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ABSTRACT

A STUDY ON DYNAMIC PROPERTIES

OF COMPACTED -CLAYS

~

The'dynémicvsoil properties, shear modﬁlus and daﬁ—
ping ratio; are stﬁdiedvon.five types of clay samplesvwhich'
have relatiQély-different plasticity éhatactéfiétics, The
‘resonant column:methbd is'conducted‘on COmpactéd samples. -
‘ SpeCiﬁens‘aré compac£ed‘by usihg'modified mini proctor ‘
cémpactér, The»effect‘of<moisfure cqﬁtent,shear sfrain
vamplitude anGIQertiCal stress bn shear modulﬁs.and démpinQ,'
ratié'éf these sahpies‘arévinvéstigatéd;,The vaiues 6f
'Shear.modulus and- damping ratio éfe,tébulated and pipttéd3

~to understand easyly. R
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A (rad/rad) = amplitude of shearing strain
A : = damping factor .
A; (volt) = amplitude of vibration for the first cycle

after the power cut off

n+l(volt) = amplitude for the (n+l)th cycle
AASHTO = éuemerican association of state highway -
| officials classification_of soils
. C . =grain characteristcs
C (amper) . évcurrent flow1ng through the c01ls of Hardin

R
- 'Osc1llator

C(psI, kg/cm2)='cohe51on in ‘terms of effectlve stress

. C. - 3='mode shape factor
'CBR'(%) o ' %fcal;fornle bear;nguratio
D (%) | ‘s=‘dampiug ratio |
foeé(%)'f | étdampihg ratio by'free vibfation method
Dsteaay(%);:..emdamplngratlo by steady state v1brat10n,
;’d (cm). = dlameter of spec1men -

B (PST, kg/cm?)= yOung.s moduius,'

: euhdt‘,d‘:m._“=vvoid'rstio“-d
éib. _ o =‘Volumetriogstrain ‘or cub1c dllatlon
- mfd:.dv ,‘;~,:'= d1mens1onlesq frequency |
"F (e) o o= v01d ratlo fucntion
f (H ) 'f_» = system;;esonant“frequehcy.d
'f§=fapp (H,) __='Ap'pa£a£us .’re's‘onan'j:i'_‘freqililenc»:y

G (PSf,kg/cm.)'; shear modulus
QHJPSIrkg/cmg)# equlvalent shear modulus oruave:age .

‘_shear modulus



Gmw((KN/mz) . mximum shear modulus or initial shear

modulus
GS = specific gravity

g'(cm/secz) = acceleration due to gravity

H = embient stress history and vibration
history -
-’Ip (%) = plasticity index. -

J (grﬂumsecz) = inertia of the specimen about its axis

Jo(gr—cm—secz) = apparatus -inertia ,
" : ) o . ] )
JZ : » = second invariant of the stress déeviation

K (PSI, kgkm3)= modulus of volume Compreééibilityvor
‘ bulk modulus - o
Kov  - vim coefficent of lateral stress at rest

.Ko(gr4ﬂwrad) =,§ppa:atus spring constant

i
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S - = salt

s (%) - =degree of saturation
S ' = systém energy ratio.
'Su UﬂVmZ) =.undrained shear stfength
T (c®) = tehperature o
T , | % the systeﬁ'factqr
T_ = time de»vided by time to 100 % brim‘ary
| éonsolidatioﬁ . .
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time and magni tude. of load increment

U = relq;ive_imbortahce is not clearly known
uc - K ~=unified syétem |
v  . = Very;impqrtant
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radial pressure
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axial stress

Il
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Evmax(kg/cmzv = Maximum vertical efféCtive stress
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max e

S
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" em?

eij = total strain tensof-‘ 

e ' . = soil structure
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CHAPTER ' 1 ~ INTRODUCTION

Thereiare‘many problems in engineering that‘require_-
a‘knowledge of dynamic soil propertiesvfor satisfactory so-—-
lutions. These problems can be catagorezid into two grops,
according to the loading and respOnse,of the soil. One group
involves‘loading andAunloading produced by the wave propaga—
tion of a wave front,'Where-the value ofathe peak stress. is
:relativelyllarge, e.g nuclear explosions. The other group>
involves relatively small:amplitude and repeated loading and
unloading, thls type 5011 v1bratlon may be produced by - earth-'b

~

‘quakes, vehlcular trafflc.' :
Determination'of'the dynamic properties of ‘soils,
vsuch as shear modulus and damp1ng, is of foundamental 1mpor—

tance in the analys1s of the problems mentloned above.

'In the design'of earth.dams-ahd"embankments the dy;l

.bnamlc propertles of 3011 used has a great 1mportance to pre- o

tdlct the damages under earthquakes._ | . |

’ Compacted clays are often used as a core'materlal in
-:zoned earth dams; Therefore thelr dynamlc propertles carry

' ”‘prlmary 1mportance in predlctlng behav1or durlng earthquakes.Q
:Many geotechnlcal propertles of compacted clays have been stu-

”Tldled systematlcally in- the past However there is very llmr-

o ted 1nformatlon on thelr dynamlc propertles. Maln purpose of

-thls study 1s the 1nvest1gat10n of effects of compactlon para—



meters'such as,lmoisture content, clay type,'compaction ef -
fort on shear modulus and damping ratiO'under‘dynamic load_
‘ing. For this purposevHardln type resonant column device is
used. - |

lFire types of chosive soils, which'have relatiyely
dlfferentbplasticity characteristics, are chosen.

‘In this’study, flrstly;.a critical reView and evalue
-tion.of'previouslwork is presented. ln additiOn; the methods
to determine the'dynamicpsoil properties are‘given._ |

' Typesfof resonant column‘apparatus are briefly dis-
cuSSed, and -a description of:Hardin type resonant column‘de—
.vicevis_made., |

Tests were performed on compacted spec1mens prepared
“by a modlfled m1n1 Proctor compactor After test set up is-
completed the test 1s conducted by applylng a power to them
Hardln osc1llator. The necessary parameters such as system
‘resonant frequency, torque volts, and accelerometer out‘put
;voltages are recorded to calculate the shear modulus and ,
damplng The samples whlch have optlmum m01sture content are

tested under varlous vertlcal stress and dlfferent straln

amplltudes
‘The measuredfvaheS';of shear modulus compared w1th
lflthe calculated values Test results are tabulated and plot—.

’ted for practlcal use.



CHAPTER 2 STRUTURE OF COMPACTED CLAYS AND ITS

EFFECT ON- SHEAR MODULUS AND DAMPING

. 2.1 INTRODUCTION

A'knowledge of the behavior pf compacted clays under
‘dynamic load is necessary for satisfactory and economical
design.

| In this chapter, a short summary ofiexisting)knowled-

ge on~the7strutﬁre“of cohesive sqils is'giVen.AChahges iﬁ_

.stfucture dufinggcompéétion'are‘diséuSSed, Effects ofvétrﬁc;”
' tﬁre énd‘compaction type on strength -are mentidned. BaSed' .
.”'on the previous stﬁdiés the,effécts‘of structuré and éf?ength
.df‘éohpacfedxciay on:the.shear modulﬁs and"damging ratié ére

o described.

‘2.2 'STUCTURE OF - CLAYS

1Aq¢ording‘t6 Lémbé (i958); the“tem “Structuref:means;
the arrangemeht~of édii pérti@léé,'yhiéh islcontrbiledyﬁy‘;:b
"étHé electrical fér@es-acting betweénbadjacentvpartiélés.'éré;\
'éviou$ly;-ﬁstructufeﬁ wésklimited‘to,the arrangement of soil
Eparticles‘bnlyf:The,concepﬁs oﬁ;electrical,forces‘and"enQié‘
1f%r¢qmentai:fa¢tors éhtefédﬁinto'the.discﬁssions of sfrﬁcture _‘
‘.with the principals_of}qblloid‘chemiéfry. fhe impbrtaqcevbf
; particle arraﬁgéments; howéver,’wéé‘récognized,many yeérS‘ "

- ago by Terzaghi (1925), Casagrande (1932), and _[-Aivérs'.lev (1938).

* The concepts of soil structure are concerned primarily



with very smallvparticles,- about two micron invsize or
" smaller. In cohesive soils the strncture is explaiend lar-
gely by'the clay minerals and thejforces'acting between'
them. There are many forms of clay minerals, with some si-
milarities and'wide differences in composition, structure
~and behaviour. The mostvimpartant,minerals are kaolinlte,
‘montmorillonite, halloysite and illite. All have crystal
__structnres that include large numbers of atoms arranged in -
complex threeldimenslonal patterns. Most clay crystals con-
sist of_Silica'and Alnmlna,’ . | |
Clay particles areyusually ofvsmall‘size less than =

- two microns andvmost.clayfminerals.arevthin:flat plates. -
All are’extremely‘fine gralned’ with 1arge'surfaCe areas
' per un1t mass. For this reason clay partlcles usually stayi
ln c01101dal range';and *electrlcal forces achxg'between

;adjacent partlcles and env1ronmental condltlons become 1m—
N portant.

}iin-colloldal‘range”electrical'forces betweenipartic-

1esimay‘be'divided into_three.groups ’Primarybvalence bonds,"

"whlch are the strongest hold atoms together 1n the ba51c |

. mlneral units, and can be grouped aS°’1on1c bonds (an exchan—
.,,ge_of_electrons>by,the‘llnked atoms),jcovalent bonds.(shar-

Hing-of.eleCtronsrbyfthe linkedtatoms)ﬁland heterpolar-bonds:
'h(part ionic and part covalent s1nce it results from an une—dj
qual sharlng of electrons by the llnked atoms) The hydro-
fgen bonds happens when an atom of hydrogen is rather strongly

atracted by two other atoms (e g oxygen n1trogen atoms)



s

The pr1mary valence and hydrogen bonds can not be broken

by the stresses applled normally to a soil system. The se-
condary_valence forces (also known as Van der Waals forces)
arise from electrical moments exlsting~withun the units.

- They are like—forcestacting between two short bar magnets,
in certain posltions the magnetSjrepel-each other and in

~_ others they attract. Because of more attractive position
the net'force~is atractive. Hence ,the net effect of secon-

dary valence ﬂxces-between clay platelets arevattraction.

Secondary valence forces'are much weeker than the other two

and decrease with increaSingvdistances between particles.
Van der Waals forces are'important for soil engineer beca-
‘_use they contrlbute to clay strength most and cause 501ls

to hold water.t

CIay partlcles 1n the presence of ‘water eXhlblt gre—

’atly dlfferent behav1or than do other mlnerals because of

theilnteractlon ofkthe electrostatlc flelds and the diffuse

'double,layers.'

Clay mineral faces -are generally negative .due'to

'~1somorphous substltutlon and the edges p051t1ve or nega—_.:~

‘tive. dependlng on’ the nature of m1neral -and the env1ronment

-;w1th whlch it is 1n contact At low water contents the ca—;f*
ftlons cluster on negatlvely charged clay faces to neutrallze

sithe partlcles When the water content 1s 1ncreased the ca—'
.tlons held at the face of dry. clay tend to spread out 1ntothe

- dlffuse doubleikyer.Water molecules behave as. dlpoles alt—,'

|
-
|
|

|
i

.Qhough neutral Therefore water closest to the surface is held ‘



and the molecules are oriented in the electrostaticifield.
The water closest to the claysurface appears denser than
ordinary water. The thickness of the innermost layer of wa-

ter is probablyflo Ao(l()i—6

mm) and the total thickness of
water that is attracted to the clay may approach 400 A°.
This'orientedIWaterizone is called diffuse double layer and
is shown in Fig 2.1. The dlstribution~of ions with distance
from the clay'particles is seen in Fig. 2.l.‘The concentra;
'tion ofvcations in the double layer decreases wlth_the dis-‘

tance from clay faces.

Slnce the cations‘are clustered on partlcle surfaces
ywhen the clay 1s dry, the attractlons between the negatlvely
charged edges'and the surfaces holdlng catlons result in ed—
" ge to surface contacts and flocculatlon of partlcles. Floc—"
culent 501ls are 11ght in welght and very compre551ble but
are relatlvely strong and 1nsens1t1ve to v1bratlon Because

-the partlcles are tlghtly bound by thelr edge to face attannon.

lWhen the clay is.wetted the added water helps to the
development of double layer. Wlth the development and 1nte—
'ractlon of these layers the repu131ve forces are created
between catlons contalned 1n two 1nteract1ng double layers
If these electrostatlc repu151ve forces become larger than
'.the attractlve forces at edge to surface contacts the par—

tlcles reorlent themselves 1nto a more dlspersed and paral-

-jlel s1tuatlon



In this way, the particle arientation of a clay may
be of any arrangement between'twovdifferent cases:

L

'l; A cmﬁﬂe&ﬂy random_dfientatiqh which is a floc-
culated structure,
2. A completely parallél‘brientation'which is - a

dispefsed structure.

Pacey (1956) measured particle orientation as a func-~
" tion of molding water content on compacted Boston Blue Clay

‘as'shown-ianig. 2:2
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2.3 STRUCTURE OF COMPACTED CLAYS | »

Clay particles under a given set of conditions have
to have certain amount of water to fully develop theirldo;
uble layers The dlfference between ex1st1ng water and need- -’
ed water is called deff1c1ent water which the partlcles will
try to adsorb. Whenever the.ex1st1ng water content of a clay
sample is less than theteqnilibrinm water content, the net
forces between particles are attractivefand the structure
is flocculated. If the'necessary amount of water is given
to thevclay; the doublevlayers.are fully‘obtained the net
forces between partlcles become repu151ve and the structure .
) becomes di spersed
In compacting‘any particnlar soil,,the main‘parame—
ftersetoybecimcanxﬂ-.are the moisturefcontent;,the'amount
of compaction;.and'the type.oftcomnaCtion.

By keeping the compactlon.energy and-type constant
4on]y one- dry density 1s obtalned for a unlque water content.’
Increasing compactlve energy at any‘g;ven:water content 1n5
creasesithe’orientation\of~barticles and thus gives a hlg-

" her den51ty ThlS was first 1nvest1gated by Lambe (1958)

and 1t 1s shown on Flg 2 3

At polnt A, there is not enough water for the dlffu—»
'se double layers of the SOll partlcles to develop fully,
.or clay 1s water def1c1ent Hence ,the electrlc repu151ve.
‘forces between partlcles are- smaller than the attractlvev

‘ forces, resultlng 1n a net attractlon between partlcles
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W High Compactive -
: - Effort .

"COMPRACTED DENSITY—>
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I Compactive -
| Effort

~ MOLDING WATER CONTENT —>

Fig 2.3 Effects of Compaction on Strﬁcture

. (After Lambe, 1958).
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and the particles therefore tend'to flocculate in a disor;f,
derly array. Whenpthe water content ls increased toward B,
‘electrolyte concentration decreases, the.repulslon between
clay particles increases, and double layer around particles
becomes larger. Therefore, flocculation decreases. Decreas—b
~ing degree of flocculation permitsva&more orderly arrangee.
'ment.of particles. Increasing the order of particles incre-
ases the density until the water contentbof point B is re-.
ached; | | | |
| Beyond point B particle’parallelism increases. A

‘further expan51on of the double layer causes the repu131on‘
between partlcles to 1ncrease and the attractlve force to.

: decrease. Eventhough'a more’orderly arrangement exist ‘be-~
-yond p01nt B the compacted den51ty beglns to decrease beca—a
.‘use water starts to occupy space whlch could be fllled w1th
;‘5011 partlcles or:dllutes>the concentratlon of soil partlc—,b
les per volume'vthat means there is not a- marked decrease
~in air content any ‘more. The changes 'in structure whlch are :
.descrlbed above can not be seen 1n all compacted clays es-—
'peclally in the clays w1th partlcles,havlng great tendencies

to flocdulate._

Seed and Chan (1959) and later Seed (1960) found
'that dlfferent types of compactlon methods cause’ varylng
. amounts of shear straln 1nto the 5011 and 1ncrea51ng shear
stralns result 1n more dlspersed structure.vSo dchanges in
?structure comes from the comblned effect of‘both an 1ncrease ,

in water content and-lnduced_shear-stralns; Accordlngvto.'ﬂh
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Seed and Chan (1959), there are four basic types of compac-

tion methods; static, Vibratory, impact‘(proctor), and knead-

1ng Accordlng to Seed (1960) each method gives different
structure and dlfferent s01l propertles for samples compac-
ted at wet of.optimum On the other hand -at dry side of

_optlmum all kinds of compactlon methods gives similar struc-

" tures. ThlS means that none ofvthe compactlon type can indu- .

‘ce hlgh shear stralns below optlmum water content Durlng
,compactlon at wet of optimum, however the increase in the
. degree of dispersion is directly related to the 1ncrea51ng
shear strains inducedvby_dlfferent‘typesbof compaction met—
hods; Besides, the "lubrication"fof clay particles by water
c'is.needed for shear strains to:chanoevthe particle order
into a more parallel arrangement It shouhibe known that
.the effects of method of compactlon on 5011 structure can ,

" vary w1th:the'type of 50115}compacted.

‘There are similarities betWeen dry-side andfwetéside

'zcompacted clays and between undlsturbed and remolded clays.'

The dry—s1de compacted clay and. undlsturbed clay both tend

"to have a. flocculated type structure whlle a wet;51de com—lﬁ

pacted clay and a remolded clay both tend to have dlspersed

types of structures.T

' 2.4 EFFECTS OF ’S'I.‘RUCTUR'_E . ONZ SHEAR - S‘T:R'ENGT_H'

Accordlng to Lambe (1958) ‘the entlre force system

’vbetween clay partlcles should be con51dered for studylng f}‘
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the shear strength of the compacted clays. He explained
that four.main horizontal forces act between adjacent par;
ticles, these are: the externally applied intergranular
stress,'the_electrical attraction forces, the electrical
repulsion forces, andrthe geometric interaction, i.e, con-

tact pressure.

Maln factors which are effecting the strength are
spacing,:orientation.of particles of clayvand_the type of
compaction used. When a olay'specimenvis COmpacted on the

‘dry side of’optimum, a'flocculated’structure_is formed'and
the edgefto—face contact between soil'oarticles provides,
' high resistance to load;hOn the other hand; when‘compacted;
on:wet of optimum,'the specimenhhas ardiSpersed structurei
-with relatively'few strong'interparticle contacts;‘result-
'ing in_a low shear strength; Besides,;increased.oompactive'
energy at'dry of-optimum‘causes injan increase of strength~;
at wet of optlmum however there is no 1mportant change 1n

,strength as shown 1n Flg. 2 4

Chae and Chlang (1972) showed the change of the dy—
namlc strength (max1mu; dynamlc shear modulus) w1th the sta-l‘
’dtlc strength for compacted clay u51ng resonant column tech—d

Tnlque. Undralned, trlax1al'compres51on tests were used to»f
':determlne the statlc strength The statlc strength was de— »
flned as the dev1ator1c stress at I% ax1al straln F1gure:’.
2. 5 shows that a llnear relatlonshlp ex1sts between the sta—g

-th strength and the dynamlc shear modulus._Thls means that .

on the dry 51de of optlmum m01sture content s01l glves h1g— L

her shear modulus than the wet 31de of optlmum m01sture

"content.
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(After Pacey, 1556)



16

!
] CLAY,
0f X
. ,.u'
I o
| 4

3

- DYNAMIC
B
' . N
Q
- "Moo :

"SHEAR  MODLLUS ,KS!

. }‘I »
oLj % ) 1 1 P —r ) M S ‘ L
-0 20 - A0 T tlo T a— 120 )

DEVIATORIC  STRESS , Psi

’ Fig 2.5 Dynamic Shear Médulu_s,’vs. Sfatic_ Shear
L Strerigth_forTr_e{ated ‘Untreated Clay

S (»'Af_ter, chae and chiang
-1978). . R



17

2.5. EFFECTS OF THE STRUCTURE OGN SHEAR MODULUS AND

DAMPING

‘As. it was previously discussed, the structure of
compacted clay changes with'increasing moisture -content

from dry side of optimum to the wet side of optimum.

Theoretically, the effect of water in the'soil.is
to reduce the veloc1ty of weve propagetion. ThlS reduction
is: brought about by the presence of large dlffuse double
layers, thus_dependlng on shear wave velocity the shear
“modulus also decreasesrdForiclays; on'the‘dry side of
optimum dlffuse:doubleslayerbis very.small, hence the
'.change in Shear modulus isfsmall or can»be assumed‘as
‘constant Beyond ‘the optlmum water content dlffuse double
‘layer 1ncreases, thus shear modulus decreases.
on the other‘hand,’the_variation of dampinggwith
fmolSture is smalltup'to the ootimum moisture content;
"However.”beyond-the optimum;moisturé:content damplngf
, gradually increases: Chae and Chalang, 1978 »showed the'
.‘effects of moisture content on shear modulus and damplng
- as shown_ln Fig. 2;6. |
2.6.¢ SUMMARY. AND C.ONCLU‘SlO‘NS e
In»this chapter prevlous stud1es on partlcle orlen—"
n“tat1ons fabrlc of cohes1ve SOllS and structure of compac—’
d;ted clays are summarlzed The effects of 3011 structure onv:
hthe strength and shear modulus and damplng propertles of |

‘clays are dlscussed and follow1ng conclu51ons are obtalned
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1. The parﬁglé érientation of a compacted clay can
- be in a situation between completely flpcculated and com-

pletely dispersed extreme cases.

2. The structure is flocculated at dry of optimum

and dispersed at wet of optimum.

3. The»electriCaL_fbrces acting,betWeen clay particé

les are most responsible for soil strength in compacted clays.

4. Flocculated structures have higher shear modu~
lus' than dispersed structures, moréover,'bppqsite is true’

forvdémping.
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CHAPTER 3 DYNAMIC SOIL, PROPERTIES

3.1 INTRODUCTION

The evaluatlon of the dynamlc soil propertles ‘such
as shear modulus and damplng ratio has recelved 1ncreased
_attentlon durlng recent years. ThlS 1nterest has been stat-
ed by the need to obtain a better understanding of soil andf
soil Structure'interaction'behavier>during‘earthquake ground
fotions. | |

| in this chapter, hyperboliC'shear stress—strain re-
Vlatibnsp shear modulus and damping ratio for undisturbed
"andvremolded soilssare discussed in the light of studies
'vprevieusly made, B . |
In addition. the parameters which has effects on
hlshear modulus and damplng are analysed Explanatlons gene-.
rally depend‘qn~the results prev1eusly obtalned-by varlous )

' types-of resonant ‘column devices.

3.2 DYNAMIC STRESS-STRAIN PROPERTIES 6FJ»SOILS

Dynamlc loadlngs develop forces 1n 501ls Wthh may
»ichange the conventlonal static stress-straln relatlonshlps.
These changed relatlonshlps are requlred for dynamlc res=
:ponse analyses of 5011 masses or for dynamlc 5011 structure
};1nteract10n studles 1n'wh1ch tlme—dependent motlons areli'
:i;con51dered ‘The shape of the stress—straln relatlonshlp‘for}‘

'.any partlcular 5011 depends upon ‘the k1nd of loadlng and
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boundary restraining conditions. Figure 3.1 shows the beha-

- . vior of cylindrical somples of_cohesionleSS soil when sub-

jected to an increasing axlal’stress, oéi,.while a radyol
ptessure, oracts on its leteral surface,Curve A explains
,hydrostatic compreSsion (3 = Z). Curve B shows the condltl—
on of constralned compre551on (no radial expansion permlt-
ted). Curve C illustrates the strain softenlng type of st-
ress-strain curve developed for a constant restralnlng bo—:
undafy pressure llke developed in a stress-controlled trl-

-axial test.

‘At Very low strain level, the lnitiel part of-cur;
ves A, B, C-méy{be‘approxlmated by a linear elastic stress-
strain curve. | |

:Becaoee tﬁe‘diffe:eht'shepes of the sttess—strain‘
oorves in_figure_3.l are prodﬁced;by different'propottione
'of-volumetrio compressiOn ahd'sheariﬁg stralns, Jeckeon .
(l969l has expfessed theigene;al stress;etrein pelations.“.
}in.the forheof‘constitutiveleqoatiod:to describe'dyoamic

behavior of soils under. ground shock loadihgs."
S - Bs 2 = 64y o - v
¢y = er‘lvlj +AZG'(€ij, f§—>e‘ ij) (3‘1);,

“In this equation; -

IO

%5 ='total'$tress‘tensor;'
. = total strain tensor
K = Modulus of’volumetcompreSSibility or bulk ﬂl

"modulus.'
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Fig 3.1 Stress-Strain Curves for Triaxial Tests.

(After Yoshimi, 1977).
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e = €x + &y + €z = cubic dilation, -or volumetric
strain

‘G = shear_modulus

gij= hroneckeridelta function (véij=l-uhen i=j,

Gij=0, when i#j)

yield condition-JJE = f('ﬁs) where;
Jg = secondvinvariant of the stress deviation, .and

Bb= average normal effective stress or octahedral

" - normal stres.’

Soii‘is considered to'deformrprimarily in one dimen—

sional compression and'the_éeneralrstress"strain curye is

. similar to curve-B in fig;'3;l . Hadala (1973) found that

- for "low stress" level noni;near-curves of ‘the strain'soften— ,
‘ing type were developed fordmanyLSOils.-This effect depends
:upon the type ofhsoil;.its initial:reiativeddensity or'degree o
. of oompactiondanduthe degree‘of“saturation; o
Theoreticaiiy; elastie‘shearrng stress-strain‘relatrons.;
v,developed by pure shear 1nvolve no change of volume, whiohﬁ |

couse & = 0 and Egs.‘3 1, becomeszillnear form.
=Gy (3.2)
Thls equatlon can be used to represent condltlons

dvrat any p01nt along a shearlng stress-straln curve for the
'fstraln-softenlng type curve.g
On the other hand pure shear and 51mple shear dlffer";

sonly by a. r1g1d body rotatlon therefore “the stress-straln
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relation for the two should be the same. The‘vibration of
‘horizbntal'soil'layers due to the horizontal component of

an earﬁhquake’is the best exaﬁple of simple shear. The simple
shear loading produced by an,earthquake characterized by
stress reversal, with varying ambiitude and,frequency. The
shearastress-strain relation for this'general simple shear

- loading is shown in Fig. 3.3.

.rStress'reversal is charaeterized by a loop. The curves
threggh end pbints of a ioop look like Ordihary streSSAStrain
" curves for_a-load”inereasingbfarlure (strain-softening type
curve). Hardin and Drnevich (1972) have used avmodified
l'hyperbolic stressésﬁrain'curvefto define the_shearrstress7.v’
h_strain relatiohship:in Fig. 3.2.

The hyperbolic . stress—straln relatlon curve is asymtotlc

to the horlzontal llne deflned by t-rm;x, where T is shear

rstress and,'théx is the shear stress at failure. The slope .

- of this curve at the orlgln glves max1mum_value‘of shear
modulus, Gmax‘ The ;nrersectlen.ef the lrne thh slope Gmax
-and horizontal Line (t=tmax)rgives reference-strain,\vr.

. Where; SRR 00 *E_Eiih' SRR o - - (3.3)
[ b . max - : : o ‘ - , . »

o -

"Referehee strain is'used’to normalize the values df“shear‘”
'straln. If “a 5011 ex1bits truly hyperbollc stress—straln RS

o behav1or the curve in F1g 3 4.vcan be expressed by elther'

T = LS o or: - RIS h:f(3;4) o
,max- S +, .>max l+—'Y— i
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' " (After Hardin and Drnevich, 1972)
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/ / : - HYPERBOLIC REPRESENTATION
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- Fig 3.4 5Ndrmélized Stress-Strain Relationship for -
‘sands and Clays @~ | ’

‘»k(After Drnevich, 1979).
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in which G = the secant shear modulus: and G ax= the initial
'tangent shear modulus. The secant shear modulus is deflned

as the slope of the line extendlng from the or1g1n to any
‘point onrthe stress—straln curve. Investlgatlons of a varletyl
of undisturbed and remolded soils indieate that most sgils

do not exactly_follow’hyperbolic relations. Sands usually

':plot above the hyperbolic curve and cohesive soils below.

The concept‘of:referenee strain requires the determi—
nation_of the maximum shear stress,vrmax , and the'lnitial
tangenthshearmodulus; Gmax;‘Gmax’éan,be calculated directly-
in the -laboratory using the reSonant column methodvor in the
\,fleld u51ng seismic method - The value of Tmax dependS"on.the_'
initial state of stress in the 5011 and the way in wh1ch
the shear stress is applled. Eor.lnltlal geostatlc stress -
conditions and withgthe shear stress applied to horizontal
.d;nd’vertical planes '-Tmax sis'related to the strength' |
"renvelope of the soil- wh1ch is shown as in the F1g 3.5..

: Accordlng to Hardln and Drnev1ch (1972) u51ng the geometry

-ofrFlg;;3,5 it is ea51ly found that for 1n1t1al geostatlctl

stress conditions. b

IN
i

1/2

T ek ) o e e ek oyttt
T = ————o— .-5‘,‘ Sin @ + C COS a e |———— ' o : (3.5) .4

Comaxs {5 4v,...} I B 2 ,Y - _

| in whieh K coeff1c1ent of lateral stress at rest ' vb=

_ effectlve vertlcal streSS°-and C and Q are the statlc S

strength parameters 1nterms of effectlve stress.
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max

Fig 3.5 Makimum Shearing_StreSs-"

(After Hardin and Drnevich, l972j_

i
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The shear stress-strain loop is defined by two para-
meters; shear modulus and damping ratio, Fig. 3.6 . The slope
of the line passing through the end points of the loop is

called the average shear modulus G, and defined as;

5|

G = | | | (3.6)

8l

Thendamping ratio, D, is defined as

p = _Area of the lgop - 7 . “(3.7)
4 X Area of OAB ' ‘ :

3.3 PARAMETERS WHICH AFFECT THE SHEAR MODULUS AND

DAMPING

' Hardin and Black.(l958f have noted that the parameters"
which have influences on the shear modulus and damping Of -

soils, and have expressed these as.a functional relationship;

G, D =£( o ,e,A,t,H,f, C,0,  ,S5,T,N)
(3.8)
'Where.36 = average effectlve confinlng pressure (Mean

'prlnc1pal stress)
e = void ratio
_A:=»amplltude of shearlng straln
t = secondary effects that are. functlons of time and
'magnltude of load 1ncreament : N |
vﬁﬁ';gamblent stress hlstory and vlbratlon hlstory
f;=hfrequency of v1bratlon ’

Cc = grain'characterlstlesr‘_
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 Fig 3.6 Typical HyétereSis Lbop

' 'j‘(A4f,t'e1f: Hardin and Drnevich, 1972).
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® = soil structure

1,= octahedral shearing stress
S = degree of saturation

VT = temperature |

N = number of cycles ofrloading

According to-Hardin and Black (1968); for sahds,

shear modulus is nearly independent of each of the variables

k‘except 30 and e for shear strain amplitudes of v1brat10n

less than about lO 4

'Parameters influencing shear modulus‘and, damping
 have been grouped'accordingltoltheir impOrtance by Hardin
‘ahd Drheuioh} l972; as shoWn in Table 3.1 for‘cohesive and
cohesionless SOlls.-' | | | | |
Generally,Athree.of_parametersﬁhave'VeryAimpartantr
,‘affect-on shear modulus andddamping ratio;'thesevare; strain
Iamblitude,~effectl§e mean principal stress, and voidiratio;r
on the other'hand; there are;SOme parameters such
asAgrainicharacteristiCS' that is relatlvely unlmportant .
'for modulus and damplng 1n all 501ls butvlt affects void
"ratlo whlch is- a very 1mportant parameter and effect1ve
'strength,envelope,>a less important parameterfl

'3.3.1 Strain Amplitude

Skear modulus decreases very rapldly w1th 1ncrea51ng

‘ﬂ,fstrain amplltude whlle on the other hand damplng ratlo i‘

‘1increases The form of the shear modulus—straln amplltude
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TABLE 3:1 PARAMETERS AFFECTING SHEAR MODULUS AND
DAMPINC:Z FOR COMPLETE STRESS 'REVERSAL
(After Hardin and Drenevich, 1972)

IMPORTANCE T0
 SHEAR MODULUS DAMPING

| PARAMETERS o COHESIVE CLEAN COHESIVE" CLEAN
R . . ' SOILS SANDS © - -SOILS SANDS
Sttaih Amplitude § R 2 A v
Effective_Mean_Principal Stress » “V --V. \Y '
Void ratio | v v v v
Number of Cyclés oflLoading o R - R | v V.
Degree of Saturation i o 7 V R .V ‘L
Over ConsoludatiohnRatio - e L' R .L. R
'ﬁffective:Strength‘ﬁnvelope | ‘L L ."L 'L
Octahedrai Shéar Stfeés . '»17 L L L L
VFrequency of Ldading, B . ,R". R. L ‘R
‘ Other time‘effécts»(fhi#otrépy)f--”‘4L 'R_* L "R
_ﬁgraiﬁlCharadteﬁistiCs_  | ' ' _J'R  "R . R ‘R
.AﬁS¢il Structure L . 'R R R R

‘Volume Change due to

Shear Strain = . . 'R Uu. R U

R AR véry»imbdrtanfi
ﬂLv:'Less,important
R : Relatively unimportant

:U:'fRelatiVé iﬁportande'is»not clearly known



34

is the same for both'cohesive and cohesionless soils, but
decrea51ng rate of modulus is not constant as shown in Flg.
3.7 . Thls rate depends on the values of maximum shear

modulus, Gmax , and the shear strength of the soil.

According to'Drnevich and Massarch (1979), all soils
exibit non-linear stress-strain behavior‘even at uery'smal
strains, but shear modulus can be‘assumed conStant below strain
amplitude of 107>, In a,general'sense, at-shear strains _b
exCeeding lO—SJthevshear modulus decreases rapidly and at-lO—3

'straln level the shear modulus becomes only a fractlon of the

maximum value,.as it is seen in Flg. 's 3.8 and 3.9 .

The damping'ratio; D, is appearently‘equal.to zero‘_
for zero strain amplitude.»The values measured'at strain
amplltudes on  the order of 10 6'are verY-small' At Large -
straln amplltudesrthe damplng ratlo appears “to ‘approach to

’_a maximum value, .

3.3.2 Mean Princpal Stress

Shear modulus 1ncreases w1th increasing mean pr1nc1pal
,stress. At large straln amplltudes the modulus depends malnly
" on the strength of the 'soil, Wthh is a functlon of Eo'»m. |
;jFor normally consolldated clay, effect of E@ is 1ndependent7f

\of v01d ratlo..Under very low effectlve mean prlnc1pal stress
hthe modulus of cohe51ve 501ls decrease rapldly w1th 1ncrea51ng
-damplltude. | | |

~ on the other hand, damplng ratlo decreases w1th the -
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square root of mean principal effective stress. The affects
'of mean principal stress on shear modulus and damping ratio

are'shown-in‘Fig. 3.7 and Fig's 3.10 through 3.12 respectively.

"3.3.3 Void Ratio

Void ratio has an important affect on shear modulus
‘and damping ratio for COhesive,soils; The void ratio of a
normally consolidated clay,is'a function of the state of
'-effective streSS; For.thatrreason'it is not possible to‘yary-
“the void ratio at a chstant effectiye-stress>without
changing the structure.

Lawrance (1965) have studied‘on dispersed, flocculated'.
kaolinite and Boston Blue clay at different confining;preSSures§
bas_it is‘seen ianig. 3.13.. The solid_lines are for cohe - |
‘sionless.soils'and computed using‘empiricalnequation proposed.
by Hardin and Drnev‘ich (iése)" ' o
(2 973 )2 | .- o ‘('3.‘9)

_ l PR - , S _

1F(e) =

Although there is con51derable dlfference the'average,
/:absolute percentage dlfference of the clay Values from the
tcurves for sand is about 14% May be a part of thlS dlfference
‘ comes. from the structure dlfference erters assumes that

Eg 3. 9 is valld to show the effect of v01d ratlo on modulus
‘for clays w1th low surface act1v1ty Flg. 3. 7 shows that 1f
i’the values of s ax for Lead Clay, L1ck Creek silt and Brown

Loam ‘are’ compared it's seen that all:of these cohe51yei'§
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soils are at nearly equal effective mean principal stress,
thus modulus differences comes from the different.void ratios.
As a result, it is concluded that shear modulus and damping
‘ratio decreases with increasing void ratio in undisturbed

cohesive soils.-

3.3.4 "Number of Cycles

For'cohesive'soils,the shear‘moduIUS decreaseS‘with
the increasing number of cYcles. Hardin and Drneuich (1972)
showed'that shear;modulus decreaSesvwith numoer of cycles
for Lick Greek,silt'asWingFig. 3.14‘. Similarly damping‘ratio
for the sameamaterial_decrease with inéreasing number  of
~cycles. | -
| 'hl'another study,{using undrained strain controlled :
with -the torsional'sinple.shear device, fshlbashl and Ling;
(1974) has‘showed that'forboacific'Red Clay the-equivalent;
nSheaEhmodulus Geq, decreases with increasing number of
cYcies' but the damplng ratlo D;‘remalns almost constant

shown in Fig. 3;15 .,

 3.3.5 Degree of Saturation

Accordlng to Cheong and Chae (1980) . the shearhmodulushf

'of cohe31ve 50115 1ncreases rapldly with decre351ng degree
: of saturatlon. Theoretlcally': the ex1st1ng of water Ln SOll
freduces the veloc1ty of wave propagatlon thus the shear '

modulus decreases. For compacted clay experlments by us1ng -
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resonant’ column method shows that shear modulus increases
- with increasing degree of saturation up to the optimum -
water content, further 1ncrease of saturatlon degree cause

to decrease the shear modulus. That is shown ln Fig. 3.16

Damping ratio can'be assumed constant for lom degree

‘of saturation, but increases»rapidly with increasing degree
of saturation accordlng to the studies of Cheong and Chae
(1980)

' Clays treated with lime show hlgher shear modulus.-
When the clay is treated by salt, the shear modulus decreases
w1th the degree of saturatlon.yAccordlng to the opinions of
cheong and chea (1980) thlS behavior may be explalned by
the relatlonshlp between salt concentratlon and Blngham yleld

stress‘shown 1n Flg. 3;17 .

"3,3.6“ Overconsolidation:Ratio.

Test results obtalned from Resonant Column and Cycllc

'Trlax1al tests by Flsher and Koutsoftas at a glven consollda-'

_tion stress have showed that overconsolldated spanﬂens have
‘hlgher shear modulus than normally consolldated spec1mens
Furthermore the shearmodulus 1s strongly 1nfluenced by the:
‘magnltude of the max1mum past pressure.;As an example in
_F1g 3.18; test results on. kaollnlte 1nd1cate that atva"

| consolldatlon stress of 25 psi, when'the 5011 is'unloaded .

i ‘fnmra maximum stress of 100 p31 to- achleve an OCR of 4,

hV?has a modulus whlch 1s about lﬁé hlgher than ‘when unloaded :
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from a maximum stress of 50 psi to achieve an OCR of 2.

The normalization of shear modulus with respect te
the undrained shear strength is most useful in estimating

changes in modu11 during consolldatlon.

Fig. 3.19 shows that normalized shear modulus decreases
with increasing OVer COnsoludation Ratio. However thefdampingv'
ratios do not appear to be 1nfluenced 51gn1f1cantly by over

consolldatlon ratio accordlng to Koutsoftas and Fisher (1980)

3.3.7 Octahedral Shear Stress

" Hardin and Blach (1968) showed that the shear modulus

of a normally consolldated clay is essentlally 1ndependent

kof the octahedral shear stress The effect of relat1vel§

,hrgh octahedral shear stress on the shear modulus is small_
>after lO‘éYcles of complete stress reversal mhen~cyclic strain'
"_amplltude is measured from the center of the loop Be51des |

fdamplng ratlos are not 1nfluenced by octahedral shear stress

~for cohe51ve‘501ls

:3}3;8.>Time Effects

~In order to determlne tlme effect on shear modulus
_/dralned and consolldated—undralnedfﬁsts have been performed
'on kaollnlte and bentonlte by Marcuson and Harvey (1972).-
"As seen in Flg.,3.2d, the resmlts for both 501ls show that
f_shear modulus 1ncreases w1th tlme at constant effectlve stress"

and that the 1ncrease in modulus can not be fully attrlbuted
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: gcohe51ve 50115 decreases and the damping 1ncreases w1th each
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to decrease in Void ratio. The modulus even increases with
time invundrained'tests in which void ratio remain: constant
‘and the effective stress»reduced slightly. Shear modulus
continues to 1ncrease during secondary consolidation due

to some structural rearrangement

3.3:9 Thixotropy

According to Hardin and Drnev1ch (1972) the thixotropic
behav1or of soils causes an 1ncrease in the modulus and a
decrease in damping with time. Fig. 3.14 shows the recovery

of modulus and damping with. time after alteration by high

[]

amplitude cyclic loading;nThe high strain amplitude'loading
.causes_a decrease in'modulus'and an increase in damping_for_
Lick Creak Silt. When the specimen is allowed to rest overf
night’and:is:tested’underhthe same:: load,'almost complete't
'recovery occurs The moduluslincreases and damping ratio |
1;decreases during the rest time to near their original small
vstarln amplitude values. ThlS behav1or shows that durlng an
. earthquake produc1ng low to moderate strains the modulus of
:~cycle but that the soil w1ll recover very rapidly from the _

Heffect-of the_earthquake.,

‘H3.3.lob10ther Factors

Hardin and Drnev1ch (1972), showed that frequencies

Labove 0 l H "have minor affects on the shear modulus and
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damping ratio for cohesive soils.

The effect of temoerature' T, during resonant column
testlng was found to be unlmportant by Anderson and Rlchart
(1974), for clays. Tests conducted on seéven cohe51ve 501ls
at 4 °c and 22 °c- showed that shear wave Veloc1ty, Vg, at 4%
was equal to or not more: than 12% greater than Vs determined
at 22 C,,However, resonant column test of frozen soils,

performed by Stevens (1975), have showed a significant affect

of changes in temperature'near the freezing point.

' ”Another factor isvadditives;Test results by Chae and
Chiang (1978),'using resonant column method, showed that
the shear modulus increases with the increaSe of treatment
level at a shear strain of 1.4 x lO 5’,vfor silty*clays. Therd
presence of addltlves 1ncreases the damplng capac1ty of |
soils. The rate ‘of change of’ damplng ratlo is not affected
by the strain amplitude,buhilehthe'effect ofhadditives‘on
”dampingdrate.diminishes atAhigher-confining‘pressures ase
'seentinhFig; 3,21-..Different types of additives have diff.
."ferent effects on_shear modulus:and'damping. Lime,ralone
: doubles‘the'shearmmodulus of the untreated.clay; Salt alone
‘,~changes the soil structure 'and increases the shearfmodulus. ;v
on. the dry side of the optimum m01sture content. Addltlon

“of salt durlng 11me treatment increases:’ the shear modulus

up- to f1ve tlmes that of un¢reated clay, in Flg. 3, 22 Moreover,‘

:i,deV1ator1c stress 1ncreases with the 1ncrease of treatment

4levelt
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3.4 SUMMARY - AND CONCLUSiONS'

En this chapter, shear stress-shear strain relations
and thevparameters which influence the dynamic,procerties
are discussed. For compacted soils most of the parameters
are significant, The main parameters affecting compacted
soils are Shear strain amplitude, vertical stress, confininé

pressure, moisture content, and additives if used.

AThe folluwing results can be Obtained;

l; For undisturbed, remolded and compacted soils,
las.Strain-amplitgde increases; shear moduli decrease, however,.
damping raric“increases. |

2. As mean principalcstress increases, shear modulus
vincreases, and damplng ratio decreases. |

3. For clays, shear modulus increases with. 1ncrea51ng
d.overConsolidationaratio,3however; damplng ratio is not_affected
at all. | | |

4.. Darlng secondary consolldatlon of clays shear-
ﬁodulus contlnues to 1ncrease with a smaller 1ncrea51ng rate.'

5. For undlsturbed cohe51ve soils, as void ratlo
decreases,-shear modulus 1ncreases,‘hcwever, damping ratio
,decreases.v

H6. In general additives'increase both‘the shearm

mcdulus_and,dampfng ratio of soils.
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CHAPTER 4 DESCRIPTION OF 'THE RESONANT COLUMN AND

SOILS TESTED

4.1 TINTRODUCTION

Laboratory and:fieldvtechniques are used to determine

_shear modulus. Besldes,’there_areApredictiOn methods which'
are dependent on’thedlaboratory and field results. Marcusonv
and Curro (1981)“have reported that resonant column method
ylelds better results when compared to the results of other

AN

methods

Although there are several types of resonant column
. devices, for thls study "Hardln" type is used as_represented

by the model_shown in Fig. 4.1

Tests are performed on five dlfferent clay samples.
The propertles of 501ls are shown on Table 4, l Samples are -
- compacted by u51ng modlfled mini proctor compactor w1th the

© - same energy‘as for'the stardard proctor test.

4.2 MEASUREMENT OF DYNAMIC SOIL PROPERTIES

Therenare'twoimainvtechnique'for evauating dynamic
soil.propertiesg

1. vLaboratory Techniques,

a.: Straln Rate Tests

‘ h; Resonant Column Tests'

'“c;v'Ultrasonlc‘Pulse Test
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d. Cyelie4Tests
1) Cyclic Triaxial Test
2) Cyclie Simple Shear Test
3) Cyclic Torsional Slmple Shear Test

4) Shake Table Test

2.: Field Techniques
| a. Crosshole method ' -

b. Downhole method

c¢. Surface vibration Test

d. ACyclic;Load Test‘-

,e;_,Rayleigh WaVe Test

: Moreover; emprical'eqaations may be used to calculate

~ maximum shear modulus, Gm . Most w1de1y used formula was

ax
derlved by Hardln and - Black (1968).

4Gmax,= 1230

2 _ ‘ . , -
(ocr)* (5 )2 (4.1)

(2.973 - ¢e)
I +e
v'e_:.void‘ratio_’

OER : ovefconSolidatipnbratio;=
. . . 1

Uvmax/ Oyc .
|

'parameter that depends 5011 plast1c1ty.

x

&

»mean pr1nc1pal effectlve stress (p81)

e ::shear mddulus‘(bsi)'

Marcasbn and.Currbi(1981) have found that for ciays

’

‘ ‘vahms determlned uslng fleld technlques were very close to

"those determlnéd by resonant column tests whlch p;qves.the..~ S

-accuracyeof the resonant celumn method.
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*fdywelght but by changlng the counter welght ax1al load can.be

4-h.:app11ed to the spec1men. _“
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4.3 RESONANTf COLUMN TEST DEVICES -

The resonant: column test for determlnlng shear modulus

and damplng capac1ty of soils is based on the theory of wave |

propagatlon,1n prizmatic rod;

Elther shear‘waves or compression waves can be applied
to the soil Specimen'from'which4either shear modulus or
.Young's modulus can be'determined. |

The resonant column teChnique wasvfirst used to find
soil moduli by Japanese engineers Ishimoto and Iida (1937),
v'and Ildah(1938 s 1940). Shannon Yamane and D1etr1ch (1959),
- and Wllson and D1etr1ch (1960) descrlbed a new resonant
column apparatus,,' o 7‘1 o } o o vli

Dependlng on the end condltlons several types'of“
'fresonant column tests are. p0551ble Early ver31ons of resonant‘
column apparatus were only capable of applylng 1sotrop1c

conflnlng‘stress condltlons to the_spec1mens.A

To learn the 1nfluence of anlsotroplc stress condltlons
on shear modulus and damplng,_Hardln and Music (1965) developec
the apparatus‘shown in Flg 4.2 . This apparatus “also. shown

'vshematlcally 1n Flg' 4 1, has a, flxed base and a top cap |
o that is part1ally restralned by a spr1ng which in turn reacts

-

'agalnst an 1nert1al mass, Whlch is balanced by a counter

To study the Lnfhuxme of shearlng strain amplltude |
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on shear-modulus and damping, Drenevich (1967 1972) developed

‘an hallow cyllndrlcal apparatus. To test clays at shearlng

straln amplltude up to 1% Anderson (1974) used a modified

"Drenevich" apparatus.

Drenevich (l978)’have developed a special resonant
column device. Using that‘apparatus’both shear modulus, G,

and Young's modulus, E, can be measured in the same sample.

THe various types of apparatus that have been used in the’

resonant column. test all give similar results.

Most ofdthe'resonant column devices were designed

to operate at small -strain amplitudes less than 107 . Geod

fresults"can be‘taken'at strain amplitudes 107 or less.

Resonant column tests should not be considered to be

'tools only for 3011 dynamlcs. 'In sofar as many static s01l- :

mechanlc problems deal with small elastlc—straln condltlons

the resonant-column testcan prov1de 1nformat10ns. For that

: reasons resonant column test become a common laboratory

~ decreases in this test.

‘procedure.-Because of small_straln amplltude dlsturbance

The device'whhjrwas’used in this'study is "Hardln"

‘type resonant column apparatus shown in Flg 4 2 . According'p'

"to Hardln resonant column means a cyllndrlcal spec1men or

”column of SOll attached to a r1g1d pedestal of suff1c1ent

9

‘1nert1a to make the motlon of - the attached end of the speclmen

L essentlally zero dur1ng v1bratlon of the spec1men Thls'_}~"

~'motlonless end of the spec1men is called the flxed end and o




'"~and cap shall be equal to- the dlameter of the spec1men.f
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the rigid pedestal of largeé inertia is called the fired

base. At the opposite end of the specimen apparatus is
,vattached to produce sinitsoidal exc1tat10n and to measure

the vibration amplltude of the end of the spe01men This

end of the specimen is called the’v1bration end. The . frequency
:of excitation will be_adjusted to produce resonance of the
ISystem,vcomposednof the specimen.and its attached apparatus.

This system is the resonant column._.

Resonant column apparatus consists of several'components;

Vibration”Excitation'Device- The Hardin Oscillator,

a device for applylng a forc1ng torque to the vibration end
of the spec;men_about its axis, that. varies 51nu501dally
"Withxtime,_and for Which‘theifrequency is variable, shall

be rigidlydcoupled'torthe'specimen cap. Tt's shown in Fig.
4.3, The force is produced electromagneb.cally with coil and'
'permanent magnet current-to-force transdueers The r1g1d1ty
and mass dlstrlbutlon of the vibration exc1tatlon dev1ce
‘iand specimen cap shall be such that it can be accurately
.represented a r1g1d mass attached to. welghtless springs and
.a dashpot That 1s ,the'v1bratlon exc1tatlon dev1ce by 1tself

»flS essentlally a 51ngle degree of freedom system.

tiSpecimen Cap;and'BaSe; :The cap and_base have a circular

-

-_fcross‘SectionTand’plane surface of contact with the'speCimen.“'
| To prov1de for coupllng w1th the ends of the spec1men plane

‘:surface can be roughaned The dlameter of the Spec1men base

e Durmng a test the Spec1men cap shall be rlgldly coupled to
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The Hardin Oscillaton‘ |

Fig 4.3
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" the vibration excitation device. The material and construction
~of the specimen cap and base shall he such that they're

essentially rigid with respect to the specimen.

Sine wave generator: An electronic instrument which

is producing'a sinusoidal:voltage. This device provides

s ' S _ . .
sufficient power to produce the required vibration amplitude.’
N . ‘ . - °

Vibration Measuring Device; Which is an accelerometer

that have been attached to and become ‘a part of the rigid -
mass»of,the Hardin‘oscillator, Accelerometer produces a
oalibrated output_that.isra‘measure'of'the angular acceleration
~of the vibratioh‘end;of the specimen.~The Readout instrument-f'
‘is:capable of measuring the yoltage from the vibration measuring
deVice. In this‘study the. read out device.is anAoscilloscope'_‘
hl(Tektronik‘214;Storage Oscilloscope). ‘Other devides'aref' |
pcharge ampllfler (Columbla Research Laboratorles 4102 Charge
:'ampllfler) whlch ampllfles the 51gnal that comes from v1brat10n
'measurlng dev1ce Brldge Ampllfler' which ampllfles the s1gnal
that comes from load Cell Load Cell is a. dev1ce that measures
' rax1al load that acts on sample. Fluce Multlmeter j 1s-a | |
rdev1ce whlch 1s capable of - measurlng voltage re51stance and
ﬂ:current d1g1tally Sw1tch box w1th cableS' is a controlllng
e;box wh1ch permlts connectlons from Hardln Osc1llator to
"osc1llascope ‘and from ampllflers to the osc1llascope and -
t moitimeter;_‘,

Support for Vlbratlon Exc1tatlon Dev1ce Hardin!

Osc1llatdr is too heavy to be supported by an unconglned
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specimen without causing an axial compression failure. Hence
the device must be supported during'test:setup.-This support
is consists of suspending the apparatus from above using,a
~_frame support, or pneumaticdcylinder support. After test

set up the counter balance is used.

4.4 PREPARATION OF SPECIMENS'

Flve types of silty clays are tested in this study.

One of them was taken from the'"BOGAZICI Unlver51tY'Campus.
Vthe‘other from the constructlon 51te.of "DENIZCILIK BANKASI_
T.A,O",vicerenkoy; = iSTANBUL during its geotechnicall
investigation.'

Index'properties spec1f1c grav1ty of partlcles Acom;
paction. propertles and the cla581f1catlon of soils are given
in Table 4 1

The sampleS'are cohpacted uslng modified nini proctor,if
f compactor according torimpact'procednre. The 0'474 kg hammerﬂ
| is used to compact the samples in three layers applylng 25
drops per layer from 15 cm wh1ch dellvers a nominal compaction
‘energy.equlvalent to—that of Standard Compact;on Test energy.dr

h.To obtain the desired.moisturé content4necessary-am0unt'
of water 1s added to the spec1men. After m1x1ng, soil ishplaced
in the mold and than sample is compacted 1n three layers ‘h‘“
Spec1mens are 8 cm in length and 3. 57cm in dlameter. ’.Inmedlatel
folloWlng the extru51on each spec1men is wrapped in alumininm

: f01l and placed in a glass contalner to av01d any changes in




- TABLE 4,1 ~ 1Index and Compaction Propérties of Clays Tested

. <No.200 : passing from # 200, %

U.C. .: unified system

 'AASHTO : American Association of

State Highway ‘©fficials

- Classification of soils

s

W, W, I /¥0.200 U.C AAHD |
S M W I, 7%.200 U.C Yoot Tdry CBR  G_
. icerenkdy Sample 1  27.7 19;0'8,7 . 43.4 SC A-4 13.0 1.885 - 2.86
’iigerenkay ‘Sa'mple 2 51.0  26.8 24.2 61.2 CL A-7-6 22,0 1.630 25 ' 2.98
. icerenkdy Sample 3 '35.0 ~ 24.510.5 41.6  SC A-6 13.3 1.845 31  2.74
igerenkdy Sam_éle 4 34.0 "17.516.5 35.0 - A-6 15.4 1.800 29 ~ 2.87
. Bogazici Univer - 41.0 26.015.9 - . - - ©19.2 1.665 26 2.69
sity sample B B ' ' ’
W, :.Liquid limit, % 'wépt :'bptimum moisture content, %
WP,: plastic.limit, % | 'jhry : maximuw dry .density, t/m3
Ip : plasticity aindex, % G  : specific gravity
CBR

: California Bearing Ratio.. %

89
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moisture content. Compaction test results are tabulated in
Table 4.1 . Standard proctor, modified mini procfor'and CBR

curves are plotted as shown in Fig. s 4.4 through 4.8 .

4.5 SUMMARY ‘AND CONCLUSIONS

In this éhapter, techniques of tést for dynamic -soil
properties are;méntioned,lﬂardin fypé resonant column device
and its equipment are summarized. The index and compaction_‘
properties,bf soils‘afe analizea. First,‘Standard ptoctor
test is performéd and Standard proctor curve is plotted;\l
then, éompaétidﬁ,test.is pérfgrmed'bY;using'modified mini
. proctor cémpactér‘for each sample.-Bbfh‘the standard proctor

'and'mOdified mini proctor‘éurves Yield‘apfoximately-the same
l{optimumvwater confentfand:maximﬁm dfy densify fqr'each samplés.
Maximﬁm‘différéqcé between maxihum dry.&ensities is 2.4"

“percent.




CHAPTER 5 DETERMINATION OF SHEAR MODULUS BY- - USING

RESONANT COLUMN APPARATUS
5.1 'INTRODUCTION

Previous studies show that the most important dynamic
soil property - ls shear modulus. According to Hardin, B.O.,
the stress-strain relation forla.speCimen of soil subjected
uto the,steady state vibration ofvthe resonant‘column is a
hystere31s loop Shear modulus corresponds to the slope of

.a line through the end p01nts of the hystere51s loop stress—

stra;n relatlon,

l In this. chapter test set—up; testing procedure and
, computatlon of the shear modulus from the measured system
resonant frlquency are explalnd in the light of the Hardln s
studies. Effects of m01sture change straln ampl1tude,‘and

‘vertidal.stress,,on shear modulus of compacted clays are

- observed and plotted.

5.2 TEST SET - UP

The electronlc components are interconnected according

fto the w1r1ng d1agram wh1ch is shown in Eig.'S;l l

Spec1men 1s placed on the base cap,-and the lower

half of the pneumatlc cyllnder support device is placed on -

”7gthe tr1ax1al chamber base 'and pneumatlc cyllnders are connected

'fto the outlet 1n the base.-Pn air pressure is applled to the

:dpneumatlc cyllnders to extend the. plstons approxmately 1/2 1n
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as illustrated in'Fig 5.2 . Top ring—plate‘with‘the brass'
adjusting nuts extended are placed to the top of the plstons.
The vibration exc1tatlon dev1ce is placed on the pneumatic
p/cylinder’support, and lowered on the specimen with the brass
»Aadjusting nuts,'thus the vibration excitation device is attached
to the top of the specimen with the top cap shown in Fig. 5.3
The-air pressure -to the.pneumatic_cylinders'Should'be great
enough to keep the pistons extended asdthe weight of the
vibration excitation device is‘applied.‘After’Hardin Oscillator
is placed, the'plasticdtriaxtial champer is placed over the
Hardin Oscillator to rest on the base. Theptriakial chamber
rpiston is inserted in to the vibration excitation device.
pfAnd holdlng the top plate of the tr1ax1al chamber above the
' plastlc cyllnder the power accelerometer and load cell -~
ables are plugged inm. Wlth the electrlcal cables connected
the top plate is carefully lowered onto the plston to rest
“ton the plastlc cyllnder. The plugs. and cables should not
-,put a downward force on ~the v1brat10n exc1tatlon dev1ce., S

’Then t1e rods are 1nserted and t1ghtened After that,. the

- counter balence dev1ce 1s fastened in place and enough welghts

x»are applied to balenee the welght of the Hardln Osc1llator
and the air pressure 1s removed to the pneumatlc cyllnders.
_\And then connect the 51ne wawe generator that-produces -
jpower to the power socket of Hardln Osc1llator. Now thels
;dset—up is completed The general v1ew of tha "Hardln"'resonant

'column apparatus and its equlpments are shown in Flg 5 4‘.




A View During Set-up

Fig 5.2
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The Set-up of Hardin Oscillator

5.3

Fig
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.

Fig 5.4 - The General View of the'Hardin' Resonant

Column Apparatus and its Equipment
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5.3 . DESCRIPTION 'OF ~TESTING PROCEDURE

In thls study, the readout 1nstrument used is osc1llosxme

vf*on wh1ch the wave form can be obserwed Osc1llascope tlme :

“l"sw1ch is held on x—y p031t10n The power applled to the Hardlnﬁ
'Osc1llator As to be as low. as 1s practlcal to have low straln

: amplltude. At the beglnnlng the frequency should be on about

-~ 20 H_.

z
\ Now the frequency of exc1tat10n 1s changed untll the,
;resonant condltlon ex1sts To have thls condition, the flgure
traced on the screen is controlled The horlzontal component
‘ of this flgure shows the forc1ng torque applled to the system

and the vertlcal component of this flgure 1s the output of

.the vibration measuring dev1ce (accelerometer) and the flgure o

traced on. the screen 1s a measure of the phase between thel
‘twovvoltages. To haveQQQ phase dlfference the frequency is
adjusted until'a verticallax1s_elllpse,\or a circle (1f the
_voltage'sensitivites are adjusted) shown in Fig.‘5}5 ,_isu

”~obtained; And the‘value of frequency'isQrecorded as resonant

~ frequency -

5.4 CALCULATIONS

For determining shear modulus and damping following

calculations have to be done.

1. Tha mass density of the specimen is calculated;

AW W . (5.1)




.

Fig 5.5

'Figures_Tfaced on the.Screen When the System

,Vibrating at the System Resonant Frequency




'f.where‘;i'
l‘=_lé§g£h:of‘§peéimenb
d = diamétérbofvépeéiméh
V V'; vo}ume'of;spééiﬁeﬂA Q 
‘ W =‘tofa1 Qeight;of*sééciﬁénf éhd'f7
f;,g = aq%elératioh'auejtb QrévitQ,u:
2. Thg iheftia of théf§pécimén aboﬁﬁ its~axi$;  r

J

F
d =_——9——32 _ R L (5.2)

3. The system'faétOI,,T, is calculated

T =2 [1 _ (Laep_)? ] . (5.3).

f = fépp = apparatus resonanf frequency
Jo= apparatus inertia
K = apparatus spring constant

J K are given by apparatus menual

o'’ o' o'
f = system resonant frequency
4. Using the given chart shbwn in Fig. 5.6, the

dimensionless frequency, F, is'détermined as the abScissé .
corresponding to the\&ﬁue_bf T as ordinate. |

5. And, the shear modulué, G, can be determinedvin
gr/cm2 |

G=an2pfl 2 (5.4)
- |
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5.5 TEST RESULTS -

‘The reSults of'the calculations'are tabulated for each -
ftype of 501ls 1n dlfferent water contents as shown 1n Tables

5.1 through 5. 9.

.in thlS study, tests were performed under abconstant
.'wvertlcal stress of 0. 144 kg/cm2 applled by changlng the counter
. balance load Spec1mens have no amblent pressure ‘so test
:7were performed under unconflned condltlons. The lack of
confln;ng pressure causesglower-values of shear modulus. As

it was discussed in chapter 3, .the shear modulus increases

with increasing confining pressure. . ' T o —

v'55:L‘Effects’of Moisture Change-on'Shear Modulus"

The-change of shear modulus with.the;moisture'content
is investigated for'compacted samples..The‘plots of shear |
. modulus versus moisture content aretshown>in Fig's.v5.7
'through 5.11 . As shown in figures, on the dry side or optimum
moisture content'shear'modulus approximately'remains close
to its maximum value. Shear modulus reaches to its maximum
value sllghtly less than optimum moisture content. Beyond
'the optimum moisture content, shear modulus drops sharply.
This change is due to the structure of compacted clay. On
vhthe dry side of optimum moisture content compacted clays have
higher shearing resistance, hence, the value of shear modulus

is higher. On the wet side of'optimum moisture content, the

structure is more dispersed, therefore, has lower shearing



'TABLE
W% . w1 a

10 152.5 8 "3.57
11.7  159.4 8 3.57
12.9  163.0 8 ~3.57
13.5 166.0 8 3.57
16.0 ° 169.5 8 3.57
17.0  168.0 8  3.57

w ¥ water conten, %

W : weight of specimen, gr

1 :

d : diameter of specimen, cm:

p

length of specimen, ch

. 2
mass densitiy, gr-sec”/cm

p

0.00194

0.00203

0.00208"
. 0.00212
0.00215

0.00214

4

5.1 Results for igerenkSy Sample 1

: dimension less frequency system .

J T

0.247 25@2

0.259 é4,b
0.265 23.5
0.270 22.7.
0.274 21.0
0.273 17.5

i

T.

F

f.,

G

F

0.195
~0.20

0.202
- 0.206
.0,215 

0.235

resonant frequency, H,

- 64
57

+47.5 2.21x10

‘system factor

 -_‘KN/

1 5.28x10

2
m
G

4

S;l_xlO

4

‘4.85x10%.

4

3.82x10%
| 4

o : , : 5
1ts axes, gr-cm-sec” .

A

shear modulus, KN/m2

" 5.28x10%

"1.2x10”

9x10"

7x107
7.2x10”

6x107°

_ "Strain - -
- _amp..
4 ’

6

6

é ‘ 

6

o

'thé inertia'of'fhé.Spécimen about:

5 .

6.2x10°%"



TABLE 5.2 Results for Icerenkdy Samplé 2

w, % W a’

17.0  136.0 8 3.57
19.3  153.9 3.57
21.1 153.2 3.57
22.6  159.5 3.57
24.6  157.0 3.57
26.6  154.2 3.57

P

0.00173

£ 0.00196

0.00195

0.00203

0.00200

0.00196

J

0.221

0.250

0:249

0.259

0.255

10.250

T P £
29,0  0.185 67
26.0 0.192 69
26.6  0.190 72
25.2  0.195 70
'23,5' ,to;zoz 60
22.4 ‘“oiéds_' 55v

KN/
A
5.73x10

6;4ox;o4

- 7.08x10%

6.51x10

f4.46x10

~ 3.46x104

4 : ‘8}.3)("1'0_
4 1i1xa0”

Strain :
_amp. .

7.2x10

."9‘xl“0"6
6x10°6
Sy

5 .

1.04x107°

Cig e



TABLE 5.3 Results for Igerenkdy Sample 3

‘ o : R . kN/m® 0 strain
W, % B 1 _d e _d T _F . £ - _G_

8.8 157.8 8 3.57  0.00201 0.256 24.2 0.200 63.5 -5.12x10% 7x107®

12.8 164.2 8 3.57 0.00209 - 0.267 23.3 0.203 64.0 5.25x10%

11.2  159.1 8 3.57 - 0.00203  0.259 23.4 -0.203 61,5 4.63x10% = 7x107%
, , o i

- 9.9x107
13.45 163.7 8 3.57 - 0.00208 0.265 23.0 0.205 62.0 4.81x10% 8.5x10”

14.4  165.5 8 3.57  0.00211 0.269 23.0 0.205 63.2 4,61x10% 7.6x107%

16.9  .163.5 8 3.57 0.00208 0.265 20.0 0.220 52.0 2.94x10% - 9x1076 .

18.7 162,6 8 3.57  0.00206 0.263 16.4 0.240 44.5 "Ll,soxlof‘ '/1x10'5-‘

amp.

6.



" TABLE 5.4 Results for Igerenkdy Sample 4

‘KN/mz ' “étrainj

w, % W © 1 d p ’ J T F £ G ".amglitudei

12.4 147.0 8 3.57 0.00187 = 0.239 29,0 0.182 80 - 9.13x10% 7.2x10%

F-S

14.4 157.0 8 3.57. 0.00200 0.255 27.5 0.188 85 10.33x20% 7x10%

15.2 160.0 8 3.57 0.00204 0.260 27,0 0.190 86 10.56x10% 7.5x10%

4

4

16.3 168.5 8 3.57 °0.00215 0.274 25.0 0.196 82 -9.51x10%  8x10%

1 T
"9.2xlﬁ§

18.2 167.4 8 3.57 0.00212 0.272 24.0 0.190 = 71 7.52x10
. \7le”" >

19.5 164.2 8 3.57 0.00208 0.267 22.4 0.205 60 . 4.52x10%

68. -



TABLE 5.5

Results for B.U Sample

19.7

144.0
143.3
149.2

152.6

155.2

1 d

'8 3.57

7.9 3.57

8 3.57

8.1 3.57

8.1 3.57

p

.00185
.00190
.00192

.00195

7

£

.00184  0.235

0.233

0.242

0.248

- 0.252

26,

27
26

25

,22

0.192 .

1 0.190

0.194

0.196

0.210

. 62. o

64.~

66.=

54.-

4.85x10

- 5.17%10

3.34x10

'KN/mzv

“5.30x10%4
41  l.2xlC§j

4
43‘

. 5.56x104

strain

amp.

1’2x165;”
‘f7133x;5$’

1.2x18° .

1.8



TABLE 5.6 Results fof'igerenkéy' Sample 1

KN/m% strain -
4 4

w,% W 1 a P g T o F £

10,0 152.5

@
w

3.57  0.00194 0.247 - 17.5.0.235 43.7 1.70x10% 1.4x10”

4

11.7  159.4 8 3.57 0.00203  0.259 15.5 0.250 43.8  1.58x10% - 1..69x10”

4 -

1.49x10"
4

12.9  163..0 8 3.57 - 0.00208 0.265 - 15.5 0,250 43.0 . 1.52x10%
13.5 166.0 8 3.57 0.00212 0.270 14.6 0.258 42.5 1.45x10% 1.7x10
160  169.5 8 . 3.57 0.00215 0.274  12.6 0.275  40.0 . 1.15x10% 1.9x10”

4

17.0  168.0 8 3.57 = 0.00213 0.273 8.9 0.328° 36.2 0.66x10%  2x107* ;

4
4g‘f"

6

4



TABLE® 5.7 Results for Icerenkdy Sample 2

vw'%

W

17,
19.
21.
22.
24,

26.

3

136.0

153.9

‘ 1153 .'2 :

159.5

157,06

154.2

.57
.57
.57
.57
.57

.57

p

0.00173 -
- 0.00196

0.00195

0.00203

0.00200

0.00196

J

T

£

0.221.

 0.250

0.249
10.259
0.255"

. 0.250

25
22
23

22
21
20

0.195
0.210
0205

0.210

‘oézlsl

10.220

54
54

58

57 -
52

49

©3.35x10

3.27x10

. 2.96x10

.">‘KN/m2 f 

G

4

3.94x10

3.78x10%

2.46x10%

4.
4

"

strain

o_amp. i
1.06x107%
- 1.01x107%

1.1x10”4

1.13x10"
© 1.13x107%
iy -

”1;4x10*

i

26



TABLE 5.8 Results for Igerenkdy Sample 3

y

w,% \W d /P

‘8.8  157.8 3.57 0.00201
11.2  159.1 3.57  0.00203
12.8  164.2 3.57 0.00209
13.45 163.7 3.57 40.00209 ’
14.4  165.5 3.57 0.00211 -
16.9  163.5 3.57  0.00206

2

4 -

: L -  ‘KN/m;v‘ - strain
J T F f _G - _amp.

0.256 19 0.225 4846“  2.31x10% 1.08x107%
0.259 19 0.225 "48.5.’ 2)33#164; 1.2x1074
0.267 18 0.230 47.5"  2.25x10%  1.0px107%
0.265 19 0.225 49.5 2.54x10% 1.16x1074

0.269 i7f_ 0.238 '-46;5.‘-2,o4§104"]1,12x10’1
0.263  16 ;"0.245 44.6  1.76x10%  1.15x107%

4_;_ -

%



TABLE 5.9

W, % -

W

Results for I¢erenk6vaaMple 4

)

: 1'2.4) '

14.4
- 15.2
16.3
18.2

19.5

147.0 8

157.0

©160.0

168.5

167.4

164.2

0.00187

0.00204

10.00215

0.00212

0.00208

J

"T,‘. F

¢

KN/m? -
G_ -

0.239

0.260
0.274
0.272

. 0.267

21,0 0.215

flgis'o.gzéﬁ'
18.0 0.230
'17,0- 0.240
13.7°0.265

49..0

. SO.&O .

49.1.

| 46.9

41.0

2.45x10

2.62x10°
2.48x10

2'”._05')(16 ‘

1.26x10

Yo1,9x10
4f

4';"
.

\;,Strain
‘amgl;‘

2 2x10

2.2x10%
2

2.3x10

4.

1.9x10%

;;?6’:_; ;  
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:fereéisﬁaﬁcéi'ﬁénéé,;yieias lower vaiues'of shear'modulus,kv
‘f—Generaidshape'Offshear modulusruarsus moisture.content curves
| are 81m11ar but the rates of change are’ dlfferent for each

_type of ‘soil sample..'ff

Narmallzed shear modulus 1s plotted agalnst m01sture

‘v-"content shown in F1g s 5 7 through 5 ll The shear modulus o

obtalned at a m01sture content of I7 % 1s approx1mately
'around 80 % of max1mum shear modulus for sample number 2

as seen in Flgv 5 8. The shear modulus reaches to. 1ts
_ max1mum value Just below the optlmum m01sture content " For:
' ’sample~2 optlmum m01sture content_ls‘22 %,.and max1mum

shear moduluS»is attainednat—atmoistruregcontenttof 21.4

%; Eeyond this.pointvthe shear'modulus decreases sharplyf .'
At-awmoisture COntentvof 26,5 %ttheﬁsheargmodulusddrops to’
50 % of its maximum value for sample 2. For sample 4 in
Fig. 5.10 similarthehavior is observedwat diﬁferent moisture
contents. On the dry side of optimum moisture content. shear

. modulus remain aproximately‘constant for samples 1 and 3.

5.5.2 Effect of Strain Amplitude on Shear FModulus

The variation of shear modulus with shear strain
amplitude‘are plotted and-presented in Fig's 5;12 through.
5.15; Tests are performed only for samples compacted at
optimum~moisture'content.'Vertical stress apolied during‘
test is 0.54 kg/cmzr Shear modulus verSus strain ampli tude
curves imply thatflunder small shear strain amplitudes shear
modulus has very high values, but as shear strain amplitude

increases, shear modulus diminishes .
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lo 1llustrate the percent”varlatloh of shear modulus‘
rllnormallzed shear modulus versus shear straln amplltude 1s
r;presented in F1g .s. 5. 16 through 5, 19 ; For,sample 1 ahd 2
up to the straln amplltude lO -5 the.shearumoduli decrease ﬁ
i , o .
'”-6% of. thelr maxumum value._In the same 1nterval _sample‘4v
decrease 8% of 1ts maximum shear modulus Further 1ncrease
llnlshear straln amplltude cause to decrease shear modulus'
irapldly For samples l an 4' when shear straln amplltude
ireaches to 10 -4 shear modulus drops to 50% of 1ts max1mum
value._,'See?Flg s 5 16 and 5 19 . For samples 2 and 3 as
-4

Shear strain amplltude 1ncrease to lO , shear modulus

decreases to 70% of the maximum values ‘Shown in Flg s 5 A3 and

8

L8

5,l4v{Beyond shear straln amplltude, 10 -4 for-all~samples

shear moduli diminish monotonously . .

5.5.3 Effect of Vertical Stress on Shear Modulus

_ One of the important,parameters which iﬁfluehce,shear

: moduluS‘is vertical stress. The;variation of shear modulus
with increasing vertical stress is plottedrin Fig's 5.201
through 5.23 . Samples are compacted:at their optimum moisture
content. For all samples it is.observed that shear modulus
increases with'inereasing vertical load. The‘shape of curves

are similar but the rates of change are different.

5.5.4 Comparison of Results

In‘orderfto enable a gualitative comparison of the

curves Fig 5.24 is prepared. Clay samples which have the same



4plast1c1ty 1ndex Ip-;'gives‘aproXimately the'same”shear-
-fmodulus. Sample l and 3 have Ip values of 8.7 and 10. 5%
respectlvely Both of these samples have shear modu11 about
-4

’h‘5.20 x 10 KN/m2 near the optlmum m01sture content Sample'.

' 2Vhasan71p value of 24 2% and a maximum shear modulus about
: L2

"7 x 10~ KN/m ; and sample 4 has Ip value of 16,5%, and,max;mun

'eshearimodulus'103 X 10.-3 KN/m>.

The shearhmodull obtained:bv'resonant column’apparatus
are combared with the shear moduli'obtained byithe amprical-
',formula E@S., 4.1 »whlch have been developed by Hardln and
‘Black. The varlatlon of shear mudulus by m01sture content
1s_presented in Fig. 5.25/; The-shear straln amplltude for'
these curves is around 10-4.vﬁeasured versqucalculated shear
'moduli curvés,are given in Fig; 5;26 for icerenkdy-samples;
Samples 3 and 4 show good correlation, however the others’
4do not. For sample 1, Eqs. 4.1 yields- h1gher values than
_resonant column method under 0. 144 kg/cm2 vertical load.

Besides, for sample 2, measured shear modulus is 1.5 times

greater than calculated value.

The deviations mainly arisevfrom two»factor; (l)Eﬁsr4,l‘
.is valid for undisturbed SOils,}contrarily, in this study
samples are compacted. (2)'Confining‘pressure could not be
‘applied, and,-therefore, the value of vertical load is
divided by 3 to obtain mean principal stress, °§ in Eqs.‘4ul,
which,Will give relatively smaller calculated shear modulus

value.
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518" SUMMARY AND ‘CONCLUSIONS

The determlnatlon of the shear modulus by u51ng
resonant column method is explalned in thls chapter. Be51des
«,vthe varlatlon of shear modulus w1th m01sture content is
2 studled for flve samples. The effect of straln amplltude and
uvertlcal load on shear modulus areimeasured and plotted for

’ samples cempacted at thelr optlmum m01sture content The

7»change of shear modulus w1th plast1c1ty index and CBR value

,1S'anallzed. As_the result-follow;ng conclu51ons are,deduced,h-<

"l. Marlmum shear modulus of samples are attalned at E
.values, sllghtly less than the optlmum m01sture content
2...Shear.modull'obtalned on the dry s;de of optlmum
isdgreater than shearhmoduli on‘the'Wét side.
3. ’Shear'modulusldecreases withvincreasing strain
amplitude. . | N
4. Shearvmodulus increases‘with:increasing vertical

load.
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" CHAPTER 6 DETERMINATION OF DAMPING RATIO BY RESONANT

~ COLUMN ’METOD

6.1 - INTRODUCTION -

The energy d1$$1pated by the system is a measure of
-'the damplng capacity of the 3011 The damplng is deflned byV
-the shear damplng ratlo for the 5011 D analogous to the .
‘crltlcal viscous damplng ratlo for av51ngle degree of freedomi
' system C/CV'r . Values of damplng by thls method correspond

" to the area of the hysteres1s loop stress straln relatlon
d1v1ded by 4n tlmes the elastlc straln energy stored in the

_specimen at maximum straln.,Both thelsteady state;and the

free vibration methods_are”used to calculate damping ratios.

‘The damping'ratlosvof specimens, prepared at various
moisture contents are measured and plotted for‘practical
" use for each sample. The effects of shear strain amplltude

and vertlcal stress are deflned for spec1mens compacted at

thelr,optlmum m01sture contents.

6.2 *MEASUREMENT OF SYSTEM DAMPING RATIO

There are two methods to determine the damping capacity
of a soil by resonant column. These methods are the steady

‘state vibration method, and, the free vibration method.

For the steady state vibration method, with the system
vibrating at the system resonant frequency,. the accelerometer

output and torque volts are recorded from the multimeter to




'1;fI120f-h"

e Calculate.amplitude'of'vibratioh’at-resonance. 6., and the

RI
'ucurreht flow1ng through the c01ls of the V1brat10n exc1ta—f

'\t10nydev1ce, CR.?"

For the free v1bratlon method "with the system v1brat1ng

:,at the system resonnat frequency ‘power is. cut off and the

-ydecay curve is recorded for free v1brat10n of the systemr

shown 1n Flg 6. l From the decay curve the logarlthmlc

decrement_of.the,system,v 65, 1s_computed as"follows::

(6.1)

n+l

- where: Al isﬂthe amplitude of vibration for the:first'
.cycle after the power is cut'off‘and An+2'is the'amplitudet
for the (n+l)th'cycle. Normaliy n should be less than or

equal to 10, :

. 6.3 CALCULATIONS

In this study, both the>steady state vibration and
the free v1brat10n methods are used to calculate the

damping capacity of the 501ls tested
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.Fig 6.1 Decay Curve of a Sample
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A. Steady state Method;
1. The damping factqr;_A,_is calculated asifqllows

by Hardin's,eqhationif RN

A = 1 tR 2wk | (6.2)
2. 2 L ¢ T D “
v 49°JE° R ‘ S
Where; K _=fapparatﬁs’torqué /vcu;rent constant,

t
‘only onézvalue‘ofﬁit is;cal;ulated‘at the”beginningvbf

. test and used'for'ail~sémpies, ACcofdingité_Hardin, to
find torqﬁe /_éurrent constant,‘Kt; thé apParat§s is
excited at frequencies of (J?/Z) fo,;f;fo,.andtzfo.’,
'buring'vibratiOn, at each of.these'fredﬁencies the cﬁrrent
floﬁing through the coils,'C, and the‘displacement"
amplitude of Vibration; 6-; are measured. For each

frequency above K_ is calculated as fpilbws;

t

K, o= —2 (Hardin) | - (6.3)

' Mf is given by Hardin
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| Fréquéhdy[‘}“ T Mg

(V?'/‘z)'foi:¢,f.’  2
Mmoo
CE, Lyl

=
"

‘apparatus springﬁconsfant_# 0.308 x_lQ;g g-cm/rad
(given by théréalibiatibnisheetvbfjappa;étus)’ |

30.21 H_ ( given by the calibration sheet of apparatus)

f =
~o
P R ' 5 "4 5#10‘4xsoéooo ’
_(wfiyz)fo = 21.36 H, Ky =—= » = 5483
R - z. . . 0.0127x2 '
e 1 0~%308000
szo = 42.7H K =t .= 4478
| T R . 0.0113x1 |
: » : S | 2.3x10"%x308000
2f, = 60.42 H, K == — = 4923
| 0.0106x —
” 73

‘ The aVeragé value-of tordue/éurrent constant_is calculated

-as Kt = 4961 , -and used in this study .
D

6

A , .
VEST, ,- 6.4,

Kp -

K =Jl%¥ELer.308x106x8.02

19.5'gr—cm—sec/rad

=
I

% = ‘apparatus damping constant, definéd . by amplitude

decay method, given in calibration sheet.

K., = apparatus damping canstant defined by Hardin as follows



apbarétue inertié' = 8 .02 g-cm-—sec2

~(g1ven 1n callbratlon sheet)

' Current flow1ng through the coils of Hardln

osc1llator. ThlS value 1s obtalned from torque |
‘volts. Torque readlng per re51stance (lO Q)

serles w1th c01ls w1ll shows the current through

" the c01ls in Amperes._ :,VH

amplltude of vibration at'thefsystem,resonéhtf,

frequency

) (6.5)
(2500 mv/g) (Lever Arm,.in)v(413)£2 :

(Acc.m VRMS) (1.414) (386 in/sec?)

(given by Hardin)

®r

Where ;

Acc =

2.
ing to the
3.

. follows ;

(rad) = 0.00389

(Acc.m VRMS)
f2 v ..”7-

system resonant frequency

accelerometer reading in mV RMS

The value of R is determined as abscissa correspond-
value of T as ordinate from Fig. 6.2 .
The value of damping ratio, D, is determined as

D 0.5

(6.6)
TR ‘
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051ng the steady state v1brat10n method the damplng o

- ratlos of the. samples are computed as shown in Tables 6 1

.glthrough 6.5 for straln amplltude flO‘s and in Tables 6 6

~ through 6.9 for straln amplltude,'lofg ;___?'

B-Free Vibration Methodv"
[l'- on the other hand - for the free vibration method

of measurlng damplng the value of the‘modedshape factor,. Cm ,
is determlned as abcissa corresponding'to the value of T as’
ordinate frovaio. 6.3 o
2. The'System energy‘fatio, S, is computed,asthllows

32K 1 | | :
S.s;e————jr T S (68.7)

c .G d ' . : . o .
.om -

3. The value of the'damping<ratio, D, is computed.

as follows

D= % [6(145) - 6 S ] . (6.8) .
s A
2n ] .
.52 = logarithmic decrement of systems was found
during testing procedure.
éA = logarithmic decrement is given on calibration

ohart;
Tha values of damping ratios computed by free vibration

N

method are presented on Tables 6.1 through 6.9



Fig 6.3 System'Factor Versus Mode Shape Factor



TABLE 6.1 Damping Ratios for Icerenkdy Sample 1

vn s e
10.0 0.336 0.293 1.0 7.4
11,7 0.366 0.304 1.0 ':7.3
12.9 0.318' 0.293 1.0 6.4
13.5 0.337 0.318 1.0 7,0
.16.0 0.549 0.405 1.0 12.0
17.0 0.400,. 0.699 . 1.0 10.5
w : water content, %

6, legarithmic decrement

S : system energy ratio -

cm : mode shape factor

Dfre: damping ratlo by free

wibration method ,

T,

C

col. 6. o
88 16.5 6.9x10°  16.5x10°
61 18 Cex10°  18x10%
49 15 4.6x10°  1sx0?
18 15 4.86x10°  15x10% 4
32 10 2.87x165;e1110x164 
24 10 5.3x10° - 10x10%

Nkﬂ.Rd.: Accelerometer Readlng in

4.70

asgssr

R

———

1. 010
1. 013
. 015
14 015
1.017
‘1;026’

8p ¢ amplitude of v1bratlon

C. ': Current flowing thrangh

R

A : damping factori

D\ .o
Stea@Y method, %

‘Torq.Rd.: Torque R C
-orq.Rd.: Torqy Reading in mvp, o _

the coils of hardin asallator

~6
6

.. Strain
D Ampl. -
steady =™ .5
6.7 - 1.2x10°
7.2 '9g156**
7.5 7x10
10.1 7.2x10

N

11.0 - 6x10° .

10.0 6.2x18°

' MVpMs

. Amper. .

: damping natio by steady state



TABLE 6.2
w,% SS

17.0 0.254
‘19.3 0.266
21.1 0.250
22.6 0.327
24.6 0.276
26.4 0.282

s
0.270
0.242
0.210
0.237
0.350

0.446

Cm

1.0

L
5.0 56
‘5.1
4.7 70
6.3 .70
6.9 ,;o’
6.3 54

- g

Damping Ratios for Igerenkdy Sample 2

®r

.

17

14

17"

15

ldx

Lo

S.

7.

. 6 *

M

6x10°

5

3x15.. 

6x165
=5

6x10°

9xlC5

13 - 4.85x10°

Cp A R D strain
, ‘4 - steady amplitude:
13x10° 3.12 1.01 5.4 -7.2x10°
17x10% 2091 1.01 5.3 hox10%
'14x164< 2.42  1.01 4.5 ‘éx1565;7
17x10%  2.86 1.01 5.6 8.3x10°
1f15x164 2.51° 1.015 5.3 ~ 1.1x10°
10x10% 2.70 5

5.9 1.04x10°



TABLE '6.3 Damping Ratios for Igerenkdy Sample 3

w % és‘
8.8 0.305
11.2° 0.305
12.8  0.348
13.45 0.337
14.4 0.366
16.9 0.350
18.7  0.260

%

S . Cm Qﬂxe‘ .égcl'_;E§ﬁE&f
0.302 1.0 7.4 49.0 11.5
0.334 1.0. 6.9 45,0110,0
0.294 1.0 7.-  70.0 19.0

1 0.320 1.0 6.9  56.5 16.0
0.307 1.0 7.5 52.0 16;9
0.526. 1.0 8.2 44.0 12.0
0.864 1.0 8.8 '35ho'9,o '

4.3x10

eR !

4.4x165
6.6x10°

5.7x16$

5x16§

6.3x10°

 6.8x10°

5

 Sx A
gil.5x154 3:%@)
10x10% 2.77
19104 3.13
| jlsg;ﬁé;" 3.27
C16.9x10% 3.79
123104 3.12
Cox10% 2,93

R

mcn——

o 1.013
iv ;'lei'
“_i,ois

1"I;dléf
o 1.015

| 1.015'
©1.020

D

steady
6.54

5.80
1 6.60
:i,bo
8.10
.70

8;7LO"’

K9;9x16

" 8.5x10°

0 9x107

6
7.6x10°
6

L 1*165



'TABLE

w %

12 .4

14 .4,

15.2

16.3
18.2

19.5

6.4

Damping Ratios for'igerenkay Sample 4

0.366
0.310
0.337

0.401

0.384

0.400

0.169
0.150
0.146
0.163
0.206

0.342

84

95

92

80

42

Tordg.
R.q

B

25.8

25.0

31.1
34.2

4.8x10°
1 4.5x16°

5x10°

5.3x10°

6.2x10°

4.5%x10°

&

'25.8x10%
25x10%
§1§164»f
_34.2&164 :
| 27x108% .

Co1ast

%

1.010
1.010
1.010 .

-.;1,01d'f
L1.012

1.015

L 7.%10

o8x10°

J__9;2xl5

, Strain

- Breagy
»ﬁ7¢2,’

Amp,
7.2x10°

C7x10%

7.5x10%



TABLE 6.5

Damping'Ratios for BoéaZigi University. Sample

. %
S Cm

15.4

19.7

- 23.0 0.43

D. B Accl.v
free _Rr3. .
6.6

6.2

Torq.
Rd d

Or -

90
85

94

c -

84

A62

e
25
26

25

22

9.lx16§
8x10°

8.4x10°

7.9x16$

'8;3x165‘

c

—R
2.5x103

.?.leﬁgv
2.6x10%
2.5x10°
2.2x10%

'?leZX16,_

‘ 1.3216A

RN

'Stréin ,
Ampl. . -
mpl 5
T1.4x10°

5

5

T 1.2x10°.

5

S 12x10° 0



TABLE 6.6

w,%

Damping Ratios for Igerenkdy Sample 1

Cm

%

Dfree

‘Accl.
.RA.

Torqg. .
miq

O

10.0

11.7

13.5
16 .0

17.0

0.69
0.82

0.80

0.87 .

0.65

0.63

0.91

1.03

1.02

-1.34

1.34

l‘

l.
1.
1.

'32.0

23.7 -

250

25.0
28.0

26 0

486

518

- 475

557
535
472

324

280°

250

290

280
240

9.9x10"
1.1x16°
1x10°

1.2x10°

l.3x163

1.4x10°

‘CR

3.24x16%

'2.8le? : .

'2.5x162

2;9x152

2 .8X162

2.4x10%°

A

8.43
5*45 “
; 6.14f
5.96
'15§89
5.71

1.015

%
Dteady

Amp.

1.020
*l.oéo

1.022
1,025
.1.036,

- 19

20

20
.23
30

1.6x10%

.5 1.49x10

. 'Strain

L2100 1.4x16%

€eT

4V; .

”';1.7x164'*f5'

S1.9x10%

o o2x10t

!



TABLE

w,%

6.7

17.0
19.3
21.1
22.6
2456

26 .4

Damping Ratios for Icerenkdy Sample 2

%

Dfree

11.8

12.6

11.0

13.0

15.2

15,0

Rd,

. 532

510

657
635
528

617

Accl. Torg. g

Rd.

¢

R

220
240

280

370

280 .

210

:751x164'
' 6.8x154
- 7.6x106%
-7;6x15?;

lxlﬁ'4

7.6x10%

CRy

A2.2x162
;2;4x162' 
2.8x102 ¢
'53,7x162'
2.82102
2.1x102

Esaa B T
L P

11.5
C2
1l
,ftls;é
".Ls.o.f

.16.0

_.i;O6x16

1.01x10%

C1.1x10% .

[?1}l3x164_'

Strain -
. Ampl. |
4

CPET

4N

1.13x10%

1:.4x104°



TABLE 6.8 Damping Ratios for Icerenkdy Sample 3-

12.8

13.45

16.9

Cm

"
free

D

16.7

. 14 .6

14 .4
15.3
18.0
20 .0

Accl.
Rd._

426

496

412

491

417

383 .

d

Torq.)
R (] ) '

0z

‘180

170

175

175

l230"v

150

;7.5x15

7.2x10%

8.2le4
4

?.lxlﬁ.

7.8x10%

7.7x164

s

1.5x162

CR'

1,8x10°

©1.75%10%

1.75%162

2.3x10%

1.7x16%

4.89
5.42
4.56

4.0

'ﬁ»

%
D

»‘Sttain'
‘Ampl.-

S 1.015.

1.015°

1.015
1.020

1.020

S

;1.017

teady

13

1

13

'.\14 .

16

S 17.17 |

1.12x10

1.15x10

 1§08x164‘

4

ceT .-

o 1.06x10%

1.16x10%

4\_.

a4



TABLE

w %
12.4
14.4
15.2
16.3
18.2

19.5

6.9

1

Damping Ratios for Igerenkdy Sampleé 4

Cm

%

Accl.
Rd.

Torq.
-Rd.q

Og

1.0 11,0° 802

free

12.2
13.0

15.8

17.6

899
806
848

691

340

340

410 .

390

350

.1;4x163

1.3x103

1.3x16°

‘

1.5x10°

C1.6x103

R

3.4x152

3.4x102
HA.ix152 ’
' 3.9x102
3.5*162"

1.024

‘1.014f.
1.016
"ﬁlﬁozb,’
 1.025

16.5
18.0

11.5

15,7

 Strain
‘Ampl. e
1.9x10%

©2x16%
ot

l.9x164
.

9€T

2.2x10° -

2;3x;62f';'



6.4 'TEST RESULTS

” n6:4.l'1Effect Of.Moisture Content on;Dahping:”

‘The varlatlon of damplng ratlos w1th m01sture content

;are presented in- Flg s 6 4 through 6.8 . Steady State method
v‘and free V1bratlon method yleld 51m11ar.results.a.
_dOn the dry eide of optimum, dampingvratio’either

.decreases or stays-conetantfwith‘increasing moietﬁre content '
- _and ithteaches its ninimum valuetat the maxinun dry.density;z
or_optimum_moistute'content, Furthefvincreaee of'moistufe
'vcontent‘caUees in;a gradual'increase'in damping.:Ittis interesthx
‘that, the sape of curves obtained for damping is e#actly
’opposite.to those with shear modulus, where‘the shearbmodulds“
ehoWS a‘littie change up to thefoptimum moisture content,

but decreases gradually beyondvthe'optimum moisture content.

6.4.2 Effect of Shear Strain Amplitude on Damping

Fig[s,6.9;throughA6§12-show'theveffect of ehear'strain |
amplitude on damping. The samples tested are compacted at
optlmum moisture content It is observed that j damping 1ncreases
with 1ncrea51ng»shear strain amplltude. These curvea are again ﬂ
opposite to the shear.modnius vereue‘the shear strain amplitude
. curves. Atethe small shear strain amplitudes damping ratio
is lower and increases with»increasing shear strain amplitude.
In tne lO_SV-AlO"4'strain interval, for sample,4,‘the damping |

ratio approximately daubles itself as shown in Fig. 6.12,



Cwe

T,In the same 1nterva1 damplng galns 1.5 fold of its 1n1t1al
fvalue for smaple 2 - as shown in F1g 6.10 The other samples

show s1m11ar=results.‘_.

6;4;3A Effect of:VertiCalyStress'on ﬁemping,

| The change of damplng w1th vertlcal stress is studled
for four samples. Flg"s 6 13 through 6. 16 show the effect
,'of vertlcal stress on damplng Under very small vertlcal stress:
damping has hlgher values. A small amount of 1ncrease in
_vertlcal stress causes~an;;mportant.decrease in damplng. For i
'sample;l,.in Fig; 6;l3, damping'ratio;istlZ% under'O.lOikg/cmz_
vertical stress. When.the vertical stress reaches”to'O.S.kg/cmz,t
the damping ratio drops‘to.G% . Other Samplesnrepresent similar
S _ o

results;shownuin_Fig',s 6.14'through;6.16 .

' 6.5 CONCLUSIONS -

Fig 6.17 and Fig 6.18 show'the’variation of damping
ratio by moisture content for free vibration and steady state
vibration’methods respectively, for all samples tested.
Tests are performed under a constant strain amplltude of 10 6

and under a constant vertical stress of 0.144 kg/cm2 . For
_strain amplitude, 10‘4 , the variation of‘pamping by moisture

content is also shown in Fig 6.19 -,
Depending on the test results following conclusions

can be deduced.

1. Both; the steady state vibration method and free
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'DAMPING RATIO,%

Igerenkoy Sample No 2

N

Vertlcal Stress 0.144 kg/cm’

wopt-: 22 %
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x

o
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FIG 6.5 Damplng Ratio Versus M01sture Content For
Igerenkoy Sample 2 .
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DAMPING RATIO, %

) : | : iqerenkoy Sample No 3

Vertical Stress :- O 144 kg/cm
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FIG 6.6 Damping Ratlo Versus M01sture Content for Igerenkoy
Sample 3
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FIG 6.7 Damping Ratio Versus M01sture Content for

Igerenkoy Sample 4
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'DAMPING RATIO, %
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FIG 6.8 Damping Ratib Versus Moisture Content for
" Bogazigi University Sample ‘




DAMFING RATOI | %

Igerenkdy sample No 1

vertical Stress : 0."5.4>kg/cm2
Wopt 18 *

I .: 8.‘7%
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DAMPING RATIO, %

- Igerenkdy Sample No 2
Vertical Stress : 1.54 kg/cmz’

opti : 22 %

I 24,2
I, > %
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DAMPING RATIO, %
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DAMPING RATIO

:igerenkﬁy Sample No 2
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P
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FIG 6.14 Damping RatiO“Versus Vértica1{Stresé‘for-icéréhkéy‘Sample 2
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DAMPING RATIO, %

‘"FREE:VIBRATIoNfMETHbD'f f.j;f7

Shear Stra1n Ampl leG‘ e
Vertlcal Stress T ‘0. 144 kg/cm 2
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‘fx Sample 3_  »3’;'
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FIG
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-
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&
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,Vibfation’methodvdetefmines similaf resUlts;d

‘_2. Up to the optlmum m01sture content it maydbe

assumed that damplng ratlo remalns constant Beyond the optlmum

d,m01stnre content,'a gradualflncrease 1s\observed,1n‘damp1ng*
fatio.m : , : e AR :
_,3:. Damping ratlo 1ncreases w1th 1ncrea51ng shearv
straln amplltude | ‘
4. Damplng ratio decreases w1th 1ncrea51ng vertlcal

stress.



- CH.APTEn 7. SUMMARY AND CONCLUSIONS

| In thls study, flve cohesive 301l'samples are tested
'iand analized The 1ndex properties W !%Wé E and I are
‘determlned In addition the compaction properties wop,‘
and, -dry S and CBR value are- 1n1t1ally obtained Then,
a:u51ng Hardin type resonant column apparatus and related
':supplementary equlpment the resonant frequency; t; v1brationi.

“ampilitude egd, current pas51ng through the c01ls C. ‘are

R
measured and free v1bration decay curves are obtained for
each specimen, of each type 5011 U51ng the chart. given by
-hardin, the strain amplltude is determlned Then ‘using formulas
giyen;_thepshear modulus G, andvdamping ratlo; D,‘are computedf
for.eachlspecimen;rlhe;results of experimentsaare'tabulated
and plotted for preCtical,use‘inkchaptersv5 andHG.
From’previous'studies, and the results.of'tests conducte
in»this study,_the following conclusions are‘deduced. |
l. The electricalrforces”acting‘between claylparticles
are:most responsihle for soil strength’in compacted clays; |
| 2. According to the generally accepted concept and -
btheory of'thevstructures and strength characteristics of
.compacted clays, when a clayvspecimen is compacted on the
dry side of optimum,ia flocCulated structure is formed -and
the edge-to—face contact between soil particles provides high
shear strength resistance'to load, thus the values of shear
’modulus are higher ; when compacted on wet side/of optimum,

the spec1men has a dlsperesd ‘structure, resulting in lower

v
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fshearlstrehgth.resistahce'so}thepshear mbdulusfohtaihedid.
iswicger.y’ , , S e .

| -'3; Variation of damping ratio w1th m01sture content
_1s practlcally negligible up to the optimum m01sture contentip

i

- Beyond optimum m01sture content an 1ncrease 1n m01sture results'

‘,'ln a gradual 1ncrease in damping ratio. The shape of. curves

‘(

:,hobtained for damplng is opp051te to those for shear’modulus.
"4.' For undisturbed,vremolded and compacted clays,
“as'shear’strain amplitudewincreases : shear modull decrease,h
‘however.dampind ratio”increases. : |
N | 5. For cohesive‘soils, as void ratio decrease; shear
modulus increase, however damping ratio’ decrease.

6rj Durlng secondary consolidation -of clays shear
modulus‘continues to increase, with a smaller increasing -°
.rate. =

7."For cohesiye'SOils the shear modulus decreases
with.theyincreasinginumben of cycles, but dampingvratio-'
vrameins constant. | | .

8. 1In general, additives increase both the shear‘
modulus and damping ratio of soils.

ﬂ 9. Shear modulus reaChes‘its'maximum value just before .

the optimum moisture content. S

10. Dampiﬁg ratio drops to its’minimum'valuedarouhd
the optimum moisture content.

11. Shear modulus increases with vertical stress,

however, damping ratio decreases.
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