENSITY = 22=C  ZFg ‘!4040 1045 |440.0 |403.5 | Q6.7
R |
0| TaRE . weT sow. - gm 4344 1384 [1u2s \43{.5 144.0
'— AN S b AT S e & BT .’ B
Simage + bey son . L gm 0290 Bem@iies Wf% T*‘?’Efp
!
; wWT OF WATER -gm 2. 4 | 414.3 | 16.0 | ﬁl‘l 1.4
o A e T MR SRR SO G-, =i S {,_,_,ffaL, ¥ } T iy
g | | |
TARE e L ‘79}2%__, Bl 2 AL LSS deal SR 0 o
o | | I
é ‘ 1
< | |
‘ 2 | i 17.8 )_4 9 2.6 ’)
? | WATER CONTENT - % | 23 144 i . )

TARLE . X)
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SAMPLE: |
PASSING RETAINED ON
SIZE OF COARSE
PRESENT NO 40 sieve No 20 SIEVE
AMOUNT OF COARSE PRESENT, % DRY WT oF CLAY| 43.88
: %
0 NO. —_—+ ﬂ e ,2_-_4 3 ,_Ai__,_.l,,____g__l
w
L baidlacidy.
J|wr oF mMmoLd _ Ib | 984 984T| 984 3.84
SRHE SO BTASIE Al £ T e SIS (b T
> | :
O0|WT OF comMmpacCTED ‘ :
Ll sSoi - 1Ib i WL-’*% L 4,2§? o 4'4§ L
AVERAGE WATER |
€l conTENT el 89 0 RED SR SRR ot
2‘, DRY DENSITY = f+w a—‘-'% 440.0 | M5.5 |408.0 |400.0
|
W LTARE + WET Soi. - 9m 1402.3 |147.8 130.4 |144.0
i~ |
Z|vame « DRY soiL - gm 4064 325 M2B B
E wWT OF WATER 4__7-_-_77”3@”;3_7_1:_2 l_"rb 3I 17 é %) T
% e N s e e |
o | TaRE W*j-”"‘* 7.0 | 1. 7-Jlr e { ST 0 i
la
blwr or pRY sow - gm | €4 “l 953 751 833 |
R S T

TAOARLE «

X
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SAMPLE:' J

PASSIN 6 RETAINED ON
S|ZE OF COARSE
PRESENT NO 40 SIEVE NO 20 :.S1BEME
AMOUNT OF COARSE PRESENT , ZDRY WT OF CLAY A7.74
e 1

2 “KTM%"L;W’_‘_P@CTED ke ;42 70'43 18 4345 143 00 |42.93 |
: ¥ h % 300, LELY. O O M e B o il e 0 e :
Ylwr oF Mmoo - 1b | 860 560 BGOI 8.60| 8.60 :
e &
g \‘gg'c:l:‘_c':bompACTED W/ 4 58: 4 551 4 40| 4.33 ,

Rl ANTLMES AP TRy on 1Ay, SRt .f IESNGIAREY SILH S AR WETES
IR AGR B DT R R ot 034 ]0461 1019J 9.206 0.237
2 CONTENT & 0 B '__m__p_

o 2O 4 ‘ )
O [DRY DENSITY= === friy 1“? _5 4475 44 107.8| 331

|
Lze.es & 42@.5 4126.2(426.2

1
2 TARE + WET ?2‘,‘:__,_._‘.'.‘,3'7‘,,4_,4;(9

{
5 R R 4427 440.3/409.1 | 407.0

- ——— e Tt Q S i »—-—*—A»--h F

\
7 /T OF WATER - gm | 24 | 4. 3‘ 63| 17.4| 432
O —— e 4( ST <l_.>______h1
" 6.2| 26.2
y B o 2 26 Geel ol GERE
;’_l T ©F DRY SO - gm §70.9 | 86.1; 837 829 808 \
< L '1
TR Y e i T

TABLE - Xl
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SAMPLE ' K

SIZE OF COARSE . PASSING RETAINED onN
PRESENT NO 40 SIEVE Sl o et
AMBUNT OF COARSE PRESENT, % DRY wT oF cLav| 21.25
e Sl 4 - SR T I e
E Se OF MBLE - CoMPACTR D e el R [ gse

" R R AR 9.84 | 384 3.84 9.84

?’: M DRSoMPAcTED: w286 S SdE B6T :
B sy w |0.053/0.037|0.467 | 0.180

3 [brY DENSITY = ——%,‘ o..—% 813 |93.0 |97.0 | 93.2

@] rars +wET sow.  — gm 450.7 449844444325

i ARE 4+ DRY Soin - am |443.11437.21426.5 447.2

% wWT OF WATER - 9m 7.6/ 12:6| 14.9| 45.3

: TARE ' -~ am 224 37.4| 3711 33.6
e o DRy S0 = sm |410.7/99.8189-4| 836

; WATER CONTENT — % 5.3 |97 {46.7 | 18.0

TABLE - XIV
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SAMPLE ' L

B o i PASSING RETAINED oN
PRESENT NO 60 SIEVE NO 200 SIEVE
AMOUNT OF COARSE PRESENT, % DRY WT OF CLAY | 5.06

u |NO. 1 2 85 418
§ ‘:;;L.OF._MIC::D +COMPACTED | 304 4404 4449 | 4407

: WT. OF MOLD - Ib 9.84 9.84 | 9.84| 984

¥ e g T TASIRR W 18 91 S 4SS R

E AEDAss WATSR G 0083 |0.452|04a5 | 0230
Olpry pEnsITY = 20X & | 4033 |444.4 [f07.8 | 4024

;’_’ TARE + WET SOIL — gm 143.5 |119.2 {406.8 |400.0
R R AR

% T OF WATER g m 40,0 | 13.9| 45.4 | 16.2

z s _ gm | 12.5| 136|44.3 | 13.6

g wT oF DRY SOiL -~ gm |421.0| M.7| 77.4]| 70.2
B o e % B.3 [45.2 | 19.5 | 23.0

TABLE - XV
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SAMPLE @ ™ g
y
PASSING RETAINED ON
SI2ZE OF COARSE
PRESENT NO ©0 SIEVE NO 200 SIEVE
AMOUNT OF COARSE PRESENT, % DRY WT OFcLAY 9.66
§ ! |
b a2 ila e s
et SO IORBRA S Gl £ bl |
W |\ OF MOLD + COMPACTED ' )
>Sow e ‘__#1_3_7»1 1|4i+ A0 1#4.27 |44.10 1
0 9,84 3.84 SO,
ST OF  MOLD - 1 ,_.,_-,N,,Jt :3_?4{_9;8?1 L WO Gt
& |wT OF COMPACTED | 2 &7 vl 4 43 M i
2_ IR i L3 4 o 4 3 *}
AVERAGE WATER 1 1
f. AT l9}_)67\0 427 0.478 0.245 |
4 |pry pENSITY = 32X Jde_ 1 403.0 | 4134 442,4 404.1 i
Avrw cu ft { v
ll}
]}4 1‘30 0 40"‘5"7 8g.8 *
TARE + WET soi. - gm 404.3 |9 : .
S GEEERTI '-
r -
Bl pape .+ bRy son. - gm. | BB T' B ko 2.
m i = ’ 4 } } .
Pl Wy o waTER - M 720 T 1 158 435
3 | 43.5
A AN T .8 Pﬁ ,‘f,ﬁf o L "_4_1‘_‘ | 1]
a }
| wr oF bRy soiL - 9m 824 ¢8O 4{ L orl Brver:
N s 41..7|47.8'124.5~
3| WATER CONTENT — 7% | | { |
: A&L' T/ BiE ~ XVI
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SAMPLE * N

PASSING RETAINED ON
S|ZE OF COARSE

PRESENT NO 60 S\EVE NO 200 S\EVE

AMOUNT OF COARSE PRESENT % DRY WT OF CLAY 413.88

e o e
lllwr OF MOLD + COMPACTED 43,70 |44.22 4430 |44.10

c>! SOl - b N
L W SRR i ?:Bf”*g‘e"_‘.:jit_mm
ad|wrT OoF COMPACTED

o T TS W | 3-86| 438 448 4,260 1

AVERAGE WATER , Ao T 5

ol Sesansi VITER 0 o jnoge BERREE AT
g DRY DENS\TY=§Q-“‘—’ b 40e.2 [445.8 | 114.0404.5

1+w  cuft |

TARE +WET SOlL i 3!11 82.8 433-9 80-9 97.6

-— Bl

—TARE + DRY SoiL — gm 78.9 449:8 70.9 182.5

CONTENTS

WT OF WATER  — 9m 3:_7‘3 A4.1 | 40.0 |45.1
| 42.5 | 13.643.6 |44.3
TARE e AR
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PASSING RETAINED ©ON
SIZE OF COARSE
EEm o NO 60 .SIEVE NO 200 SIEVE :
AMOUNT OF COARSE PRESENT , % bRY wT oF cLAY [ 47.71 ,
i W A o8 P 0 S M D e B {
3| YT ©F MoLb + comPAcTEDR 4377 14408 |44.39 | 44.18
= W W - . . Y
d o — = =
3 v
U T OF ™MOLD — ‘b 9.84‘ 9-84‘ 9-84' 9.84-
¥ilwT OF COMPACTED
R TN et | 7 W 3.93 4.44 4-55 4_34
AVERAGE WATER ;
f_ CONTENT w  |0.m68 |0.133 |0.45¢ [0.202
5 - S 2.0 445.0 | 407.
0| DRY DENSITY = Wk {4p.0 | 44 ].q 4 407.0
M| TARE + WET soiL. -~ gm 9o. 6 433.8 | 94.3 |405.4
F :
4249 183.5 | 30.0| . i
lﬁ TARE + DRY SplL = . gm 94_'3 3 : 4
: sy |
.9 [ 40. 5. |
2| wr or waver _ gm | 53| 449]40-8| 45.4 |
i 434 | 423 | 44.4 | 13.5 |
o |-TARE - gm 5 |
; A 76.5] .
Bl e opi e soil gm0 |
N - 68 | 413.3 |45.0 | 20.2
3| water conTENT — % { |
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HYDROMETER ANALY SIS

SAMPLE - A

SPECIFIC GRAVITY = 2.82

WT CONTAINER + DRY SoiL = 520 3
WT CONTAINER L 4e8 s
WT DRY SOl |, Wi -
HYDROME TER NO. 23786

TUREEC

e b (r-n) 0 = 2.82:(p_R,)

N'= 2 FINER NO. 200 x N = 2.22 (B-R,)

D.IN mm = K-'/f-'-:- = 0.045/21- in Cfn
t in min

mn

Ze ’ ¥

DATE.EI:\‘E 5 ke °C 4 iE_R"’ czn: . mDm iy o ;‘u

2/4/es| Y4 A5 0 | 20.0, 345 (9.8 | 6.2 [0.080 76.5 b

16 | 34 | 3% [10.0 [4.5 0.059 75.5

A 33 | 33 |10.3 | 3.2 j0.042 73.0 by

O W e 32 [10.5] 2.3 0.030 74.0 3

yo il 32 |410.5] 2.30.030 74.0) &

5 |31 | |31 [40.7 [ 1.4¢[0.049 63.0 &

40 | 29 | 0 |205] 23 [41.1 | 4.05/0.044, 64.0) G

20 | 2% 28 [44.2] 0.75|.0098 62.0 A4

40 | 2¢ | 26 |44.7] 054 .0070, 58.0 g
80 | 22 |22 (42.5 0.%0|.0052 49.0
160| 3| 0 |200 3 |16.3| 0.32(-004 6.7
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the curve of sample A. We ' have alded a maberial of 9.66% whieh T
retained on No.20C sisve, so the ordinate at this point must dec~
rease by 9.66. Thirdly as all the adced material is' retained om
No.20 sieve, the rest of the curve should follow the same contour
as sample A bub storting from the reduced ordinate mentioned aboves
The size factors and the mean grain sizes were calculated for

every sample by the mebhods explained above.

{
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RESULRS AND DISCUSSION

The results are collectad in Table (x%V) and plotted in figures‘;
(60) Lo (e4).

In plobiing the curves dimensionless paramebers are fornmed,
for example by taking the ratio of the maximum 4ry density,

obtained by compacting a sample containing a certain percentage of

coarse material of certain gradation, to the dry density of the
natural soil. Obther dimensionless parameters were formed in the
same manner for the optimum moisture content, the size factor and
the mean grain size. | :
The upper plots in figures (60), (e1) end (e2) shows the rat
of the maximum dry demnsity of aggrefd’be sdded samples to that of |
the natural sample against the percentage of the coarse material
present. A seperata plot is made for each group of abgfregate.
Almost the same tendency js observed in all three case¢s, namely a
. close scattering around 1.0 line. This mesns that for all the
th:r'ee groups of meterials no change in the meximum dry density ‘
occurs by the addibion of coarse material within 25%. This resnihi
' denotes thet for small percentages the coarse material merely ac‘bs
as a ¢isplacer, being in accordante with the finding of Maddison ;5
but contradicting that of workers after him.
The lower plote in figures (¢0), (e4) and (e2) is shown the
ra‘cio of the optimum mos.)ture content of the aggregate added

< samples to the optimum moisture content of the natural sample

dgainst the percentage of coarse material. All these plots are
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PAGE 425 |

more or less random. We can make one generalization however,
namely the value of the ratio is most of the time, nearer to 0.9,
which may be expected since the total surface area of the soil
decreases. But this decrease, on the other hand is insignificant
and may be considered in the margin of experimental error in loca=-
ting the optimum moisture content of the natural sample suggesting
the possibility of it being unaffected by the addition of the |
~ coarse material.

' Figures (63) and (e4) are two different ways of looking at
the same thing since SF and dm are related. These plots contradict
the results of W.S. Youssef, since no increase is seen in the |
optimum moisture content with and increase in the size factor, and
consequently no decrease is seen in the optimum moisture content
with inereasing mean grain size. This result suggests the presenci
of varisbles other than the dismeter of the particle,detemmining.
. of the optimum moisture content. 3

Phe ratio of the maximum dry densities is unaffected as can

be seen fm the same figures, which can be considered a second |
Vevid,ence to the fact that coarse particles are totally inert, and

‘act as displacers.
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CONCLUSION

The following conclusions can be drawn from the results of
the tests made : ¢
I. The compaction cheracteristics, such as the maximum dry
density, optimum moisture content, shape of the compaction curve,
- of the Topser clhy ( LL 47.0 , PI 20.8 ) cannot be changed by the

addition of coarse aggregate,( Of three groups, a- Passing No. 4

o

sieve , retained on No. 8 sieve, b- Passing No. IO sieve,
reta}ned on No. 20 sieve., ¢~ Passing No, 60 sieve, retained on
No., 200 sieve. ) up to 2I % by dry weight. This result confirms
the findings of Maddison (See p. 72) in Road Research Laboratory,
England. _
' 2, Thus this clay cannot.be :E:ﬁiﬁ::ia by adding coarse
‘material within economic limits,

3. The results of Stendard Proctor Compaction is not affected
by the presence of coarse material, as long as the latter remains
within 21 % by dry weight of clay, for this particular soill.

4, 1t is not poss1ble to relate the compaction characteristics

|
\
i
of this clay with properties deriveé from the grain size
aistribution, mean grain size and size factor. That is, these

characteristics are independent of the meean grain size and the

size factor,
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PYCNOMETER CALIBEAT/ION
- PYCNoMETER NoO. 20
THEORE TICAL PROCEDURE
> T )
W7. BOT7TTLE CUBICAL EXPANSION| ¢
W, W 32.34  \ror eLAss w Afec | O-1x 10
8 o | €
TEMPERATURE oF UNIT WEIGHT
CALIBRATION 20.0 OF AIR IN 9/ | 0.0012
T IN °C Y |
i, Al ot S LR N DR,
VoL. BOTTLE AT (
50.0 W =W +V (1+ATe i
\é IN cc & S SR : )(t‘ ){1)
[
DETERMINATION NO. 1 2 | 3 g 173
T
TEMPERATURE |
20.0 | 25.0 30.0 35.0
T AN G |
UNIT WEIGHT OF WATER ‘ | - ;
AT T 3.7_ IN 8/ 0.3982 iO.8374 i0.33‘57 .93Y
W7. BOTTLE +WATER ‘ , ;
82.19 82.44 | 82.0 81.39
AT T, W IN 3 j
|

EXPERIMENTAL PROCEDURE -
W, = 82.15

1 = 2200

d
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PYCNOMETER CALIBRATION CURVE
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CALIBRATION CURVE FOR HYDROMETER 23786
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