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1 INTRODUCTION

In the last decade the sirong earthquakes and their hnman and economic
“Tffects nmAade more Iinmperative the necessity of studing the seismic
R vior of the structures in respect of soll conditions.

The application of mathematical models in order to analyze the
rensponse of the soil-structure system under earthquake loads could be
useful when the dynamic hehavior of the soil is known. The estimation
of the wumlinear behavior of soil under dynamic loading requires the
determination of the shear modulus and the material danmping of the
s0il, These dynamic s0il properties are determined by laboratory and
field methods,

This research presents a laboratory investigation of the main factors
affecting the dynamic s0il properiies in silty solls by the resonant
column and the c¢yclic simple shear methods. The above investigated
factors were the density of the so0il in terms of void ratio, the
confining pressure and the strain amplitude.

An empirical relationship for estimating the low amplitude shear
modulus (GO) for silt was proposed. The high amplitude shear modulus
(G} and material damping (D) were properly normalized. The results of
resonant colum testis were compared with the results of cyclic simple
shear tests. The results of the present research were correlated with
laboratory results of similar investigations and with related empirical
relationships. Diagrams showing the typical variation of dynamic soll
properties in silty soils were glven.

) FQUIPMENT AND TESTING METHODS

The presonant column device of the Stokoe's type, Hardin and Music
(1965), Anderson and Stokoe (1978 ), was used. The end condition of the
specimen is "fixed-free" arxl the specimen ls lsotropically consolidated
under confining pressure. The shear modulus 1s determined fran the
first mode torsional natural frequency of the soil specimen. The
material damping is determined from the free vibration decay curve wich
is generated Dy stopping the excitance at resonance. The one day low
anplitude shear modulus (Go) and material damping (Do) at different
stages of loading were determined by the resonant colum method. The
high amplitude shear modulus and material damping (G, D) at the Final
stage of loading, at different stages of strain amplitude were also
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determined by the resonant column method.

The cyclic simple shear device of the HNorwegian Geol
Institute (NGI ) type, Bjerrum and Landva ( 1966 ), was used. The
is consolidated prior to application of shear stresses under a
vertical load. The horizontal cyclic shear stress, strain and
displacement are monitored with time during the test. The <
shear modulus is determined from the shear stress, shear stralr
at the 10th c¢ycle of excitation, The one day high amplitt
modulus {G) at different stages of strain amplitude was deterr
the cyclic sinple shear method.

3 SAMPLING AND MATERIAL PROPERTIES

Nine undisturbed specimens of boreholes of three different ar
rrepared for resonant column tests, taKen from the city of Ralar
southern GCreece, One remoulded specimen for resonant colum 1
one remoulded specimen for c¢yclic simple shear tests we
prepared. The depth of sampling was between 9 and 22 m. The
sand-silt soil 1is deposited by HNedon river and is cons!
saturated, gray coloured sandy silt and silty sand, with no pl
and medium density up to dense. The standard penetration Nepp 3
the places of sampling were varying between 19 and 44.

The depth of sampling and the rhysical properties of the sar
shown in table 1.

Table i. Soil specimens data,

Siit- Soi)
Spe— Depth Gravel Sand Clay w Yg Ty
cimen (m) (Z)  (£) (%) (%) (KymS)e { U
51 i2,8-13.2 2 36 62 19.0 17.06 052 ML
s2 19.5-20.1 O TO 30 17.0 17.16 0.51 SH
83 9.0- 9.8 O 26 T4 32.0 14.5% .82 ML
S4 11.3-11,9 ¢© 37 63 34,0 14,12 0,90 ML
85 18.8-19.4 ¢ S R 26.5 15.59 0. 72 SH
S6A 21.3-21.9 0 / 58 42 26,0 16,18 0.66 SH
86B~-R 21.3-21.9 O 58 4z 26.7 15,98 0.68 SH
S6C-R 21.3-21.9 © 58 42 28.0 15.29 Q.73 SM
ST 11,9-12.5 0O 40 - - BT - 20.517.45 - 0.53 M.~
88 14.0-14.3 O 58 42 30.0 15.20 Q.77 SHM
59 14,3-14,5 © 58 42 19.0 17.3% 0.55 SH
RC: Resonant colum test CS: Cyclic simple shear test LI

U ! Undisturbed specimen R ¢ Remoulded specimen

4 LABORATORY DYNAMIC SOIL PROPERTIES

In low amplitude strain condition (0.0001% ) the dynamic soil m
are not affected by the straln amplitude and they are defims
low amplitude dynamic propertles (G and Dg ).

The low amplitude dynamic properties of the tested soll,
by the resonant colum method at cne day of confinement, are
table 2 and in flg. ia.
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Table 2. Low anmplitude dynamic properties (t= lday, ¥=0.000i4 ).

Shear Modulus GO (MPa } Material Danmping DO (4}
Specimen at op (MPa) at oy {(¥ra)
0,05 0.10 0.20 0.40 0.05 0.10 0.20 0.40
81 42.0 95,1 122.6 1556.4 3.0 2.0 2.0 2.5
s2 465. 6 60.3 85.9 135.1 3.0 2.6 3.3
83 52.5 78.8 105.1 15Q.0 2.0 20 2.3 2.1
;oS4 32.0
i 88 48,0
SHA 61.6 84,7 121.6 182.0 2.2 2.4 1.7 i.0
S6B-R 42. ¢ 64.0 95.0 152.0 1.6 1.4 1.4 1.1
. 57 66.1 101.9 1356.1 477.8
S8 40,5 2.0
59 82.8

- R : Remoulded specimen

\U) The low amplitude shear modulus (Gp) 1s increased with the confining
pressure; the low amplitude materilal damping (Dg) 1is slightly
decreasing when the confining pressure is increasing (£fig. 1a). There
ls a fluctuation in variation of Gp values with void ratio {(¢) at
different values of the confining pressure (og) This fluctuation is
affected by any possible distwbance of the samples during sanpling or
iranspertation and during testing pericd by any variation in voltage
which influences the drive and conirol systems of the apparatus.

In high amplitude strain condition, the dynamic soil properties are
mainly affected by the sirain amplitude and they are defined as the
high anmplitude dynami¢ properties (G and D), The high anpliitude dynamic
properties of the tested soil are shown in fig, 1b in terms of
normalized shear modulus (G/Gg) and normallzed material damping (D/Dy )
vs normalized strain amplitude (yAogh

The normalized shear modulus (G/Gg) at the same confining pressure
(oo) is decreased with increasing strain amplitude (Y ); the normalized
material damping (D/Dy) 1s increased with strain amplitude. The
normalized shear mxiulus (G/Gp) at the same strain amplitude is
increased with confining rpressure (fig. 2a).

The strain anplitude (y) is normalized according to Shibata and
Iwasaki (1981), by deviding the strain amplitude ( ¥y ) with the square
root of the confining pressure (Jco . On this normalization, the

normalized shear modulus (G/Gp) depends only on the strain amplitude

© yfig. 2b)

- ) The results of the shear modulus (G) and the strain anpliitude (y) of
the c¢yclic sinple shear itests are normalized in order to corpare them
with the results of the resonant colwm tests.

The confining pressure (co) during the cyclic sinmple shear tests is:

(1) Og= ———————————— .

wnére oy ls the vertical pressure applied to the specimen and K, 1s the
coefficient of earth pressure at rest. Assuming that K; is equal to
0.5, the strain amplitude of cycllic simple shear tests are normalized.
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' Figure 3. Dynamic soll properties of the undlsturbed (U) and remoulded
(R) specimens; comparison between the results of resonant columm (RCT)
ard cyelic simple shear (CSST) tests.

The low amplitude shear modulus (Gg) of the cyclic simple shear tests
is computed with the division of the shear medulus G by the normalized
shear modulus (G/Gpy) of the resonant colum test, There is a good
agreement Dbetween the measured resonant colum and computed cyclic
simple shear test results (£ig. 3 )

The low anplitude shear modulus (Go) of the wndisturbed specimen 1s
greater than the low amplitude shear modulus (Gg) of the remculded
specimen at the same confining pressure (og) The normalized shear
moduius (G/GO) of the undisturbed specimen is greater than the G/GO of
the remoilded specimen at the same normalized strain amplitude (YA gy N
The material damping of the remoulded specimen has similar values with
the undisturbed specimen (fig. 3 )

5 ESTIMATION OF THE LCW AMFLITUDE DYNAMIC SOIL PROPERTIES

)'.Ihe low amplitude shear modulus {Gy) of a soil is mainly affected by
- -“the c¢onfining pressure and the density of the so0il. Seed and Ydrilss
( 1970 ) have been proposed that the influence of the density in terms of
relative density or void ratic could be simply described by the
coefficient Ka,n'ax and the Gg could be estimated by the relationship:
(2) Gp = 1000 Kp yay (99 )% 5,

where Go and g are in psf. The above relationship in SI is:

(3) Go = 6.9 Ko, max (90)°%,
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where Ggo &Kl 0g are in MpPa,

The laboratory GO results of the tested soll were used for th
of the variation of the coefficient Ka,mx with void rati
regration analysls of the coefficient Ka’ maxe 4 empirical rela
for estimating the coefficlent Kam 1s proposed:

(4) Ko max = 51 (1 - 0.43 ¢).

Consequently, the Ilow amplitude shear modulus (Gj) in MPa
estimated from the confining pressure (Jp) In MPa and the vol
{(e) by the following empirical relaticnship:

(5) Go= 345 (1 ~ 0.43 e) (05 )° 5.

Seed and Idriss {1970) and Seed et al { 1986 ) have been conclwy
the in-situ coefficient Ka max for sand 1s varied from 30 fo
sand to T56 for dense sand. The above researhers have been ¢
that there is a good agreement between the in-situ and the la
coefficlent K, 2, max results for sand., The variation of the coe

, max’ determined in the laboratory, with the vold ratio is f£D
from 34 to 7O when vold ratio varies from 0.90 to 0.40.

The results o¢f the present research concludes that the coe
Ky max for silty sand and sandy 311t is varied from 31 to 42 wh
ratio varies from 0.90 to 0.40. The low amplitude shear modulus
the silty soils 1s lower than the Gy of the sandy solls
variation from 10 7 in loose condition to 40 ¥ in dense conditi

The low amplitude shear modulus (GO) that have been determine:
resonant colum method in siity soils by Shen et al (4985) Wa
(1984} and StoKoe et al (1980), were correlated with the esti
by the empirical relationship that is proposed by this research
results were also correlated with the estimated Gy by &
relationships. The above empirical relationships have been prop
all the types of soil by Hardin (1978) and for sandy soils by
and TatsuoKa ( 1977 ), Shibata et al (1970) and Seed and Idriss {

The present research proposes a relationship which e
satisfactorilly the laboratory Gy of =11ty solls (fig. 4) Ty
good agreement hetween the results of the other studied a
relationships, but all of them overestimate the laboratory Gg T
soils,

The low amplitude material damping (Dg) of the tested s
correlated with the Dy results that have been determine
resonant columm method in silty solls by Shen et al (1985}, St
al (1980) and Haupt (1987 ). There is a good agreement between
amelitude material damping (Do) of the tested so0ll ard the res
the above Investigations (fig. ) The low amplitude material
is slightly decreased with increasing the confining pressum
variation of Dy 1is not signifficant. The Dy could be consl
constant with an approximated value equal to 2.0 Z.

6 ESTTMATION OF THE HIGH AMPLITUDE DYNAMIC SOIL PROFERTIES

The normalized shear modulus (G/GO) vs NGO of the tested so0
correlated with the G&/Ggp results that have been determine
resonant colum method in silty so0ils by Shen et al (1985) and
et al (1980} The above G/GO results were also correlated
estimated by the enpirical relationships that have been propo.
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Figure 4. Use of the proposed empirical relationship (5) to predict
the Gy of similar investigations; correlation with similar relation-
ships mproposed by (1) Hardin (1978), (2) Iwasaki and Tatsucka { 1977 ),
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Figure 5. Variation in Dy with ¢ correlation between the results of
(1} this research and results of similar investigations. Data from (2)
Shen et al (1985), (3) Stokoe et al (1980) and {4 ) Haupt { 1987 ).
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anday s0lls by Iwasakl and Tatsuoka (1977} and Shibata and
(1975} and with the normalized medium curve of sand that
Idriss (1970 ) have been recamended. There is a good agreement
the normalized shear modulus (G/Gp ) of the present researd
results of the above investigations (fig. 6).

The normalized material damping (D/Dp) vs WOy of the tes
were correlated with the D/Dqg results that have been determin
resonant colurm method in silty soils by Shen et al (1985) 8
al (1980) and Haupt { 1987 )} The above D/Dp resulis were also ¢
with the normalized medium curve for sand that Seed and Idris
have been recomended. There is a good agreement between the n
material damping (D/Dy) of the present research and the resuit
above investigations (fig. 6).

The normalized dynamic properties G/Gy and D/Dg for-silty so
be estimated from curves and proposed empirical relationships
solls.

0.8

Qg

~ 0.6

@
- N

wad o1 BN
- +2a x N\ o™

A4 N \

B / /

10 A

D/D,
n
|
AN
o N
N,
[
AN
[~
A

06,0001 0.001 0.01 0.1 1.0

V’/\f;ﬂ (%) /vaFs )
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(1) the results of this research and results of similar invest:
Data from (2) Shen et al (1985), (3) Stokee et al (1980) and (
(1987 ); empirical relationships proposed by (a) Shibata and
(1975) and (b) Iwasaki and Tatsuocka (1977)% (c) medium n¢
curves for sand reccomanded by Seed and Idriss ( 1970).

198



a -

“

T SUMMARY AND CONCLUSIONS

Tne main factors that influence the dynamic soll properties of the
8ilty solils were investigated in the laboratory by the resonant colum
and the cyclic sinmple shear methods. Variation in shear modulus and
material danmping with magnitude of confining pressure and with strain
anplitude were studied. The results of the resonant colum tests were
compared with the results of the cyclic simple shear tests. Variation
in the coefficient Ka.max with void ratlo was studled. Using regration
analysis, an empirical relationship for estimation of the coefficient
Ka,max 1s proposed. An enmpirical relationship for estimation of the low
amplitude shear modulus from the confining pressure and the vold ratlio
of silty soils is also proposed. The results of this research were
correlated with results of similar studies in silty soils and with
results estimated by related empirical relationships. The conclusions
of this investigation are as follows,

The variation of dynamic soil properties with confining pressure and
strain amplitude is as expected. The low amplitude shear modulus (Gp)
1s increased with confining pressure (og), the material damping (Dg) is
slightly decreased. The high amplitude shear moduwlus (G) and the

“aterial damping (D) are satisfactorilly normalized in terms of G/Gy

D/Do vs ¥ o The normalized shear modulus G/Go of the undisturbed
specimen 1s greater than the normalized shear modulus (G/Gg) of the
remnoulded specimen in the same normalized strain amplitude.

The normalization of the results of the c¢yclic sinple shear test
roved very effective. By this procedure, the comparison between the
results of the rescnant column and the cyclic simple shear tests 1is
possible. There 1s a good agreement between the measured Gy by the
resonant colum test and the computed Gy of the cyclic simple shear
tests.

The estimation of the low amplitude shear modulus (Go) by the
coefficient KE,max is proved an effective method for evaluation of G
The laboratory coefficient Ka.max for silty soils is lower than the
coefficient KE, mx for sand, The emplirical relationship moposed Ly
this research estimates satisfactorilly the iaboratory Gy of silt, In
relation with other proposed empirical relationships which overestimate
the GO of silt. The low anpllitude material damping (DO) of 211ty solls
could be considered constant, wiith an approximated value equal to 24.

The related empirical relationships and the curves of a similar
research  for sand estimate satisfactorilly the normalized high
amplitude dynamic properties of silty solls.

The empirical relationships contribute to the prediction of the
dynamic¢ soil properties, but thelr application, without performing

claboratory or/and In situ tests, 1s not sufficient for the accurate

)stmation of the dynamic so0il responce. Laboratory tests must be

pertormed in sufficlent undisturbed specimens in order to predict a

credible estimatlion of the dynamic soil properties,
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