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MobpuLl AND DAMPING FACTORS FOR DYNAMIC )
ANALYSES OF COHESIONLESS SOILS™

By H. Bolton Seed,' F. ASCE, Robert T. Wong,” M. ASCE,
1. M. Idriss,> M. ASCE, and K. Tokimatsu®

ABsTRACT: Data are presented concerning the shear modulus and damping ra-
tios of sands and gravelly soils as determined by laboratory and field tests. A
simple relationship is proposed tq relate Yhe shear modulus of a cohesionless
soil to a modulus stiffness coefficient, 'which is a soil property and depends on

the characteristics of the soil, and the effective mean principal stress at any
point in the scil. Values for the modulus coefficient at low strains are sug-
gested, and it is shown that these values for sands can be estimated from the
standard penetration resistance of the sand. Values for gravels are generally
greater than those for sands by factors ranging from 1.35-2.5. Suggestions are
also made for determining the variation of shear modulus with shear strain and
the damping ratios for both sandy and gravelly soils.

INTRODUCTION

Much progress has been made in recent years in the development of
analytical procedures for evaluating the response of soil deposits and
earth structures under seismic loading conditions. Successful application
of such procedures for determining ground response in specific cases,
however, is essentially dependent on the incorporation of representative
soil properties in the analyses. Thus considerable effort has also been
directed toward the determination of soil properties for use in these an-
alytical procedures.

In cases of ground response involving no residual soil displacements,
the response is determined mainly by the shear modulus and damping
characteristics of the soil under reasonably symmetrical cyclic loading
conditions. In such cases analyses are often made using the equivalent-
linear analysis method in which the moduli and damping factors used
in the analysis are_compatible with the strains developed in the soil de-
posit or earth structure. Because most soils have curyilinear stress-strain
relationships as shown in Fig. 1, the shear modulus is usually expressed
as the secant modulus determined by the extreme points on the hys-
teresis loop, while the damping factor is proportional to the area inside
the hysteresis loop. It is readily apparent that each of these properties
will depend on the amplitude of the strain for which the hysteresis loop
is determined (see Tig. 1), and thus_both shear moduli and damping
factors must be determined as functions of the induced strain in a soil
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FIG. 1.—Hysteretic Stress-Strain Relationships at Different Strain Amplitudes

The purpose of this paper is to review available information on the
dynamic shear moduli and damping factors for sands under loading con-
ditions similar to those shown in Fig. 1, to present new data on similar
properties for gravels, and to present the results in a form that will pro-
vide a useful guide in the selection of soil characteristics for analysis
purposes.

PRrevious STUDIES OF MobDuLl FOR SANDS

Hardin and Drnevich (1972), Krizek (1974), and Kuribayashi et al. (1974)
have shown clearly that modulus values for sands are strongly influ-
enced by three main factors: (1) The_confining pressures; (2) the strain
amplitude; and (3) the void ratio (or relative density). Thus for practical
purposes, a convenient relationship between the shear modulus and the
confining pressure is provided by the simplified equation (Seed and Id-
riss, 1970) o <

G = 1,000K, (00 2 o (1)

in psf units, so that the influence of void | ratio and s_g«z_xiwn_z;ypprli‘tude can
be expressed through their influence on the soil modulus coefficient, K; .
For any sand, this coefficient has a maximum value, (K;)may , at very low
strains of the order 0f{10’4%1Va1ues of (K,)max determined by laboratory
“tests have been found to vary from about 30 for loose sands to about 75
for dense sands.

Many investigators (Weissman and Hart, 1961; Richart et al., 1962;
Drnevich et al., 1966; Silver and Seed, 1969; Hardin and Drnevich, 1972;
Seed and Idriss, 1970; Shibata and Soelarno, 1975; Iwasaki et al., 1976;
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Kokusho, 1980; Prakash and Puri, 1981; Sherif and Ishibashi, 1977; Edil
and Luh, 1978; and others) have studied the relationship between shear
modulus (or the shear modulus coefficient, K;) and shear strain ampli-
tude. Most of these studies have shown that when test data are plotted
to show the variation with shear strain of the ratio of shear modulus at

strain +y to shear modulus at a shear strain of 107 % the results fall within
the relatively narrow band shown in Fig. 2. Thus a close approximation
to the modulus versus shear strain relationship for mzm.mm:m can be ob-
tained by determining the modulus at a very low strain level, e.g. wave
_propagation methods in the field, and then reducing this value for other

__strain levels in accordance with the results indicated by the average
(dashed) line in Fig. 2.

The studies by Prakash and Puri (1981) using in-situ tests, indicate that
for silty sands the modulus attenuation curve may be slightly flatter than
that shown in Fig. 2, but the difference is relatively small.

It should also be noted that the studies by Hardin and Drnevich and
the experimental results of Shibata and Soelarno (1975) and Iwasaki et
al. (1976) show that the modulus attentuation curve for sands is influ-
enced slightly by the confining pressure. The experimental results of
Iwasaki et al. are shown in Fig. 3. Thus where more refined analyses
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are required, it may be more appropriate to use a family of curves Mamwn
to those shown in Fig. 3 to evaluate the response of sand deposits.

COMPARISON OF VALUES OF (K;)max FOR SANDS DETERMINED
8y LABORATORY AND FiELD TESTS

As noted above, values of the modulus coefficient (K;)max based on
laboratory tests generally range from about 30-75. The results of a num-
ber of determinations of shear moduli for sands at very low strain levels
by means of in-situ shear wave velocity measurements are summarized
in Table 1; the six investigations for dense to extremely dense sands
(excluding clayey and partly cemented sands) give values for (K;)max
ranging from 44-86. Thus there appears to be good general agreement
between the results of laboratory and in-situ investigations.

Further evidence of this result is provided by studies by Ohta and
Goto (1976). On the basis of numerous shear wave velocities measured
in the field, these investigators presented the following equation:

em mav n@ozwscpxsvxmxm..:...:...:...::.....:.... @
8

where N; = SPT N-value as measured in Japanese practice; D = depth
of soil below ground surface; F; = a factor, depending on the nature of

TABLE 1.—Shear Moduii® of Sands Based on In-Situ Shear Wave Velocity Mea-
surements

Soil Location Depth (ft) K,
M 2 (3) )
Loose moist sand Minnesota 10 34
Dense dry sand Washington 10 44
Dense saturated sand So. California 50 58
Dense saturated sand Georgia 200 60
Dense saturated silty sand Georgia 60 65
Dense saturated sand So. California 300 72
Extremely dense silty sand So. California 125 86
Dense dry sand (slightly
cemented) Washington 65 166
Moist clayey sand Georgia 30 119

*Shear modulus, G = 1,000K,(o,,)"? psf.

TABLE 2.—F, Factors for Various Soil Types

Soil type Factor F;
(1) (2

Clay 1.0

Fine sand 1.09
Medium sand 1.07
Coarse sand 1.14
Sandy gravel 1.15
Gravel 1.45
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the soi .
&mﬂ MM__"_m\ MMMHM,W a <M_cﬁm oma 1 for alluvial deposits and 1.3 for diluvial
; =a i .
deposits; a 2 actor, depending on the nature of the soil as shown
Th
mco:ﬂw MAN MMMANW and sandy gravel deposits, the average value of F, is
Yhs : ool vw awMMWme <NEM wm F, is close to 1.1 so that the vnoa_cg
ally close to 1.25. Converting the i

and U.S. practice in the measurement of N <m_Mmm\ mm.mw_wwmwmwmm MVEG

v, = 220N %7 D2 fps

where Ng = N-value measured i

: n SPT test delivering 60%

Oawﬂmwwm%mmw_ mﬂdmw.%% to the drill rods; and D = am%r Wmemwm_ ﬁmmmwwm-
. , due to the small power of N; in the original i :

difference in SPT N-values can be Smmwmnmmm for all Wmnﬁnﬂ%ﬂhwﬂmmﬁwm

Since Guax = Y V.
ST )

Eq. 3 provides a correlation between G, and SPT N-value, based
, on

field test data as foll i =
i K. 4 leadds 1o ows. Assuming y = 120 pcf, substitution of Eq. 3

Gunax = 180 X 10° - N3 - D™ psf
If the water table is at a relatively shallow depth below the ground sur

face, the effective stress at d
proximately by at depths below 10 ft may be expressed ap-

og=62.5Dpst ..............
................................... 6
) ; (6)
us D=—— ...
T S LR LR R R T PR R LR LR LRTRTRTRRRRES )
Substituting Eq. 7 into Eq. 5 leads to
Gumax = 35 X 1,000N ¢ (a¢)** psf . . .
=35 XL 000N ()T PSE. 8
Noting that N = N;/Cy leads to ?
Grmax = oo (2
35 x H\OOOAZH vmo mmcu» mumm ............................... AQV

It can readily be shown that wi i
Srason a0 6000 wet at with a high degree of accuracy for effective

TABLE 3.—Values of (K;)..... for Varlous N, Values

(N1)so
A 1 v ANMva:mx
5
8 34
10 40
18 43
28 Mw
44
71
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AQ.. vo.» ,

nwz e QTS oo (10)
and thus, Eq. 9 may be rewritten as

Giom = 16.5 X 1,000(N:1 = S (11)

For normally consolidated deposits o, = 0.65c and thus

Guax = 1,000 X Q0N YR (O PSE v (12)
It may be noted that this equation has the same form as Eq. 1 provided

(K2)max = QONDY - eeevermmemmme s (13)

Values of (Kz2)max determined from Eq. 13 for N; values ranging from N,
= 5 (loose sands) to N, = 44 (very dense sands) are shown in Table 3.
These values for (Kz)max are in the same range as those discussed pre-
viously, providing further confirmation of the similarity in values of
(K3)max for laboratory and field determinations.

DampPING RATIOS FOR SANDS

Studies performed by Hardin and Drnevich (1972), Seed and Idriss
(1970), and others have shown that although such factors as grain size
characteristics, degree of saturation, void ratio, lateral earth pressure
coefficient, angle of internal friction, and number of stress cycles have
minor effects on the damping ratios for sands, the main factors affecting

the damping ratio are the ﬂm%ﬁhm<m@.5&ﬁnm@ Wbﬁrmmmzamsaﬁrmmm-
fective CORTINING pressure T which it 15 subjected. The influence of con-
Tning pressure, as de ermined by two studies, is shown in Figs. 4 and
5. For m.ﬂmm,mcnmﬁmw\.m han about 500 psf, the effect of pressure changes
may be significant, but excluding these very low presstirés, which rep-

resent conditions in the top few 4,Mmeommo=m\_%mmmmnﬁ om<wawﬂo:m5
pressure is very small compared with the effect of shear strain. An av-
erage damping ratio versus shear strain relationship determined for an
‘effective vertical stress of 2,000-3,000 psf would appear to be adequate
for many practical purposes. Considering the potential’ scatter'of test
data for damping ratios (see Fig. 6), even those obtained by the same
investigator using the same test procedure, the adoption of such an av-
erage relationship may be m<mﬁ.‘u~oﬁwﬁu\cmmmma.

Approximate upper and lower bound relationships between damping
ratio and shear strain are shown by the dashed lines in Fig. 6 and a
representative average relationship for all of the test data is shown by
the solid line. This average relationship is likely to provide values of
damping ratio with sufficient accuracy for many practical purposes.

The curves in Fig. 6 also provide a basis for evaluating the relationship
between damping ratio and strain for particuiar sands for which limited
test data is available. If the value of damping ratio at a strain level of
0.1-0.5% is determined, the probable damping ratios at other strains can
be closely approximated by drawing a line through the known data point

parallel to the curves shown in Fig. 6.
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SHEAR Mopuit AND DAMPING RATIOS FOR GRAVELLY SOILS

Probably because of the large diameter of test specimens required (about
12 in.), there have been virtually no laboratory studies of the shear mod-
uli and damping ratios for gravelly soils. It has long been recognized,
however, that shear wave velocities are significantly higher in gravels
than in sands, indicating that the modulus coefficient K, will also be
higher. The results of several modulus determinations for gravelly soils,
based on in-situ shear wave velocity measurements, are summarized in
Table 4, from which it may be seen that at small strain levels, modulus
values are between 1.25 and 2.5 times greater for gravelly soils than for
dense sands.

To supplement the meager data available concerning the shear mod-
ulus-strain relationship for gravelly soils, a comprehensive series of tests
was performed on 12-in. diameter samples of several different types of
gravel in the University of California Rockfill Testing Facility. Tests were
performed on isotropically-consolidated samples of gravelly soils under
undrained cyclic loading conditions.

Materials Tested.—The soils tested included 1-1 /2-3/4 in. uniformly
graded Oroville gravel, well-graded Oroville gravel, well-graded Pyra-
mid gravel, well-graded gravel prepared from Venado sandstone, and
the Livermore natural gravel deposit. The gradations of the field mate-
rials and the modeled gradations used in the test program are shown
in Fig. 7.

The Oroville gravel was prepared from the shell material used for the
Oroville Dam. The material was well-rounded, while the fine particles
were subrounded to subangular. The particles (which were mostly am-
phibolite) were hard and it was very difficult, almost impossible, to break
the medium gravel-size particles with a hammer. The specific gravity for
the portion of the materials larger than 1/4 in. in size was about 2.94,
and that for the portion of the materials finer than 1/4 in. was about
2.86, indicating a change of mineralogy with size.

The Pyramid Dam material is the rockfill material for the shell section
of the Pyramid Dam in Southern California. The rockfill material was
produced by quarry blasting, and the individual particles, composed of
argillite, were very angular in shape. The individual rock particles could

TABLE 4.—Shear Moduli* of Gravelly Soils Based on In-Situ Shear Wave Velocity
Measurements

Domping Ratio - percent
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FIG. 6.—Damping Ratios for Sands
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Soil Location Depth (ft) K,
) 2 3) (4)
Sand, gravel, and cobbles
with little clay Caracas 200 90
Dense sand and gravel Washington 150 122
Sand, gravel and cobbles
with little clay Caracas 255 123
Dense sand and sandy Southern 175 188
gravel California

*Shear modulus G = 1,000K,(a;,)"? psf.
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vmﬂﬂao_@m: mMﬁo several pieces with a hammer.
e Venado sandstone was obtained from a medium to thick-
Nm_wmmﬁo:m in the Upper Cretaceous Venado formation mMMMMM% mmnmumhﬂ
L 00 m.n down-stream from Sites damsite in California. After blastin
arge pieces of unweathered sandstone, up to 3 ft minimum &Em:mmom\
were mm_mnwm.& for crushing. These large pieces of sandstone were m:mH
BmQ.EB grained, well-cemented, and light gray in color. The individual
particles after crushing were very angular and comparatively weak
that they could be broken into several pieces and powder SWT a ha o
mer. The material was much softer than the Oroville Dam material QM
a M.M_m Mommw than the Pyramid Dam material. e
ie Livermore natural gravel deposit was obtained fr i
of C<m35.ozw Valley, one mile east of Pleasanton, 35 Mﬁmw?mmﬂmwﬁm W_Mw:
_msm\ California. There was little variation in gradation in the de Om:-
which averaged about 56% gravel, 36% sand, and 8% clay and silt Mwocm
98% of the gravel was minus 3 in. There was some deficiency om.wo and
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TABLE 5.—Specific Gravities and Maximum and Minimum Void Ratios of Soils
Tested

Name Size Specific gravity | €max onin

(1) ) (3) 4) (5)

Oroville Dam material 1-1/2 in. to 3/4 in. 2.94 0.81 | 0.52
Oroville Dam material 2 in. to -No. 200 2.90 0.46 | 0.176
Pyramid Dam material 2 in. to -No. 200 2.62 0.737 { 0.366
Venado sandstone 2 in. to -No. 200 2.74 0.923 | 0.435
Livermore natural deposit |2 in. to -No. 200 2.65 0.455 | 0.166

50-mesh material. The individual particles were well-rounded to rounded,
relatively hard and they were very difficult or almost impossible to break
with a hammer.

A more detailed description of the materials has been presented by
Marachi, Chan, Seed, and Duncan (1969). The specific gravities and
maximum and minimum void ratios of the various soils tested are given
in Table 5. The method of determination of relative densities is described
by Wong, Seed, and Chan (1974).

Method of Testing.—In this investigation the shear moduli and
damping characteristics of the soils were determined from the hysteretic
stress-strain relationships determined by cyclic undrained triaxial tests.
For each loading cycle, a hysteresis loop was plotted. The equivalent

modulus was obtained from the secant mo , which represented the .
nt damping ratio, A, at shear

average modulus of the loop. Hrm\mmmwmw_ nt damping 1
strain y was determined from the area-ins %M.m the hysteresis loop using

standard ?Onm&cummeﬁmm@& and Idriss, 1970). Since the hysteresis loops

st TN

ate a function of the maximum strain applied, both the equivalent mod-
ulus and the equivalent damping ratio are strain-dependent. From the
values of shear modulus determined in this way, values of the modulus
coetficient K, were evaluated.

Since K; is independent of the confining pressure, tests were con-
ducted to determine the influence of strain amplitude and relative den-
sity on the K, parameter for several types of gravelly materials. Speci-
mens of different densities for each material were prepared and
consolidated under an initial effective confining stress of 2 kg/ cm’. Each
specimen was then subjected to a very small axial strain amplitude (on
the order of +0.0003%) for six cycles without drainage. The pore water
pressure, which built up slightly during the application of the strain cycles,
was released after the sixth cycle. Some time was allowed for the sample
to reach an equilibrium state before another six strain cycles of about
twice the original amplitude was applied. This was continued until an
axial strain amplitude of £0.2% was reached.

The volume of a specimen decreased when the pore pressure was re-
leased by opening the drainage valve and thus the sample became a little
denser. The change in volume depended on the axial strain amplitude
and the number of strain cycles applied. It was found that the amount
of change in density was negligible for small strain amplitudes and was
still very small even for strain amplitudes up to +0.2% if the number of
strain cycles was limited. However, the value of K, was much less af-
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fected by density for higher strain amplitudes. It is therefore believed

that the re-use of samples for higher strain amplitudes still gives rea-.

sonably good results if the number of strain cycles applied is limited. In
order to investigate this more fully, however, a few samples were sub-
jected directly to high strain amplitudes after consolidation. Both their
moduli and damping values were found to be very close to those ob-
tained from samples which were previously subjected to smaller strain
cycles.

It was also observed that both G and ¢/, varied to some extent with
increasing number of cycles for each strain amplitude. For comparison
purposes, it was considered that the most appropriate values of K, were
computed for the initial effective confining stress o;,, and the shear
modulus G, at the fifth cycle, since this was considered to be a repre-
sentative average for many earthquakes.

Test Results for Well-Graded Gravels.—Test data for samples of well-
graded Oroville Dam material, prepared af different relative densities,
are shown in Fig. 8. It may be noted that: (1) The value of K, decreases
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markedly as the cyclic shear mq&sH m:numwmmwmnm:a (2) the value of K;
incr ith an increase in the relative density.

EMMMMMMW MMmMm were performed for the gravels prepared from »TM HJEH-
amid Dam material and from the Venado mmza&o:m. The measure ,Mmm
ues of K, are shown in Figs. 9 and 10, respectively. It should be zo%nH
that the Pyramid Dam material and Em. Venado mm:.amﬁozm %\mmm ﬁmm%a !
using the same gradation as shown in Fig. 7(b). As &mncmmw a OM@" the
Pyramid Dam material is somewhat stronger than the Vena o.mwsm.m .
and this is reflected by the higher values of K; for this material. .:._m. y
the values of K, for the well-graded Livermore gravel are shown in Fig.
:,.Hrm values of K, for the four types of Bmﬁmﬁmr.ﬁommﬁrma with Qﬂﬁm_
values for sands (see Fig. 2), are summarized in Fig. 12 for gravels hav-
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FIG. 12.—Comparison ot Shear Moduli for Gravelly Soils and Sands at D, = 75%
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FIG. 13.—Comparison of Shear Moduli for Gravelly Soils and Sands at D, = 95%
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ing a relative density of about 75% and in Fig. 13 for gravels at about
95% relative density. It was found that the Oroville Dam gravel was the
stiffest of those tested. Values of K, for this gravel were about twice the
average value for sands. However, values of K, for both the Venado
sandstone gravel and Livermore natural deposit were found to be very
close to those for sands. The K, values for the Pyramid Dam material
were located between those for the Oroville Dam material and those for
sands.

It is interesting to note that the values of (K3 )max for these four different
gravels range from about 75-135 depending on the relative density of
the soil and the hardness of the particles. The lower bound of these
values is significantly lower than that for the field tests shown in Table
5 and could have been attributed to the soft particles of Venado sand-
stone were it not for the generally similar values determined for the Liv-
ermore natural gravel. On the whole it would appear that values of
(K2)max for relatively dense well-graded gravels are likely to range from
about 80-180, compared with a range of about 55-80 for sands. How-
ever, modulus attenuation with strain for such gravels is quite similar
to that for sands, as illustrated by the normalized modulus versus strain
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for the gravel test data shown in Fig. 14. It may be seen that the
wwwcwcm m#%:mﬁo: curves in the figure are slightly flatter than those
for sands shown in Fig. 2. .

It is interesting to note that the resuits of tests on c:;olav\ graded
Oroville gravel with particles in the size range 3/4-1-1 /2 in. showed
modulus values only about 10% lower than those for Sml_w-mnmamm Oro-
ville gravel at low shear strain levels (less than about H.o %) and even
smaller differences at strain levels above 107%. Gradation does not ap-
pear to be a significant factor determining the shear .Bomc_cm of gravels
if this result can be considered to be generally indicative of oz:mw gravels.

Equivalent Damping Ratios for im__-on»m.nm Ou»wm:% mo-—m.lﬂ.rm
hysteresis loops at the fifth cycle for each strain mBﬁ.:Eam\ ?.OB which
the moduli of the materials were determined in previous mmn.cosm\ were
also used to evaluate the equivalent damping ratios of "rm.m_mmnmsﬁ ma-
terials. Measured values for all materials at a relative density of 80% are

24 ﬁ
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FIG. 16.—Effect of Relative Density on the Damping Ratio versus Strain Rela-
tionship for Gravelly Solls
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FIG. 17.—Comparison of Damping Ratios for Gravelly Soils and Sands
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shown in Fig. 15, from which it would appear that variations with type
of material are small. P
.> careful study of the test data showed that for the well-graded Oro-
ville Bmﬁmﬁmr the Pyramid material, and the Livermore sand and gravel
the QmBﬁ.Sm ratios were somewhat higher at the higher densities. mmbnm\
the damping ratio indicates the amount of energy dissipated during each

s o 40 TR S

nv\n_.m\#Bmmr:umwmxﬁmn*maﬁrm&mwwmmBmﬁmam_ios_m&mm%mﬂmgoa
energy and, .@Em\ have a me(rmn damping ratio than loose materials.
However, this phenomenon was not clearly evident for the Venado
Mmmmmmﬁo:m whose damping ratios fell within a small band for all densi-

In order to better explore the effect of mem:%. on the damping ratios
.om the m.oﬁ types of material, Fig. 16 was plotted to show average damp-
ing ratios for the four different materials at relative densities of approx-
wEmﬁm_% 100%, 80%, and 65%. The influence of relative density on damp-
ing ratio is clearly apparent in these data. P

The m@ﬁ.?&ma damping ratios for the uniformly graded Oroville
1-1/2-3/4 in. material were found to be very similar to those determined
for the well-graded Oroville material, suggesting that there is no signif-
icant effect of gradation on the equivalent damping ratios. ®

As .mo~ ﬁrm. moduli determination, it was found that the equivalent
damping ratio was not significantly affected by the number of cycles at
very mBm.: strain amplitudes. However it decreased to approximately
3/4 its original value after 60 cycles at an axial strain amplitude of +0.2%
were imposed. It should be noted that the equivalent damping Smo.m at
the fifth cycle were used in the previous comparison, since this was con-

_sidered to be a representative average for most earthquakes.

CompPARISON OF EQUIVALENT DAMPING RATIOS OF GRAVELS
AND GRAVELLY SoiLs WITH VALUES FOR SANDS

The relationship between shear strain and equivalent damping ratio
for sands, using data from a variety of sources, is shown in Fig. 6. Mea-
mEmQ. values of damping ratio determined in all tests on the four m.BS&m
used in this investigation are shown in Fig. 17, where they are also com-
pared with the range of values for sands shown in Fig. 6. It would ap-

pear from these results that damping ratios for gravels are imi
to those for sands. s & very similar

CONCLUSIONS

Based on the studies described in th i i
qased on e preceding pages it may be con-

L. For most practical purposes, the dynamic shear moduli of granular
mm_.ﬂm (sands and gravels) can conveniently be expressed by the relation-
shi

{

Quﬁooo..xw.ﬁq,\zvi
in psf units where o, = the effective mean principle stress (in psf); and

K, ="a shear Boaﬁﬂmmrmwm.mm&mm@.Sznr is mainly a function of the grain

A it

o el o % N Né.f., y !
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m.w.m.m‘ of the soil particles, the relative &msmww\ of the soil, and the shear
_strain developed in the soil. Other characteristics have minor effects on
the results and are not usually significant for most practical purposes.
2. A useful guide to the determination of appropriate values of K, for
use in the above equation is the relationship expressed by Eq. 13

QAnvme = NOAZH Mx\uu

e o AT

P

3. Values of the modulus coefficient K, for gravels are generally greater

e s R bt o e S i or e

than those for sands by factors ranging from about 1.35-2.5,

i s i s TR o o i

' 4. The form of the yariation of effective BomEcm with strain shown

b ety e kDA

.in Fig. 2 is generally representative of most sands, but the curve for
gravels may well be a little flatter than that for sands.
5 "Since the modulus attenuation curve for most cohesionless soils is
about the same, the shear moduli for any given soil are generally_char-

A e

acterized by the modulus coefficient measured at low strains, (K2 )max for

e

" “that soil. Values of (Kz)max for sands are geperally in the range of 30 for

me loos€ysands to w@o:FNM for{very dense san Values of (K; “awx for
rélatively dense gravels are generally in the range of about 80180

P i

6. Damping ratios moH@\m@ msﬁ are very similar, and repre-
sentative values are given by the cu shown in Figs. 6 and 17. _

5 Values of damping ratio for sands and gravels are only ,,mﬁmw‘mm‘\wm-

fected by density and not significantly dependent on the grain size of
the particles. ’

While the moduli and damping ratios for cohesionless soils are un-
doubtedly influenced to some extent by other factors than those dis-
cussed earlier (such as confining pressure, number of stress cycles, de-
gree of saturation, time effects, etc.), it is suggested that the use of the

RSP

modulus coefficient (K)max @8 discussed in_this paper, the modulus at-

R ind BRI, isé..

tenuation curve shown in Fig. 2, and the damping ratios shown in Figs.

Jrevhuverrutnn s SRS

B and 17 can provide d convenient basis for determining dynamic prop-

O ittt

erties for cohesionless soils which will be sufficiently accurate for many

practical purposes.

ACKNOWLEDGMENTS

The studies described in this report were sponsored by the National
Science Foundation under Grant No. CEE-8110734 for an “Investigation
of the Seismic Response and Field Performance of Prototype Earth Dams.”
The support of NSF is gratefully acknowledged.

APPENDIX.— REFERENCES

Arai, H., and Umehara, Y. (1966). :ngzo:oman%wwbawm%mﬂm.:ﬁwonmm&:mm\
Japan Earthquake Engineering Symposium, Tokyo, Japan.

Donovan, N. C. (1969). Research brief, Soil Dynamics Specialty Session, 7th In-
ternational Conference on Soil Mechanics and Foundation Engineering, Mexico
City, Mexico.

Dmevich, V. P., Hall, J. R., Jr., and Richart, F. E., Jr. (1966). “Large amplitude
vibration effects on the shear modulus of sand.” University of Michigan Report
to Waterways Experiment Station, Corps of Engineers, U.S. Army Contract

DA-22-079-eng-340, Oct., 1966.
1031




Edil, T. B., and Luh, G-F. (1978). “Dynamic modulus and damping relationships

for sands,” Proceedings ASCE Specialty Conference on Earthquake Engineering and

Soil Dynamics, Pasadena, Calif., June, 1978.

Hall, J. R., and Richart, F. E. (1963). “Effect of vibration amplitude on wave
velocities in granular materials.” Proceedings, 2nd Pan-American Conference on
Soil Mechanics and Foundation Engineering, Brazil.

Hardin, B. O. (1965). “The nature of damping in sands.” J. Soil Mech. and Found.
Div., ASCE, 91(1), 63-67.

Hardin, B. O., and Drnevich, V. P. (1972). “Shear modulus and damping in soils:
design equations and curves.” J. Soil Mech. and Found. Div., ASCE, 98(7), 667~
692.

Hardin, B. O., and Richart, F. E., Jr. (1963). “‘Elastic wave velocitie
soils.” ]. Soil Mech. and Found. Div., ASCE, 89(1), 33-65.

Iwasaki, T., Tatsuoka, F., and Takagi, Y. (1976). “Dynamic shear deformation
properties of sand for wide strain range.”” Report of Civ. Engrg. Inst., No. 1085,
Ministry of Construction, Tokyo, Japan.

Kishida, H., and Takano, A. (1970). “The damping in the dry sand.” Proceedings
of 3rd Japan Earthquake Engineering Symposium, Tokyo, Japan.

Kokusho, T. (1980). ““Cyclic triaxial test of dynamic soil properties for wide strain
range.” Soils and Foundations, Japanese Society of Soil Mechanics and Foun-
dation Engineering, 20(2).

Krizek, R. J., McLean, F. G., and Giger, M. W. (1974). “Effect of particle char-
acteristics on wave velocity,” J. Geotech. Engrg. Div., ASCE, 100(1), 89-94.
Kuribuyashi, E., Iwasaki, T., and Tatsuoka, F. (1974). “Effects of stress condi-
tions on dynamic properties of sands,” Bulletin Intl. of Seismology and Earthquake

Engineering, Vol. 12, Tokyo, Japan.

Marachi, N. D., Chan, C. K., Seed, H. B., and Duncan, J. M. (1969). “Strength
and deformation characteristics of rockfill materials,” Geotechnical Engineering
Laboratory Report No. TE 69-5, Univ. of California, Berkeley, Calif.

Matsushita, K., Kishida, H., and Kyo, K. (1967). “Experiments on damping of
sands,” Transactions, Summaries of Architectural Institute of Japan, Technical
Papers (Annual Meeting of AlJ, 1967), 166.

Ohta, Y., and Goto, N. (1976). ““Estimation of S-wave velocity in terms of char-
acteristic indices of soil,”” Butsuri-Tanko, 29(4), 34~41 (in Japanese).

Prakash, Shamsher, and Puri, V. K. (1981). “Dynamic properties of soils from
in-situ tests,” ]. Geotech. Engrg. Div., ASCE, 107(7), 943-964.

Richart, F. E., Jr., Hall, J. R., Jr., and Lysmer, ]. (1962). “Study of the propa-
gation and dissipation of ‘elastic’ wave energy in granular soils,” Univ. of Flor-
ida Report to Waterways Experiment Station, Corps of Engineers, U.S. Army,
Contract DA-22-070-eng-314.

Seed, H. B., and Idriss, I. M. (1970). “Soil moduli and damping factors for dy-

namic response analyses,” Report No. EERC 70-10, Earthquake Engineering Re-
search Center, Univ. of California, Berkeley, Calif.

Sherif, M. A., Ishibashi, 1., and Gaddah, A. H. (1977). “Dam
sands,” ]J. Geotech. Engrg. Div., ASCE, 103(7), 743-756.

Shibata, T., and Soelarno, D. S. (1975). “‘Stress-strain characteristics of sands un-
der cyclic loading,” Proceedings, Japanese Society of Civil Engineers, No. 239.

Silver, M. L., and Seed, H. B. (1969). “The behavior of sands under seismic
loading conditions,” Report No. EERC 69-16, Earthquake Engineering Research
Center, Univ. of California, Berkeley, Calif.

Weissman, G. F., and Hart, R. R. (1961). “The damping capacity of some gran-
ular soils,” ASTM Special Tech. Pub. No. 305, Symposium on Soil Dynamics,
45-54.

Wong, R. T., Seed, H. B., and Chan, C. K. (1974). “Liquefaction of gravelly soils
under cyclic loading conditions,’”’ Report No. EERC 74-11, Earthquake Engi-
neering Research Center, Univ. of California, Berkeley, Calif.

s in granular

ping ratio for dry

1032

QUIESCENT CONSOLIDATION OF PHOSPHATIC
WASTE CLAYS

By M. McVay," A. M. ASCE, F. Townsend,”? M. ASCE,
and D. Bloomquist,’ A. M. ASCE

ABSTRACT: A number of currently employed Ew?mawan& moﬂs:._m:onw Cm_MQ
in modeling one-dimensional quiescent n.OdmOb&mGOb of ﬁro&urﬂcn was Hm.D c : W
ponds are reviewed. It is shown z.—mo_.m:nwsz as well as through an mﬂxm mmrm.
that the excess pore water pressure, void ratio, and ground settlements o

models investigated are identical, with the only difference being _:vﬂrm mﬁmnwmﬁ””
of coordinate representation or dependent variables. ﬁoqm_waoM wﬁ”mwwnmmw_
trifuge prediction of a prototype pond and .EmoJ\ is presente <5Mr m reral
parameters obtained from the laboratory. It is oo.:n_:amm that even | mcmw [he
effective stress versus void ratio representation is mnnmvwwzm‘ wrM mm_ wm.mw al
“bratory techiiiques of finding void ratio verSus permeability are deficient.

INTRODUCTION

Phosphate is the primary source of ﬁrom%erm in inorganic MKWMWSM
with approximately 80% of the United States’ requirements an N b O
the world’s needs mined in the state of Florida. The matrix of the ex-
cavated material is typically composed of 1 \m.wro%rﬁmhu \w.%nmsﬁmm
materials (sand), and 1/3 clays (montmorillonite, attapulgite, i ;mm.w:w
kaolinite) (4). The beneficiation process n0:<m§m the matrix to a ilu mH
solution from which the phosphate is mEB.BmP the granular n.am%zm
screened, leaving a dilute clay slurry for disposal. moﬁmnozo:dnm , mmw
well as mining (water recovery) reasons the slurry, which ranges mzv\a
where from 2-6% solids content (solids content = <<m\.<<v\ is pumpe
into large retention ponds and allowed to settle/consolidate. Ins\m,\mb
since the volume of waste slurry generated from the ore extraction pro-
cess exceeds the volume originally occupied by .ﬂrm matrix, large mg.u<m
ground earth dikes (anywhere from 3-15 m high) are needed to im-

e clays, as shown in Fig. 1. . . .
ﬁo%%% Mwa\mnmm%:bﬁmnﬁ of this waste &mﬁ.Om& technique is: (1) It .ammﬁﬁm
tremendous quantities of water; and (2) it prevents the Qm@&Omﬁum: %\
valuable land (close to 100,000 acres) for agricultural, HWm_Q.m.scm , m% 4
or commercial purposes for many years. As a result, w_mz_m_.nmar e oM
has been expended in finding the most accurate way to predict ﬁmm rate
of consolidation and the final density (final height) of .nrm waste depos-
its. Such predictions are necessary to estimate the E:B.ﬁm mﬂogmw. ca-
pacity of a disposal area and the time required to achieve its rec Ma.bm 5%..

The physical problem consists of two @r.mmmm“ 1 mm.;z:.am\mmm ﬁdmb M-
tion of the suspended fines, and (2) self-weight consolidation of the se

'Asst. Prof. of Civ. Engrg., Univ. of Florida, OMWSmmS:m\ FL 32611.

Prof. of Civ. Engrg., Univ. of Florida, Ow:,ﬂmmScm\ FL.

3Asst. Prof. of Engrg., Univ. of Florida, Gainesville, FL. e aat .

Note.—Discussion open until April 1, 1987. To extend the n_omm5m m_m %ﬂm
month, a written request must be filed with the ASCE Z_w:mm.m_w_o Fﬂ«:wﬂﬂ: he
manuscript for this paper was submitted for review and possible publica
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M\%JMW\ u/wm 11, Zo<m5ﬂmw\ Sm% ©ASCE, ISSN 0733-9410/86/0011-1033/$01.00.
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