e at different directions of
| t rates of 1sotropic stresses.

orfent han at high '
ydes than at high strain amplitudes,

Numerous problems in engineering require a
rnowledge of dynamic soil properties for
satisfactory solution. These problems

span @ wide range of situations involving,
at one end of the scale, very small ampli-
rydes of motion, and at the other end high
amplitudes of motion involving strong mo-
tion earthquakes or nuclear explosions,
For pre-failure conditions and in cases
where there are no permanent soil deforma-
tions, the most important properties to be
determined are the soil moduli and damping
characteristics. These properties are 1n
turn, dependent on different parameters,
some major, some minor, depending on the
type of soil and loading conditions.

To evaluate dynamic soil properties
three general approaches are usually used,
namely laboratory tests, in-situ tests,
m_w'irical correlations. The dynamic
moduli and damping characteristics of
undisturbed and remolded soil can be
determined by a variety of laboratory
testing methods. These methods all enable
the measurement of soil properties at a
Wide range of strain levels and under
-_ ﬁffm loading conditions. Useful
' iﬂm‘im can be obtained from commonly
~ Used in-situ tests that utilize in-hole
~ 9eophysical techniques to measure the wave
~ Yelocity and hence the dynamic moduli of a

‘arge mass of soils. There is, however,
ack of control over test vari-
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were evaluated in a resonant colum
n
preferred

adienne Génie Sismique

, Tor cohesive soi}
' : : samples
Particle orientation, and subjectedpto

- It was found
th .
ation with regard to the Propagated waves was morztpigioizzfé’lta(t}flpartlde‘
oW strain

Th? parameters 'a'
directions fit 1into ellipses.

and 'Q' that describe the
Increasing
dynamic

Additionally, under field testing con-
ditions propagating waves usually travel
through different soil layers at different
angles. The velocities of the propagated
waves are thus modified according to the
directional elastic properties of the soil
layers (Bolt, 1970). Researchers such as
Stoneley (1955), Buchwald (1961), and
Kraut (1963) have studied the effect of
anisotropy of the half space medium on the
elastic wave propagations. Moony (1974)
suggested different methods to generate
polarized shear waves in specific
directions in field tests so that tne
elastic properties of the soil deposits
correspond to these directions. In
laboratory testing techniques, on the
other hand, shear waves are propagated in
one direction with regard to the particle

orientations of the soil specimen,'and
usually on specimens obtained vertically

from the soil deposits.
The existing differences between

laboratory and in-situ testing resqlts
are an area that 1is receiving considerable

attention., Several investigators have
attributed such differences to disturb-
ances of soil specimens that mask the

»ffect of time, STress history and
: : the soil behavior.

inherent anisotropy on :
}:hihe absence of detailed information on
sampling and testing conditions, they

suggested a factor af 2.2 toO represeng a
reasonable average correction factor tor

these effects.

The primary objective of the present
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and in-situ results.

2 SOIL 7

The required sample :

prepared fr?m kao _ ol
dager Plastic Kaolin, : :
f?agy is a particularly pure commercia

kaol inite, and was recelvel U0 oF L and
powdered form. From i d-poi Nt
PI, this soil places near the mid=poi’
between clays of low and high plasticity,
so it can be considered an average
cohesive soil with regard to plasticity.
It was necessary to have available a large
number of specimens for this study. The
requirements were specimens of clay with
as high a degree of saturation as posSible
and with the clay structure duplicated as
closely as possible, This includes the
void ratio, degree of saturation, particle
orientation or fabric, mineralogy, and the

composition of the double laver
water, ' A g

) _

are less important. Seqj,
usually have 1ay§rs B diee. 0Ty
particles'r?sult1ng from tp. cnt 1,
the dep051t?0n process, C q
the compaction l1ifts and U g |
the soil due to changes i, . Miat; "
jstics of the borrow do. ﬂfunAri..
They are, nowever, of mycp
to the structure than an
tion stratifications ip ., ~ S¢
For the purpose of thig';dfif
degree of saturation wag , . cdrc
concern, and the Compaﬁtf.:.ﬁhf?t;?h i
thought to have as high a"gﬁam@”hTS
saturation as possible, Th;gﬁﬁ,ﬁgw;
met by first estab115hing tg*%u”:ﬁﬁ
density relationship fqr s erm”ﬁﬂ_;‘
then determining the Optimui Emfnzﬂ
content and degree of Saturﬁfmnﬁuﬁiw
Once the mOiSture‘denSit'dE””‘1hg,
FE]atiOnShip was estab]iShi;bdt!.JFEjth—:\
modified compaction test tﬁbl””ﬂgTﬁE
samples were then prepareg € Pequip,.

moisture content with j degiz m]DQJ,
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saturation of 94 percent .
To obtain specimens f

particle orientatijon,
diameter and 8 in, in

The tube was first 1ubps IS useq,
outside to eliminate Friction

so1l and then pushed int ;
; 0 the e
mold. Three different directjz;’ywi Ehe
ere

chosen, vertical 45 d
; E . egrees
norizontal, and norizonta) e

to the particle orientation t + -9ang
and 0°, The .

‘ le of 1.5 i
N the side was placed on the

,.the Specimens were
d by Pushing the metal] tybe

€ hole into the compacted

| ould yap S07] Oted h
S1zes Y de ere that the
Crystafgd Shapes of thepe?g;nrg]- on the gngﬁCtEd'Soﬂ Specimens are susceptible
In natyp cl o WOUIde thixotropic effect and this in tum
Consist mffay, Particles ¢ S07 ] a]t?r the mechanical behavior of the
partiey s MOst 3;‘93; 208 ang :ﬁ;;g was n:geemmens With time. Therefore, It
Thus:ct]s:r: far fp mp;‘:;i?mjnant u;’; measurinésgg §°,,a"?‘d Biils effect when
a"ang-ements"‘OUId be many, d”"?ﬂsiona]_ the COmpacted sg ar]mc - propemeS'OS
IPregulap , d°f Partic]eg POSsibh]e done py diffe mpiles, Based on studie
Patter‘ns ¢ very Co ple th very ]946. Sk rent researchers (MOFetw!
less comp] A" rangeme . X Patterns . and Eh empton ang Northery, 1952; Seed
Sedimentary ;n compact ’ hcweverl a.r‘e he thTXOten’ ]957’ MitChE]]y ]960)1 the
ay becayg Sﬁ{f ;han in dependgog}r Eﬁ avior of compacted 50115te
TMicat; S e Strain hich
tiong wﬁ?ﬁﬂme'vs are tested a,lgvﬁgseﬁtcgnterts
affect the Particle orjentations:



~dccurate readings.,
applying the stress increment, a torsional

~ BXCitation with a low amplitude was
e :Wlfied A

'--eﬂ (1960) postulated that for high
“r ]eve]s the effect of_th1x0tr0py 1s
B eet and Tor a higher water
'F%_the 1nterparticle attractijve
too weak, therefore the effect
opy would decrease. Gray and
. thimtr“g?]) performed resonant column
™ on compacted soil samples and found
t95¥screase in the thixotropic shear ratio
nc! However, with an increasing

me . :
with t;onte"t the ratio would increase and
watel © "of this increment would decrease

t
the e water content approached the liquid
' Therefore, for the

nnles |
samplet and the degree of saturation were
high as possible and the storage period
aice-eded +wo months before the testing
e

. 7EST EQUIPMENT AND PROCEDURES

onant technique was employed in
gation for the measurement of

soil properties and damping
tics of cohesive soil. The
lumn device used was of the
spenevich" type 1n which soil specimens
obtained from three different directions,
vertical, horizontal and 45° with respect
ro the preferred particle orientations,
were all subjected to the same parameters,
<o that a comparison of the dynamic so1]l
oroperties for each direction could be
made.

After mounting the soil specimen,
assembling the resonant column apparatus,
and before applying any confining pressure
on the specimen, torsional excitation was
applied to obtain initial values for the
dynamic so1l moduli and damping. [These
initial readings were taken as a reference
for further readings when applying stress
increments., For vertical specimens shear
waves were applied tangential to the SO1 1]
particles, and for horizontal specimens
shear waves were applied perpendicular to
the soil particles. For the inclined
SPecimens shear waves acted at §5° to.Lthe
particle orientations.
thgpgn completion of the initial readings,
= thesw?d conﬁm ng pressure was applied
mntrels]‘»oﬂ specimen, The pressure was
iy olled by a pressure regulator and

itored through a column of mercury for
Immediately after

The res :
this investT

the dynamic
character15
resonant CO

o ;0 the soil specimen and the
uency of the excitation force was

| tquency was obtained, The phase

.
""""""""
e T gl N e .
iR Sl e T L T e T T

relationship describing resonance was
established by observing the Lissajous
figure formed on the X-Y oscilloscope.
The‘frequency was then measured with a
digital electronic frequency meter and
recorded along with the input, output, and
LVDT feadings. The excitation force was
then increased by varying the dial of the
attenuater to obtain a higher amplitude
and the frequency was adjusted accordingly
to establish another resonance condition
for_the system. The sequence of the
excitation forces applied was 10, 25, 50,
795 005 and: 125 MY trms ). AL the TIPSt
stage the strain levels ranged from 0,002
Fo 0.02 percent. However, as the time
1ncrgased the excitation forces for the
tor51?na1 motion were increased. That was
to eliminate disturbing the soil specimen
when applying high strain levels. The
duration of the vibrations applied for
each mode was approximately 15 seconds.
The time sequence for successive readings
of the torsional motion was 1, 10, 30, 60,
and 120 minutes after increasing the
confining pressure. Thereafter measure-
ments were made about twice a day. Most
of the tests were continued for eight days
although some specimens were tested up tO
42 days at a constant Stress increment.

Upon completion of recording the data at
one confining pressure, either the
pressure was removed and the device was
disassembled or the pressure was changed
to the next pressure in the sequence.
Because the amplitudes of vibration were
relatively low, vibrations at a previous
pressure had no effect on moduli and
damping measurements at the following
confining pressure; therefore a new
measurement sequence could De conducted at
the higher confining pressure On the same
specimen. The confining pressure sequence
used in this program was oS, 10, 20 and 30
psi. Some of the specimens were subjected
to one stress increment and others were
subjected to different stress increments
and each stress increment Was equal to 10

pSi.

4 RESULTS

As an example of the data obtained, Figure

1 shows the variation of the shear_modulus
verses the shear strain for a vertical
specimen subjected to a confining'pressure
of 5 psi. The dynamic soil moduli were
recorded at different times and strain

In the figure the dynamic sO1]
moduli increased as the time level :
increased and decreased as the strain
amplitude increased. The rate of

529



k]

= A pre et AT
. i =|_,.:J_-,' - .I'.. P "'

ShEﬂ!‘ MU‘UE Hpa :

10~%

Shear Strain %

in
Shear Modulus VsS- Shear Stra

Figure |

_#_

35
3

11
29

strain Amplitude

H0.001%
40.010

O0.02%
27 ® 0.051
25

2]
21
19 }
17§
15 ¢}

MPa.

Shear Modulys

’ 10 102 103 104 &0’
Time min.

Figure 2 Shear Modulus vs. Time

increment in the value of the moduli

' | | ull was
Nigh during the first 1440 min, then the
rate_dgcreased ds the duration of the
confining pressure increased, This

increase in the Stiffn
. ess :
>Pecimen for the first Ve Rt She 904

Increase in stj

réadings due tg
tion stage

een established

]97]' » ]968; - .
"1, and Aﬂderson and Stg:;;] ?gg NOOGS’
v 8)

2 mOdU]US VS :

)

dght 1ines. For (4

he stra gl e
;mplitUdESr confining presg,,,
directions of particle B tens
regard to wave propadgation iy

different values for the g
ctraight lines, and differq,, °
the point of interception iy '2lu
vertical axis as shown in s U
as found that the values ¢,

W ‘ i fothe LNa \ ' 4
denotec a4s = e Fhe ¥ailueg ¢ 0
points of interception with 4, ' th
modulus axi1s denoted as 'ﬁ‘fg; She,,

curves that depict the Warfar: it §
constants with the diffgrgﬁt:LT f gt
under study. Examples of thp?iﬂ””ﬁﬁJ
shown in a normalized foprnm iﬁt;fi !
and 5. Normalized values fq, 1. JUreg ,"
were obtained by dividing th. . °. anq
:a' and 'H' for all Cmﬂﬂitimaf Y &
and '‘b' values for ”Qrtica1'mlj” JW .
strain amplitudes equal tgo 1.4. '
It was also found that an »
the values of ¥ % and 'p' %ﬁr,jff:
I d1 £+

directions, at which the main, . .crent
the ellipse of constant '3' . .

b
]Xltﬁ
I 1ips

e | - .|':
I g™

5. :
4 .e01x . e
«! g, VYertical Sample S
0 .93m ~
" e & .9aw -f 4
o Y
Q.
b
w
-
P
-y
i
Q
=
-
o
QL
ohis
- 1
1E+9 TI'-‘I';l . .'LII;; I,:.‘: ; . £
8 < 4 s
A& .98in .
“1 4w Horizontal Sample
'v. s B .9au
= 4
= s é
a o
i P
- w“'f“,,f'“ |
e L1 ;ﬁ:/ “
S A
Y l-l.l /‘_,.-""" Ua g -
:2 i e
- =
@ x __..._..-.ll-"‘"
Q ol
ﬁ : /’.—#
l -
iX+9 'Y 4 ¥ T 2] o , il ;l',;'l i*‘;:' r———-_-...,ll:.t.:lI
Time min.
in g
14“—:f;:““““‘ G i
A .mere O
«  al 0 .eex e 45 S&mp] e
A\ § .Sam . :
& ..
" ‘j::
m - g
3 T o “,: g ;ﬁj
33 - :rr""’r.hr"
3 -y et |
o
5
I T__“r.__.,..,__._._.._._.-—ﬁn:v;
i5+0 e
Time min.

"lgure 3 ?hear Modulus vs. Time forvt{“
1cal, Horizontal, and 45° 53"



-":. - e .' ,.IJIZI# :

s - et 1 s S At 1 Lol
- [} -II.- 1 PR g, - .'...-ﬂ ;.'“_,.:r i
[ o ol P -.-_..li-: e -'I

E : 5 1 I:"l -]
: s s
' T e e T
ks e o S S
¥ e
" A
i Pl = _:_l

€t
R i R e

C Constant ‘a'

B R

i ey 0
: .

= A
¥ Rt -f_".rf'
E L B

f & Swer Strain X

rmalized Values of Constant '3

14

1} e vertical
| | 1072 1071 O 40
o2 | Mr Strain 1 & Horizontal

Normalized Values of Constant 'b’.

major axis for the ellipse of

'b" is vertical as shown in : 5

mﬂf damping, Figure 7 shows ik, ' 3

| values plotted as a function 4

in for the vertical, horizontal & ° ' 0 e
| 5 _

' ns. As the figure . -y
| ping values for all three 3
| St the same, i.e., soil o e o
 no effect on the damping R PSP R .
.. the range of variables e e S 10-1

Figure 7 Damping vs. Shear Strain

amplitude, and the confining pressures.
A method was presented to determine the

effect of anisotropy on the dynamic shear

modulus. In the method, the 'a' and 'b'
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