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ABSTRACT

The earthquake induced settlement of cohesionless sand or silty kasdbeen the
source of significant structural damage to bridges and buildings in past earthquakes
The procedure for evaluating the settlement of dry sands duringgeak#h ground
shaking developed by Tokimatsu and Seed (1987) is widely used in enmggr@actice.
The method recognizes that seismic settlement is controlledrtiyquake induced cyclic
shear strain amplitudes but was developed using experimental @sgd bn cyclic
laboratory tests on only one sand. In addition, the procedure is based phiflyision
assumptions approximating earthquake site response, namely the concept of
equivalent number of uniform shear strain amplitude cycles with deptking
amplitude.

This study evaluates a simplified version of a constitutive mamtethie settlement of
sands under non-uniform time varying cyclic shear strain amplitydaginally
developed by Martin et al. (1975)) in combination with a nonlineareggonse program
as a means of determining the earthquake induced settlensamdsfin a more rigorous
manner. Compilation of existing and new cyclic simple shear ladygreests on several
different sands also shows that settlements can be sign§iqgethter or less than the
data adopted for the Tokimatsu and Seed procedure. Constitutive moa®lepss
adopted for the settlement analyses are shown to depend on the \&kig, ¢ivhere e is

the void ratio) for a given relative density.
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The results of the research clearly illustrate settlement sensitvsand particle
characteristics. A simple approach based on void ratio parameters to clmracte
settlement potential and the new analytical methodology adopted as a destgtlappr
overcomes the limitations of the Tokimatsu and Seed methodology. These parameters
when combined with a time history site response analysis form the basis forpgbegqat

new design methodology.

A basic understanding of volume change behavior under cyclic loading as described
above is also fundamental to the understanding of liquefaction behavior of saturated
sands under undrained conditions as reported by Martin et. al, 1975. The research also

illustrates and reinforces this basic understanding

XXI



CHAPTER 1

INTRODUCTION

1.1  Earthquake Induced Settlement

Earthquakes can cause considerable settlements in deposits of cesessoilk. In the
1971 San Fernando earthquake for example, settlements of 4 to 6 in. baveated
under a building on spread footing on a 40 ft deep sand fill (Seed and B3V2).
Settlement of approximately 2 in. was noted in other areas thtesame earthquake.
Ground settlements resulting from ground shaking during earthquakesaeely
uniformly distributed and cause differential settlements in strastwhich can be a
major cause of damage. Settlement is the term commonly uskxsd¢abe the volume
change, which sometimes occurs in sands during seismic lo&dimig most frequently
associated with cohesionless soils and dynamic loadings, tbd®as reported in many
types of soils under both dynamic and static loadings. The settteof sands during
earthquakes has occurred throughout recorded history, and certaory theft, however
it was not until the early 1960’s that scientific research inéostubject began in earnest.
Since the 1964 Anchorage, Alaska, and Niigata, Japan earthquakesstgdest have
been made in understanding the mechanisms behind settlement and thiersotitat
make soils susceptible to it.

The behavior of dry sand deposits subjected to earthquake type ofgeaday involve
highly nonlinear stress-strain relationships and large deformaiaisas the settlement
of the ground surface due to the densification of sand layers. In caseg the ground

motions developed in a soil deposit during an earthquake may be attribntedilprto



the upward propagation of shear waves from an underlying rock formé#tthe ground
surface, the rock surface and the boundaries between layessentialy horizontal, the
lateral extent of the deposit has no influence on the respons¢henkkposit may be

considered as a one-dimensional shear beam.

1.2  Compacted Structural Fills

Structural fills are earth structures that are placed taterievel building pads for
building construction. In hillside areas, these fills are generahstructed in wedge
shapes and placed along hillsides or are placed in canyons. Theaenairaber of
processes that can lead to deformations of compacted struidtarabtatic, long-term
processes include hydro-compression, consolidation, and slope creep (e.g.,

Lawton et al., 1989; Brandon et al., 1990). Seismic processes includacssispe
instability and seismic compression (e.g., Stewart et al., 2001)ridations resulting
from the above processes can be damaging to the building structures, and beresren
generally design fills so as to minimize future ground defdomat Such analysis
procedures are well developed for static processes (e.g., Houslgn1688 for hydro-
compression), but significant work remains to be done before religiend

deformation analysis procedures can be developed for seismic applications.

1.3  Observed Behavior of Structural Fills During Earthquakes

The performance of structural fills during earthquakes has been do@dnieoth in
general field reconnaissance and in detailed studies of spgt#fc The reconnaissance
work involves observing the general characteristics of ground defomaa@moss many

sites. The detailed studies involve more intensive examinatioheofj¢otechnical and



damage characteristics at a few specific sites (e.g., Pyke ¥9@b; Stewart et al., 2004).
The focus here is on the general reconnaissance work to esthblistotivation for this
research. The performance of structural fills during earthqula&ssbeen documented
following the 1906 San Francisco, 1971 San Fernando, and 1994 Northridge earthquakes.
Lawson (1908) summarized observations of ground cracking in hillsids &@m the
1906 San Francisco earthquake by noting, “roadways and artifrolahrekments were
particularly susceptible to cracks.” After the 1971 San Fernaadbquake, McClure
(1973) noted the influence of fills on damage patterns, particularly vdsdences were
constructed over cut/fills contacts. This study found that ground failccarred on a
higher percentage of sites that were on fill or cut andh@htthose sites which were on
cut or natural grade and dwellings on cut and fill or fill had metlative damage than
dwellings on cut or natural grade. After the 1994 Northridge eartleq&tlewart et al.
(2001) documented locations of about 250 sites where fill movements causaged#s
shown in Figure 1-1, concentrated damage occurred on the northdiathe Santa
Monica Mountains, along the north rim of the San Fernando Valley, atitei®anta
Clarita Valley area. Other affected areas include istlptetions of the south flank of
the Santa Monica Mountains and portions of Simi Valley. The datagurd-iLl-1 can be
used to roughly evaluate the levels of shaking that were egqdurring the Northridge
earthquake for seismic compression of fills to be a signifigmablem. Areas with
significant damage such as Sherman Oaks, the northern San Ferndegiparal Santa
Clarita had peak accelerations in the range of 0.4 to 0.8 g (Chahg ¥296), whereas

outlying areas where incidents of seismic compression inducedgeaare relatively



sparse (e.g., Calabasas, Universal City) had levels of shalking g. Based on analyses
of typical fill geometries reported in Stewart et al. (2001), axprate levels of peak
shear strain corresponding to those acceleration levels arealfyem® the order of >
0.1% in the areas with damage and < 0.1% in areas without sighiflamnage. Those
shear strain levels can be contrasted with volumetric threshelat strains (i.e., the

shear strains below which no volume change would be expected)©10.01-0.02% for

sands and ,, = 0.04-0.09% for clays having PI3® (Hsu and Vucetic, 2004).
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Figure 1-1 Site locations where fill movements caused significantgiacthaing
Northridge earthquake (Stewart et al., 2001)

Typical damage patterns at the mapped fill deformation sites included:



Cracks near cut/fill contacts: typically < 8 cm of latezatension and 3 cm of localized
differential settlement relative to cut Lateral extensiofillipad: observed in the form of
tensile cracking parallel to the top of the slope, which tylyicedused 3-10 cm of
horizontal or vertical offsets.

Differential settlement on fills surfaces: observed asksravith vertical offsets and tilted
floors and swimming pools.

Slope-face bulging: characterized by movement of surface dramsng cross-slope

(terrace drains) and down-slope (down drains)

1.4  Motivation for the Present Study

There has been an increasing demand within the engineeringsprofésr settlement
analysis procedures under ground shaking. Existing methods for estjnsattlement
susceptibility are limited in their applicability, because tbaly apply for a few specific
soil characteristics. Accordingly, there is a major reseaeed for laboratory testing to
develop relations between volumetric strains, applied shear sar@ihsumber of strain

cycles (termed a volumetric strain material model) that cover a broagel o&sgil types.

1.5  Objectives of the Investigation

The principal objective of this research was to perform laboraiangle shear testing to
provide insight into the seismic settlement of sands, and then to dewflopetric strain
material models for those soils. Test data for a total of W8rdift clean sands was
compiled including tests performed by author and test data developedthBby
researchers. Sands were also tested to characterize ¢l a@ffsand compositional

factors ( mineralogy, gradation and particle shape on verticainsfrom seismic



settlement. The sands were selected to span a range ofaingtadation, particle size
and patrticle shape, and. specimens were prepared to varying levels of deasitg.

The many assumptions and simplifications inherent in the method of atskirand Seed
(1987) lead to many questions as to the reliability of the desigredure. Two of the
key assumptions relate to site response simplifications andntited test data (one
normally consolidated sand) on which the method is based. A furthextigbjof this
research program is to address these concerns by:

a) Evaluating the test data described above to determine a methozbtomta
for sand type on settlement behavior.

b) Simplifying the constitutive model developed by Martin et al.(1975) in the
nonlinear site response program DESRA and conducting analyses to
assess the sensitivity of settlement to earthquake time histories

c) Developing a robust design methodology to overcome the limitations of
the Tokimatsu and Seed methodology knowing that the settlement of
sands depends on the induced shear strain, the relative densitsaithe g
mineralogy and the over consolidation ratio as discussed below.

d) Recommendations for revised settlement design and analysis procedures
using time history approaches

It is important to note that a basic understanding of volume chaglgavior under
drained cyclic loading as described above is fundamental to therstarténg of

liquefaction behavior of saturated sands under undrained conditions. €damcs of



liguefaction on a particulate scale is uniquely linked to the mechanhizcolume change
as described by Martin et al.(1975).
This experimental and analytical research program will pl&ey and complementary
role in meeting other objectives in terms of:
Understanding the mechanics of site settlement behavior under ekeghqua
loading, including the role of lateral stress increases.
Validating the nonlinear site response methodology for evaluategeitlement
under earthquake loading.
Establishing a sound basis for improved analysis and designdprese of
settlement evaluation in practice. Providing preliminary liquefactest data

where a complementary volume change database has been established.

1.6 Outline of this Document

Following this introductory section, Chapter 2 presents the resfuitditerature review
performed to learn what is currently understood about the mechahisettlement of
sandy soils. Next, Chapter 3 discusses the DESRA program wshgdng to be used in
this research when performing parametric studies, Chapter 4tsonsia discussion of
the soils tested, a brief review of cyclic simple sheamig®nd the factors which affect
it, and a detailed review of the cyclic simple shear teshodetiogy used in this study. It
also discusses the details of all the tested sands and the déttikeir characteristic
parameters. Chapter 5 presents the development of the database cafdistiraxisting
database and then the new database developed as a part of #nchrasd finally the

database contributed by a UCLA research team. Chapter 6 bdssehie results of



mineralogy analysis of all the sands which was performedyusia X-ray diffraction
method and the thin slide method and their effects on the settlefmsaridy soils. One
global theory is presented and used to reconcile the differeaaed fn the literature.
Chapter 7 presents the findings of the effects grain size amdliagpe on the settlement
of sandy soils. Chapter 8 discusses the result of the anahgipresents a theory that
can explain the reason behind the difference in sand behavior during grioakidg.
Chapter 9 presents the results of parametric studies usingMB&$Rexamines how the
findings of this study may impact the manner in which simplifisttlesment analyses are
performed in engineering practice. Chapter 10 presents a syrofr@nclusions drawn
from this study and suggestions for further studies in this areseri@s of appendices
containing the results of the cyclic shear tests and of theralogg tests follow Chapter

10.



CHAPTER 2

PREVIOUS RESEARCH ON SETTLEMENT OF DRY OR
PARTIALLY SATURATED SAND

2.1 Introduction

Earthquakes can cause considerable settlements in deposits of ceksssoils. In the
San Fernando earthquake of February 9, 1971, Settlements of 4 to Geimeperted
under a building on spread footing on 50 ft deep sand fill. Settlerokaofsto 2 in were
noted in other areas. Studies by (Silver and Seed (1971), Youd (1972)n8e®itivar

(1972), and Pyke et al. (1975)) were conducted to investigate vaaspects of
settlement resulting from ground shaking during earthquakes andaxgedyImotivated
by the above case history. These studies led to the advaricemsemi-empirical
approaches for design. These studies and additional study by Youd &8 ##3cussed

below.

2.2  Silver and Seed (1971)

The original studies of settlement of dry sand were performesilagr and Seed (1971)
who used laboratory testing to investigate the volumetric straohsced in dry, clean
sands undergoing cyclic loading with zero mean (static) shesssstrSilver and Seed
(1971) and Seed and Silver (1972) performed strain-controlled simpletssiag using

an NGI-type device on dry quartz sand (Crystal Silica No. 20¢ §pecimens were
prepared by dry pluviating a reweighed amount of sand, and then ngoiatio a

specified height such that the target density (DR = 45, 60, and \88%oachieved. The

tests were performed by first applying a specified vdrstra@ss to the specimen (values



of ’y=500,200 and 400 psi), and then subjecting the specimens to a uniform cyclic shear
strain amplitude that varied from = 0.01 to 0.5%. Continuous readings of vertical
deformation were made that enabled vertical strains to be evhlasite function of the
number of strain cycles (N). Figure 2-1 shows a summary ofdsslts at N = 15 cycles
of loading for the three relative densities. The verticaistwas seen to increase with
cyclic shear strain amplitude, and to decrease with increasiajve density. The
vertical strains were found to be negligible below a limitwajue of shear strain.
Denoted 4, this limiting strain has since come to be known as the voluntareshold
shear strain (Vucetic, 1994). Typical values of threshold sheans for sands areg, =
0.01 to 0.02% (Hsu and Vucetic). Silver and Seed (1971) suggested a proegdure f
estimating the probable settlements of non-saturated sands cgusadhouakes. Their
procedure requires the establishment of the stress-strain, dammihgplame change
characteristics by means of simple shear tests and thef aseanalytical procedure in
order to evaluate the shear strain history at any depth in degmbit and finally the use
of their charts to compute the settlement after transformhegirtegular shear strain
history into an equivalent number of uniform cycles. Knowing thailseEement at any
depth may be considered subjected to a known overburden pressure andraigiigen
of cycles of a horizontal shear strain, Silver and Seed concludsddttie vertical
settlement resulting from these strain applications could besurexh directly by
subjecting a representative sample of soil to the field loadindittons in a simple shear
device. Their studies showed that the settlement of dry sands dyelitol@ading is a

function of:

10



The relative density of the soil
The magnitude of the cyclic shear strain

The number of strain cycles

N
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Figure 2-1 Effect of Relative Density on Settlement in 10 Cycles
(Silver and Seed 1971)
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Figure 2-2 Effect of relative density on settlement of dry sand
(Silver and Seed, 1971)
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The dependence of vertical strain on the number of strain cyelesahatively consistent
for all test results, as shown in Figure 2-3. These resutt®nigrate a characteristic
feature of seismic compression, which is that a significarttiora of the overall
volumetric strain occurs within the first few cycles (e.@%®bof the volumetric strain at
15 cycles occurs within the first 3 cycles), and relativétieldeformation occurs for N >
100. Several suites of tests were performed at different Vestreases 'v), but vertical

strain was found to not be significantly affected by
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Figure 2-3 Settlement-number-of-cycles-relationships for DR = 60% )
Silver and Seed, 1971)

2.3  Seed and Silver (1972)

Seed and Silver (1972) used the technique described above to computddimesein
50-ft deposit of sand with a relative density of 45% shown in FigiteThe deposit was
subjected to a maximum base acceleration of 0.35 g resulting iTmomaxsurface

acceleration of 0.45g during the San Fernando earthquake of 1971.
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The shear modulus used shown by the middle curve in Figure 2-5 wassegby the

relationship:

G 1000k, .

m v

Where |, = the applied vertical confining pressure; m = an exponent; and ka
coefficient whose value varies with the shear strain. The compatddment was about

2.7 in.

Amax=0.45¢g

Crystal Silica
Sand
Dr=45 %

50 ft Z

Figure 2-4 Soil profile Analyzed by Silver and Seed (1971) and by Tokimatsu and
Seed (1987)
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Figure 2-5 Relationship between shear modulus and shear strain for sand
(Seed et al.1984)
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2.4 Youd (1972)

Youd (1972) investigated seismic compression of Ottawa sand usirgesshear
laboratory testing with an NGI-type device. The specimen® \peepared by pouring
sand into a membrane and in some cases, vibrating the top cap to temsiecimen.
Youd performed one subset of tests on specimens that were shtaoaigolidated under
vertical stresses of’y, = 5, 48 and 192 kN/m2, and then sheared under drained
conditions. Volume change was monitored by a water column (equipped prdssure
transducer) that was connected to the specimen. A second subst$ efae performed
using air-dry specimens. In both subsets of tests, specimengereeally prepared to
relative densities of DR = 70-80%. For each test, sinusoidal loacasgapplied at a
constant frequency that was varied from test-to-test atnessnge of f = 0.2 to 1.9 Hz.
During an individual test, shear strain amplitudes varied somewhkatimie as a result
of compliance in the load cell. Accordingly, applied shear straieie reported as a
range rather than as a unique value. The results of sekestisdon Ottawa sand are
presented in

Figure 2-6, with the Silver and Seed results also indicatedofoparison. The Ottawa
sand results confirm the finding of Silver and Seed that verticaihstincrease with
increasing shear strain, but the vertical strains are systelydticgner (by factors of 4 to
6) than those of Silver and Seed for Crystal Silica No. 20 sand. edsens for this
difference are unknown. The results of Youd's tests investigatitgratan and
frequency of loading effects revealed no significant influence of either

factor.

14
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Figure 2-6 Comparison of vertical strains at 10 cycles for Ottawa sandi(Y972)
and Crystal Silica sand (Silver and Seed, 1971) at &%.

2.5 Pyke et al. (1975)

Pyke et al. (1975) investigated the seismic compression of dry Monterey No. 0 sand using
large-scale specimens tested on a shaking table. The disk-shppeithens were
prepared to DR = 40, 60, and 80% by raining sand from a spreader box7r@ca

deep form, temporarily mounted on top of the shaking table. The form ligadys
overfilled and the excess sand was removed with a screed. Thmepedhad sloping
lateral boundaries, which were enclosed by a rubber membrane.aVsttiesses were

applied by the weight of a steel cap (7.7 kN/m2) placed on top oftitead vacuum
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pressures applied to the specimen. All testing was performed utndss-sontrolled
conditions, and the shear strains that occurred during thewestsnot reported. The
intent of the shaking table tests by Pyke et al. (1975) was foa¢eathe effect of
multidirectional shaking (two horizontal directions and one verticddg fiesults of uni-
directional, bi-directional (two horizontal directions of shaking), anditectional (two
horizontal and one vertical direction of shaking) are compared gur@i2-7 a). Based
on the results, Pyke et al. surmised that the settlementsdcéys¢éhe combined
horizontal motions are about equal to the sum of the settlementsl dauee horizontal
stresses acting separately. Since peak accelerations imorizontal directions are often
similar, Pyke et al. recommended that settlements under btidiral shear generally be
taken as about twice those under unidirectional shear. Moreover, agaddiathe
results in (Figure 2-7b), Pyke et al. found that vertical acagbns superimposed on
horizontal accelerations could cause an additional increase inttleensats of as much

as 50%.
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Figure 2-7 Comparison of settlements of sand from shaking table testsraetfo
(a) Under unidirectional and bi-directional stress-controlled loading and
(b) Under three-directional stress-controlled loading (Pyke et al., 1975)
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Pyke et al. computed the settlement for the Joseph Jensen Filtration Plant of the
Metropolitan Water District of Southern California located in the Granaltiaarea of
the San Fernando Valley ( Figure 2-4). The site was made of 50 ft compHcted fi
overlying an alluvial layer of 5 ft. They used the record obtained at PacoimaP8m S
W after modifying it to remove the Effects of the topography at the siteeafam site.
Their analysis consisted of using a one-dimensional lumped- mass model irorder t
obtain the shear strain-time history and then, the use of the relationship between
settlements in 10 cycles versus the cyclic shear strain that theysisdhlsing cyclic
simple shear tests. The result of their analysis showed a settlement of 1.6 in. when

unilateral shaking is considered.

2.6  Martin et. al (1975)

Martin et al. (1975) performed a detailed study of volumetric change in sandtedhij@
cyclic shear strains. They showed that the increment in volumetric strain depethds
shear strain amplitude and the total volumetric strain accumulated duripgetheus
cycles of shear strain. Also the volumetric strain amplitude for a given numbgries c
is proportional to the cyclic strain amplitude. The analytical expression fomedtic

strain increment is given by:

2
C3 vd

¢ Ci( Cp ) ————
! ! ( C4 vd)

Wherec,, c,, c; andc, are four constant to be determined from two or tloeestant

strain amplitude cyclic tests ,, , and are respectively the incremental
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volumetric strain, the accumulated volumetric strain and the shaam all expressed as
percentage.
They used Crystal Silica No.20 sand with a relative density of 4B&éther discussion

of the constitutive model is given in paragraph 3.5 and 3.6.

2.7  Tokimatsu and Seed (1987)

Tokimatsu and Seed (1987) used the same soil profile shown in Rgute compute
the settlement using a simplified method that does not requiyaamnic analysis of the
soil deposit.

Knowing that the primary factor controlling settlement in dry sasdke cyclic shear

strain, they estimated these values at any depth in a soil deposit as follow:

" av av
) Geff Geff
G - G
max
Where G, ..= Shear modulus at low strain,

G, = Effective shear modulus at induced strain level,

. = Average cyclic shear stress at the corresponding depth
The average cyclic shear strain can be computed using the followingreiep:

065, 2max

; I,

av o]

where a,,,is the maximum horizontal acceleration at the ground surface,

Is the overburden pressure at the considered depth and

(0]
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r, is a stress reduction factor that varies from a valdeabfthe ground

surface to a value of 0.9 at a depth of 30-ft.

GmaxWas computed using the relationship proposed by Seed and Idriss (1971).
Having determined the effective shear strain at the consideved] the relationships
between the volumetric strains and shear strain proposed by Sive®eed (1971) is
then used to compute the settlement. These relationships, which acaldppbnly for
case involving 15 equivalent uniform cycles that represent an eathgfianagnitude
7.5, were extended to different magnitudes. The results of their siddgh they
multiplied by a factor of 2 to account for the effect of mulédtronal shaking, produced
an estimated settlement of 3.6 in.
In summary, all of these procedures, and in particular, the mosiabiy used,
Tokimatsu and Seed (1987) have the following limitations:

There are based on one set of data (Silica Sand No: 20)

They assume that the soil deposit is normally consolidated.
They require the transformation of the non-uniform shear strain histtorgn equivalent
number of uniform cycles knowing the earthquake magnitude (Seedlé¥&h) The use
of an empirical relationship to estimate the average shesn &t a given layer (Figure
2-8). The use of the chart developed by Silver and Seed (1971) wésctieveloped for
15 uniform cyclic shear strain which is representative of amegaake of magnitude 7.5.
For earthquakes of different magnitude, they propose to use aatiorrdactor as shown
in

Figure 2-9.
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Figure 2-8

Figure 2-9
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CHAPTER 3

THE COMPUTER PROGRM DESRA

3.1 Introduction

To accomplish the research objectives, the constitutive model developéartay et al.
(2975) will be used in numerical analyses. The model is incorporatetiei one-
dimensional nonlinear site response DESRA-MUSC (Qiu 1998). DESRA®/IS a

modified version of DESRA (Lee and Finn 1928 is discussed below.

3.2 DESRA-MUSC Program.

DESRA-MUSC (Qui, 1988), an existing one-dimensional dynamic effecttress
analysis computer program for soil deposit with an energy-tratisgnboundary is to be
used to compute the probable settlement in dry sand deposits subgeaadhquake
loading. Knowing that the major factors controlling induced seétténm dry sand are
the magnitude of the cyclic shear strain induced in the sand bgattiequake shaking
and the number of strain cycles, the program determinesdhdinear soil response
including the time-history of shear strains at any required deptluses the incremental
shear-volume coupling equation for sand under simple shear loading progddeditin
et al. (1975). The program also accounts for the increase ishéeer modulus with
number of cycles using the accumulated volumetric strain as anraggearameter. This
aspect was reported by Silver and Seed (1971) as shown in Figureh&if finding was
that “there was a slight increase in the shear modulus forasioge number of stress

cycles for the entire range of confining pressures investigatbdy also noted that this
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increase is greatest in the first 10 cycles, after whiclhgdsin modulus are relatively
small”. Seed and Silver (1972) and by Tokimatsu and Seed (1987) nddglastaspect

when they developed their procedures. One of the main advantages of the program is that
it can be easily used and it does not require the use of chates, tand diagrams. It
allows an expeditious analysis of soil profiles with numerousrsayts application to a

case study shows a good agreement with the settlement observed at the site.

15.0 T TTTTY T ™ T T TTTT Y T

o, 24000

. anlrsafr § | i

3

SHEAR MODULUS—G, (1071b per sq 1)

0.0

Crele 300
Cycle 10
Cyele !

5.0

0.001 : 0.01 0.1 1o
CYCLIC SHEAR STRAIN— ny (percent]

Figure 3-1 Effect of number of stress cycles on shear modulus-shear stra
relationship for medium dense Silica sand (Dr= 60 %)
(After Silver and Seed 1971)

DESRA-MUSC is restricted for the case of horizontally lagedry and saturated sand
deposits shaken by horizontal shear waves propagating vertipaligrds. The method
is based on a set of constitutive laws, which take into account impdataors that are
known to affect the response of dry and saturated sands to earthquidikg.|Gdose
factors include the variation of shear stiffness with shieainsamplitude, the assumption
of volume change in dry sand, the generation and dissipation of pore pressaturated

sand and hysteretic damping and hardening effects. The iméal stress-shear strain
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loading curve, “the backbone curve”, is represented by the Iwan nit@@d), which
incorporates an array of elasto-plastic elements to simalgteen nonlinear backbone,
curve and provides hysteretic damping automatically. There any @mdvantages of
using a physical or mechanical model, and these advantages are:

It provides the means for a non-iterative time domain solution, wtachbe used for
arbitrary cyclic loading such as earthquakes.

It allows a yielding or failure criterion to be incorporatedlisat the seismic response of
soft soil sites can be realistically analyzed without thelrieea stress cut off to achieve
the yielding characteristics.

It can duplicate many properties observed in the laboratory or mrddug other soil
models without difficulty.

These abilities improve the non-linear behavior modeling, and theyderavimeans for
comparative studies, which will lead to a better understanding eofirtfuence of
variations in nonlinear properties.

The Ilwan model is based on the assumption that a general hgssyem may be
thought of as consisting of a large number of ideal elasto-plagiments having
different yielding levels. lwan mechanical model is simuldigd set of spring and slip
elements. It satisfies the Masing criteria, which descrittess material hysteresis
characteristics often associated with soil behavior. The modelfica@xperimental
results to a great degree by simply increasing the number of elements.

In general, there are two forms of the lwan model. One is dgdasafties combination of

springs and Coulomb sliders. The other is a series-parallel coiohiradt spring and
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Coulomb sliders. These two forms are generally similar in ttf@racteristics, except
that the parallel-series form is more suitable for stcaintrolled loading, while the other
which was incorporated into DESRA-MUSC is more suitable forsstcentrolled
loading.

For the series-parallel system (Figure 3-2), the frictiement represented by Coulomb

slider remains locked until the applied stress exceeds thdingestress, which is the
Coulomb resistanceR . If the m" element yields, the stress remaRs during yielding.

The excess portion of the stress is absorbed by the spring ianieeetement. The strain

of each element for the loading procedure can be expressed as:

0 R,
R, form 123,...

The unloading will not cause any change on the element straintwmtibads by 2R,

at which K R,. The spring releases the energy stored during previous loading

m m

and the elastic strain recovers to zero at R, . If the reversal loading continues in the

other direction, the strain is expressed as:

( Rn)

For
" g Ry

m
A typical stress-strain loop generated by the lwadel at different strain amplitudes is
shown in

Figure 3-3. It can be observed that the tangemutis decreases as the strain increases.
However, the tangent modulus at each reversal [ittie same as the one of the initial

loading curve corresponding to zero strain. It almo be observed that the peak point of
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each hysteretic loop is on the backbone curve. &8 bkaracteristics observed in the Iwan
model are observed in many experimental results/l¢faand Larkin, 1978). The

hysteretic loops generated by the Iwan model satief Masing criteria. The model also
memorizes the past loading history and follows ltreaing curve associated with the
appropriate load reversal point automatically. dBposing the appropriate values of the

spring stiffnessK ;. and the Coulomb resistané®,, we can model a very broad range of

material behavior as observed in laboratory expemism The accuracy of the model
depends on the number of elements. Joyner et@5§ichose an Iwan system with 50
elements. They defined the following 51 values otilBmb resistance normalized by the

soil shear strength:

R, O m 1

R, 0.02505)°" 2 m 6
R, 0025m 5) 7 m 44
R, 1 0.02505"* 45 m 51

Series-Parallel System

Figure 3-2 The lwan model
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Figure 3-3 Typical stress-strain loop from the lwaodel

3.3 Energy-Transmitting Boundary

In order to take into account the effect of thetdirstiffness of the underlying soil and to
allow the energy to radiate back into the undegyihalf space medium, a transmitting
boundary condition applied on the bottom of thd solumn under consideration, was
incorporated in the program DESRA-MUSC. This is amttast with the assumption of
infinitely rigid base of the soil deposit, where tioa is prescribed, does not allow any
energy of the vibrating soil deposit to radiate kato the underlying medium. The
transmitting boundary condition that was suggestgdioyner et al. (1975) allows the
energy to propagate up and down through the boyndae method basically evaluates

the shear stress,;, being transmitted across the boundary betweewsdhealeposit and

the underlying medium. This underlying medium iswmsed to be elastic and the
propagating shear waves are plane waves travelmtcally. If U is the horizontal

displacement of a material particle located at ldeptthen,
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U
G —
Where G, V2 is the shear modulus of the underlying soilUlf, V' andU",V" are

the displacement and velocity component due to itlegdent and reflected waves

respectively. Then,

U’ uU'(z Vi)
And
U’ U'(z Vi)

Where V,is the shear wave velocity in the underlying mediufihe shear stress

developed on the interface due to the shear wasitaéirn is:

Ve

The particle velocity on the boundary is the sunboth velocities of the incident and

reflected waves:

v, vt v Yy Y
2 Z

V

S

Where Vis the particle velocity at the boundavy, and V'™ are the particle velocity

component at the boundary due respectively tortbieent and reflected wave.

The resulting shear stress at the boundary is:

s V@R V)
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3.4  Volumetric Changes Analysis During Drained Non-Uniform Cyclic Loadirg

As mentioned in paragraph 2.6, Martin et al. (19pBjformed a detailed study of
volumetric change in sand subjected to cyclic shstesins. They showed that the
increment in volumetric strain depends on the skstgin amplitude and the total
volumetric strain accumulated during the previoysles of shear strain. Also the
volumetric strain amplitude for a given number gtles is proportional to the cyclic

strain amplitude. The analytical expression founatric strain increment is given by:

2
CS vd

c c —=
vd 1( 2 vd) ( C4 Vd)
Wherec,, c,, c; andc, are four constant to be determined from two oee¢hzonstant
strain amplitude cyclic tests. ,,, 4 and are respectively the incremental volumetric

strain, the accumulated volumetric stain and treasktrain all expressed as percentage
(Figure 3-4).

They used Crystal Silica No.20 sand with a relattemsity of 45%. It also should be
noted that the volumetric strains computed by tbeva equation were in perfect

agreement with measured strains over a wide rahggeain.
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Figure 3-5 Volumetric Strain Curves for ConstantliyShear Strain Amplitude
tests (After Martin et al. 1975)
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The basis of the method developed for predictirgublumetric strains during irregular
shear strain amplitude sequences from the conskesar strain amplitude shown above,
can be explained as follows (Martin et al. (1975):

Let it be assumed that after N cycles of non-unifehear strain amplitude sequence, the
volumetric strain has accumulated to 0.4 % and theatshears strain amplitude of the
(N+1) T cycle is 0.2 % (Figure 3-5). Thus, the volumesti@in increment for the that
cycle can be determined by finding the intersectbthe horizontal line of,q= 0.4 %
with the curve = 0.2 % and measuring the value of volumetricirstiacrement
appropriate to a further cycle width on the 0.2sbear strain curve. The empirical
method described above is based on the fact thp@riexental observation (Figure 3-6)

shows that for shear strain in the range of 0.3H&,volumetric strain is proportional to

the shear strain.

020 T |
Monterey No.O Sond
D= 60 %
oy, psf
:‘.E 0.15 v 800
i ® (600
' @ 1600 (from dato in Fig. 4) £:0
= ® 3600 /"‘
& 0.10 /‘.91’
E / ’r'
E ‘0‘ Ey=0.1%
£ T 4 757 |_
o 0.05 +— / ',.. > D'”
g =0 o
/ o g /’7 “'JE':" ;
[l F 5 7 (1] i
LA B 2 ol .J'
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Cyclic Shear Strain-percent

Figure 3-6 Settlement Data from Cyclic Simple Shiessts (Pyke 1973)
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3.5 A Review of Martin et al. Constitutive Model

A review of the above empirical expression, whiohtains four parameters, showed that
these are not unique and that they are very diffito evaluate. A parametric
simplification was performed as part of this reshas follow:

When the shear strain is zero, the incrementalmettic strain must be zero also and

thus:
2
C3 v
w €0 ¢ ) ———
(0 C4 vd)
2 2
CiCoCy vy C3 g 0
vd

C4 vd

ClCZC4 C3

Hence the revised expression for the incrementalvetric strain is:

C
vd C1 (1 2—Vd)
C3 vd

Figure 3-7 and Figure 3-8 show respectively theimatric strain contours versus shear
strain and the volumetric strain versus number yifles computed using the two
expressions mentioned above. The above analyixptession of volumetric strain
increment can be further simplified by replacingvith another expression with only two

parameters as follows:

c, vd

vd c, (1
o c, vd

)

Where g is the slope of the =0 line as defined by Martin et.al (1975) andis a

constant obtained by selecting any point of intetiea of any contour with the shear
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strain axis ( ,4 0) and substituting for the value of in the above equation. The

empirical expression described above is uniquee Adture of the curves is asymptotic,
because the volumetric strain increment must eadigtlbecome zero at a given time

where the volumetric strain becomes constant.

Civa _
vd Cl (1 Ly )_O
Co v

2 2
Cy CCr w Ci g 0

Co v

cy ( w2 €) O

vd max c, ¢,
0.3
4 Parameters
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&
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(7] ———
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£
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Figure 3-7 Incremental Volumetric Strain Curves
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3.6  Hardening Parameters

Many materials strain harden under repetitive logdiihe strain hardening law is of
primary importance, as it is the key for undersiagdhe cyclic behavior of the material.
Martin et al. (1975) presented a new empirical sthairdening law to describe the
increase in shear stiffness of dry sand duringicygimple shear loading. A relationship
was developed between the shear stress-shearatnplitude as a function of the

accumulated volumetric strain and shear strain énal@. The equation is of the form:
( ')1/2
a b

Wherea A, % andb B, —«

2 3 vd BZ 3 vd

A1 Az Az B; By and B are six constant to be determined from experimetatd.
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In order to enable this relationship to be incogped in DESRA, Finn, Lee, and Martin
(1975) expressed the maximum shear modulus andmaxishear stress in the nth cycle
as a function of the initial maximum shear modwnsgl maximum shear stress and thus

reduced the number of constants to four as follows:

G G, (1 —Y9 )
mn mo Hl H2 v
@ ——)
" " H3 H4 vd

Where H and H are respectively (#\2) and (AA3z-1)

Hs and H, are respectively (BB,) and (B Bs-1)

Gmn and , are respectively the maximum shear modulus andrmamr shear stress at
the " cycle, Gnoand me are the maximum shear modulus and maximum shessssat
the beginning of the test. Figure 3-9 shows taeation of the shear stress with both
shear strain and volumetric strain as reported bstiMat al. (1975). Figure 3-10 shows
the variation of the shear modulus with shear mstramplitude and accumulated
volumetric strain, which is evaluated from the gabf shear stress to shear strain

amplitude for any cycle of loading.
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Figure 3-11 shows the variation of the maximum sineadulus and the maximum shear
stress with volumetric strain for shear strain atage of 0.3 %. It appears that their
variation can be assumed linear and similar; hetheesix parameters can be replaced by
only one parameter. Hence, the revised empirigptession for the increase in shear

stiffness and shear stress is:

G G, (1 -«
mn mo( M)

1 vd
mn mo ( Ml )

Where M=1.48 for the Crystal Silica sand with relative siénof 45 %.
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3.7 Pore-Water Pressure Increase During Undrained Tests.

As previously discussed, Martin et al., (1975) pnése a detailed study of the volumetric
changes in sand subjected to cyclic shear straidspeoposed an empirical function to
compute the incremental volumetric strain, in dry sand as follows:

2
CS vd

¢ Ci( Cp ) ———
! ! ( C4 vd)

Wherec,, c,, c; andc, are four constant to be determined from two oee¢hronstant
strain amplitude cyclic tests. ,,, 4, and are respectively the incremental volumetric
strain, the accumulated volumetric stain and tleashktrain all expressed as percentage.
They also proposed an analytical function to expthe incremental pore water pressure
in saturated sand, which can be described as fsilow

Let us assume that a sample of saturated sandjiscted to one cycle of loading in a
drained simple shear test, and let us assume thgt is the net volumetric strain
increment due to slip at grain contacts and comeding to the decrease in volume
occurring during that cycle. For undrained comdhis, it is reasonable to assume that slip
at grain contacts resulting in volumetric straiorement , will occur. However, the
slip deformation must transfer some of the vertstaéss carried by the intergranular
forces to the more incompressible water. The ss®an pore water pressure will result

in decrease in vertical effective stress, whichultesin the release of recoverable

volumetric E—ustrain stored by elastic deformation at grain ccista For

r

vr

volumetric compatibility, we must have:

Change in volume of voids = net change in volumsaofd structure.
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Where u= residual pore water pressure incremeqy;= bulk modulus of waterpn, =
porosity of the sampleE, =tangent modulus of the one-dimensional unloadingeat a
point corresponding to the initial vertical effe@istress.

For saturated samples and assuming incompress#ié \the equation becomes:

u E

r vd

Where the unloading modulus was reasonably fitbes function of the form:

()"
Tomk( )"
Where E, is the unloading modulus of 1-D unloading curveagioint corresponding to
the initial vertical effective stress amaln,k are three controlling parameters.

These expressions are also incorporated in DESRAmMmpute the response of saturated

sand.
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CHAPTER 4

THE LABORATORY TESTING PROGRAM

4.1  Significance of Dynamic and Cyclic Soil Behavior Parameters in Civil
Engineering

Soil deposits supporting civil engineering struetircan be subjected to cyclic and
dynamic loads by earthquakes, pile driving, trafexplosions, machine foundations,
ocean wave storms, and other causes. The cyclitinipas defined here as a repetitive
loading while the dynamic loading is defined asst imonotonic loading. The response
of soil deposits and supporting structures to doelds depends to a large extent on the
cyclic stress-strain characteristic of soil in sh€xonsequently, for a successful and safe
design of the civil engineering structures andrtfi@undations, it is essential to know
stress-strain properties of the foundation soitlSsoil properties are given in terms of a
number of parameters that can be obtained eitber field or laboratory testing.

There are several types of geotechnical labordastg that are typically used in today's
practice to simulate field stress-strain conditiand provide designers with cyclic and
dynamic soil parameters. They are: triaxial tastpge shear test, torsional shear test
(solid or hollow cylinder), and resonant columrnt.té@gnong these tests, the simple shear
test stands out as the one that simulates fielditons in a relatively large number of
problems in the most direct way, as discussed heltwat is why the Simple shear test is
used in this study to evaluate the whole rangeynathic and cyclic soil properties and

parameters.
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4.2  Simulation of Field Conditions by Direct Simple Shear Testing

Simple shear testing has become increasingly retdaecause of both the greater
awareness of the importance of stress-strain ao@pin geotechnical problems and

its simplicity relative to triaxial testing. Sintlee development of early simple shear
device prototypes, including the cylindrical SGbéy(Kjellman, 1955), the rectangular
Cambridge type (Roscoe, 1953) and the cylindridal type (Bjerrum and Landva,
1966), the interest in the test has grown. The @psis designed for the testing of

soil specimens under the conditions of simple shgams, which can reasonably well
simulate the pure shear stress conditions. Thesditamns cannot be obtained directly
with other standard laboratory testing methods,\atdhey are applicable to a

number of common field situations such as: horialbportions of the slope failure
surface and foundation bearing capacity failuréasar, behavior of soil surrounding
vertically loaded piles, etc. In soil dynamicspiarticular, the role of simple shear

testing is significant. In the cyclic simple shésst, the stress-strain conditions
correspond rather closely to those occurring duttiegpropagation of shear waves
through soil deposits. A typical example of theegshear stress conditions pertaining to
a geotechnical earthquake engineering problemctiratoe simulated in the simple shear
device is presented in Figure 4-1. The figure shaw idealized situation of vertically
propagating seismic shear waves. In the analyssgisiic site response, the vertically
propagating shear waves are considered the mosbriamp, because the resulting
horizontal shaking of ground surface causes moghefdamage to civil engineering
structures. One-dimensional site response anatysised to solve the problem of vertical
propagation of horizontal shear waves (SH wavejutfh a horizontally layered soill
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deposit. Horizontal soil layer behavior is approated as a nonlinear shear moduli and
damping parameters to characterize soil properfibs approach provides results that
compare well with field measurements and is widedgd in engineering practice. Non-
linear site response analysis is employed by iateyy the equation of motion of multi
degree of freedom soil as shown in Figure 4-2. oA-linear constitutive relation is used
to represent the hysteretic behavior of soil duriegelic loading. The simplest
constitutive relations use a model relating sheegss to shear strain, whereby the
backbone curve is represented by a hyperbolic immctStrain dependent modulus
degradation curves are used to define the backlbonee. The Masing criteria and
extended Masing criteria define unloading—reloadingeria and behavior under general
cyclic loading. The geometry and stress-strainddmns of the element in Figure 4-1
resemble those generated in the simple shear Tesise conditions and associated

parameters are systematically described below.

3EDROCK

Figure 4-1 Idealized stress- strain conditions sbidelement during earthquakes
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4.3  Characterization of Dynamic and Cyclic Behavior

In order to understand the simple shear test seshié parameters employed to describe

them must be defined first.

4.3.1 Definition of Parameters
In Figure 4-3, an idealized cyclic stress-straioplaepresentative of the loops typically

obtained in a cyclic simple shear test is presenfElis loop describes the stress-strain
behavior of the element presented in Figure 4-abdAs shown in these two figures,
such cyclic behavior and boundary conditions carchracterized with the following
parameters:

v = total vertical stress

'y = effective vertical stress
u = pore water pressure

h = total horizontal stress

'n= n— u = effective horizontal stress

= shear strain

¢ = cyclic shear strain amplitude

= shear stress

¢ = cyclic shear stress amplitude
Gmax = maximum shear modulus at small strain

Gs = secant shear modulus
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From the loops such as that in Figure 4-3, thematar called the equivalent viscous
damping ratio , can be determined as well. The definitiomf used in this report is
illustrated in Figure 4-4. The ratio is expressed by the equation:

w/2 , ,, where w= area of the loop.
In soil dynamics and geotechnical earthquake eegimg practice, the cyclic soil

behavior is conveniently characterized by seveationships which combine some

of the above parameters, These relationships witldscribed in the following sections

AE = hysteresis loop area

Figure 4-4 Definition of the equivalent viscous gang ratio,
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4.3.2 Modulus Reduction Curve, G versus ., Presented in a Semi-Log
Format

The evaluation of the reduction of secant shearutusd G, with . is very important
in soil dynamics. The secant shear modulus,jsSoften used as a constant modulus in

linear wave propagation and lumped parameter sydigramic analyses.

In Figure 4-5 a, an example of a modulus reducttomve is presented. The
presentation in the semi-log format was originaliggested by Seed and Idriss (1970).
Such a semi-log presentation emphasizes the modedustion in the range of strains,
which are usually dominant in the soil dynamics agebtechnical earthquake

engineering problems.

Figure 4-5 Modulus reduction and damping curves
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433 Normalized Modulus Reduction Curve, G/Gmax versus ¢, Presented in
a Semi-Log Format.

Considering that variation of boths@nd Guax depends more or less on the same
parameters, such as confining or vertical stregsoverconsolidation ratio, OCR, and
void ratio (Dobry And Vucetic, 1987), in particulan the range of small., it is
convenient to present the reduction @f®dulus in the normalized form with respect to
Gmax I-€., in the @Gnax versus . format. Consequently, the shape of the normalized
modulus reduction curve, Gfg versus ., depends predominantly on the typesofl,
instead ofthe parameters just listed. An example of the G/Gwersus . modulus

reduction curve is presented in Figure 4-5 b.

4.3.4 Equivalent Viscous Damping Ratio Curve, versus ¢, Presented in a
Semi-Log Format

The evaluation of the variation of the equivaleisteus damping ratio, , with . is also
very important in soil dynamics. Just like@odulus, damping ratio is often used in
wave propagation and lumped parameter system dgremaiyses. The equivalent
viscous damping ratio, , describes the critical damping ratiof a one-degree-of
freedom system subjected to a harmonic forcingtfandaving the natural frequenoy
the system. The definition of in terms of the areaf the cyclic loop, w, was derived
by Jacobsen (1930) and is shown in Figure 4-4idare 4-5 c, an example of versus

c Curve is presented. Again, for convenience tHetionship is customarily presented in

a semi-log format.
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4.3.5 Vertical Settlement Strain, , versus Number of Cycles, N

When cyclic loading is applied to an element of dryatrtially saturated soil, the volume
of the element will change due to the high compbd#y of air in the voids. If the

element is in a horizontally layered soil deposd & subjected to vertically propagating
seismic shear waves similar to that shown in Figlifle radial strains will not develop
and consequently the volume change will occur antye vertical direction. This means
that under such conditions the cyclic loading caugertical settlement, which can be

measured in term of accumulated vertical strain, Figure 4-6 shows how a series of

cyclic settlement tests with different constantlicyshear strain can be presented.

Figure 4-7illustrates applied cyclic shear strains, whileufgy4-8 illustrates the resulting
variation of vertical strain with time. If severalich cyclic strain controlled tests are

conducted, a relationship betweepn, | and the number of cycles N, can be obtained.

0.2
Monterey Sand

Dr = 60%
0.15 A

0.1+

Settlement per Cycle, %

0 T : —
0 0.05 0.1 0.15 0.2 0.25 0.3
Cyclic Shear Strain, %

Figure 4-6 Incremental volumetric change versushmemof cycles (Pyke 1975)
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Figure 4-7 Applied shear strain history for thrgelic strain controlled tests
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Figure 4-8 Variation of vertical strain with numlmgércycles

Volumetric Strain,%
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4.4  Scope of the Experimental Investigation

44.1 Soil Samples Tested and Analyzed

Two types of sands were tested in dry conditionsthfids investigation, while many
previous results were collected, analyzed and clewchpiA series of tests on 14 different
types of sand developed by a UCLA research teane w&kso compiled and analyzed.

Details are provided in paragraph 4.9.

48



4.4.2 Types of Cyclic and Dynamic Direct Simple Shear Tests Conducted

A serie of direct simple shear (DSS) tests weredaoted with respect to the applied

level of cyclic shear strain amplitude, , using equipment in Professor Vucetic UCLA

laboratory. They are labeled as DSS-L test.

The DSS-L tests were conducted in the standard D3 device. Each test included a

single cyclic stage with a an amplitude approximately between 0,1% and 0.3%. The
volume change was allowed in this test, making dyelic settlement test. The main
purpose of the test was to obtain the stress-graiperties of dry and partially saturated
soils in the range of small cyclic shear strains. conclusion, there is a total of 18
different cyclic simple shear tests conducted, wheany soil samples were repeatedly
tested in the same type of test but with differ@ngrconsolidation ratio. In some tests,
the shape of cyclic straining was changed from sidal to triangular to examine its
effect on damping, which was found to be significan

In some tests, the frequency of the cyclic loadias varied as well. This was done to
examine its effect and the effect of the correspan@verage rate of straining on both

secant moduli and damping ratio.
4.4.3 Types of Classification of Tests Conducted

As shown in Table 4-1 through Table 4-3, the follogv classification tests were
conducted on most of the oils samples in accordattethe ASTM standards:

ASTM D 4253, ASTM D 4254, ASTM D 422-63 (1992) and ABD 4318-90 (1992).
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Sieve analysis tests were conducted to constrecgthin size distribution curves. The
Atterberg limits tests were conducted on the fipassing sieve #40 with the diameter of
openings of 0.425 mm, and were used to determiaeldbations of the fines in the
Unified Soil Classification System (USCS) plasiictthart. If the Atterberg limits tests
could not be performed, the sample was labeleaaglastic. The grain size distributions
and the results of Atterberg limits tests were usatly to determine the classification
symbols of the soils tested according to the Udift®il Classification System (USCS).
The color of samples was also determined. It shbel noted that PI=0 was assigned to
non-plastic soils, although Atterberg limits testauld not and were not conducted on
these soils. This was done to enable comparisgimeofion-plastic and plastic soils on the

same charts and within the same frame.

4.4.4 Cyclic and Dynamic Testing Equipment
Cyclic simple shear tests were performed undemdcdhiconditions to evaluate vertical

strain accumulation when uniform-amplitude cyclésleear strain are applied to the soil
specimen. Commercially available wire-reinforcednmbeanes were used to laterally
confine the cylindrical soil specimens, which wprepared to a diameter of 102 mm and
a height of 22 mm. These membranes minimized lagsyzansion of the test specimens,
while providing negligible shear stiffness. Sinte teffect of overburden pressure on
vertical strain has previously been found to beanif.g., Silver and Seed 1971, Youd
1972, Pyke et al. 1975), all tests were performedeuthe same vertical stress of 101.2
kPa. A sinusoidal loading frequency of 1 Hz wasdugse induce cyclic shear strain

amplitudes between 0.1% 0.5 %.

c
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4.4.5 Standard NGI Direct Simple Shear Test
The NGI direct simple shear apparatus was develapethe 1960's (Bjerrum and

Landva, 1966) for the testing of highly sensitiverNegian quick clays. Since then, the
device has been used throughout the world. Thedé@ice at the UCLA Soil Dynamics
Laboratory is shown in Figure 4-9 and its composént Figure 4-10. The specimen
setup is shown in Figure 4-11 and in Figure 4-k2Zan be seen that the soil specimen is
enclosed in a reinforced rubber membrane which gmsvradial deformation during
consolidation and shear, but allows the specimedeformed vertically and in simple
hear, which is a unique feature of the NGI DSS tesicept. The test can be performed
under one of the following two conditions: (i) drad condition under which the
specimen volume change is allowed, or (ii) constamiume conditions which are
equivalent to undrained conditions. The drained iesppropriate for testing of cyclic
settlement of dry and partially saturated soils,ilevithe constant volume test is
appropriate for testing of fully saturated soilfieTundrained conditions are simulated in
the constant volume test by continuously adjusting vertical stress such that the
specimen height is kept constant. Assuming thaiakrasirains are close to zero or
negligibly small, the change in vertical stressemsluch constant volume conditions is
assumed to be equal to the change in pore watssyreethat would have occurred in a
truly undrained test. Such a pore water pressurmilaiion is the most fundamental
principle of the NGI DSS test on fully saturatedisoVerification of this concept is
described by Dyvik et at. (1987).

In the NGI DSS device different sizes of speciman be tested, as shown in Fig. .4b.

The specimens tested at UCLA had the diameter Gf 81 and height of approximately
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18 to 19 mm. The monotonic and cyclic loads, @pldicements, were applied and
controlled by a servo hydraulic system operatecavcamputer, which was manufactured
by the Instron company. The parameters were medhsuith electronic load cells and
displacement transducers. The recorded data wereegsed with a data acquisition
system. The cyclic tests were exclusively displametrtontrolled, i.e., in any cyclic

stage the cyclic strain amplitude, was maintained approximately constant.

Figure 4-9  View of the NGI direct simple shear @ewvith hydraulic actuator at the
UCLA Soil Dynamics Laborator
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2 Reinforced rubber membrane constant volume test
3 Horizontal displacement transducer 15 Adjustment mechanism used for
bridged between bottom and top caps constant volume test
4 Vertical load cell 16 Lower and upper filter holders
5 Ball bushing 17 Pedestal
6 Vertical displacement transducer 18 Base
7 Shiding box 19 Tower
& Dial gauge for measurements of 20 Vertical piston
horizontal displacement between top 21 Adjusting mechanism
cap of sample and sliding box 2 Counterweight
9 Ball bushing 23 Connection fork
10 Honzontal load cell 24 Honzontal piston
11 Hydraulic actuator 25 Step-motor used for constant volume
12 Lever arm test
13 Weights 26 Transducer for controlled

displacement of horizontal piston

Figure 4-10 The NGI simple shear device at UCLAwtite description of components
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Figure 4-12  View of the specimen setup after shean a static test

4.4.6 Boundary Conditions in NGI Type Simple Shear Test

As already stated in Section 1.6, the simple stessdrcan only approximately reproduce
field situations of pure shear state of stressée. difference between the simple shear
and pure shear state of stresses is sketcheduneMHgl3. The figure indicates that in the
case of simple shear the distributions of streGaes strains) on the specimen boundaries
is nonuniform, with significant stress and straimecentrations along the edges of the test
specimen. Such nonuniform distribution of stresgsgsresented in Figure 4-14. In the

following both theoretical and experimental studeshis subject are briefly reviewed.
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Figure 4-13  Simple shear and pure shear conditions

D: diameter of specimen
H: height of specimen

Figure 4-14  Stress distribution on the specimembaties and corresponding resultant
forces (Vucetic and Lacasse, 1982)
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4.5  Brief Review of two Theoretical Studies on the Stress and Strain
Distributions in the Simple Shear Specimen

Lucks, et al. (1972) provided the first theoretistiless distribution in an NGI simple
shear test. They presented an elastic three diomlsfinite element solution for
undrained tests. From analyses with axially symimetements loaded unsymmetrically,
the researchers concluded that approximately 70%hefspecimen has a remarkably
uniform stress condition and that the average skaass increment applied on the
horizontal boundaries lies within 2% of the horitainshear stress in the zone of
uniformity within the specimen. Figure 4-15 pneisethe distribution of stresses for one
of the specimen geometries analyzed

Shen, et al. (1977; 1978) described very systealbtithe influences of various factors
on the stress-strain distribution, including thieetls of both height to diameter ratio and
membrane stiffness. They predicted the stressastvahavior of an idealized linear
elastic solid specimen in the NGI device. The cotations were performed with three-
dimensional finite element analyses of a non-axmgtnically loaded axisymmetric
solid. Orthotropic elements were incorporatedha program to simulate the action of
the wire-reinforced rubber membrane. Shen et &7711978) also showed that the
stress-strain distribution is nonuniform but aceéje forpractical engineering analyses.
In conclusion, the described theoretical solutisimsw that the NGI simple shear

test interprets pure shear stress-strain conditiatieer well. The influence of the non-
uniformities of stress-strain distribution on thieear strength of the specimen seems
relatively small, if the disturbances due to sangliand trimming are taken into
consideration. The above solutions are given feditiear elastic material. For the
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elasto-plastic material concentrations of the seen the edges of the specimen would

decrease due to yielding
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Figure 4-15 Normal stress distribution at specitneandary (Lucks et al.., 1972)
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4.6 Review of Some Experimental Studies on Stress Distribution

There are several experimental studies publisheshlindy with the stress-strain
distribution of specimens in the simple shear devic Three of them are presented
below:

Ladd and Edgers (1972) presented a comprehensiglg sf simple shear testing of clay
in the NGI simple shear device. They described @mpared the results of tests on
seven clays with a wide range of plasticity. Basadexperience and existing literature,
they concluded that the stress and strains gepeapfpear quite uniform, and that the
measured values of shear strains, horizontal ssteess and vertical effective stress
represent adequately the average conditions witén specimen. Budhu and Wood
(1979) analyzed the results of NGl and Cambridgepk shear static tests. For both
types of tests, the normal stresses, shear strasseformations along the boundaries
were measured. They showed that both apparatusefoded non-uniform boundary
stresses on the sample. They concluded that thrage/eatio of shear stress to normal
stress on the top and bottom horizontal boundamelerestimated the stress ratio in the
center of the sample by about 12% in monotonicitaad

Based on the assumption that the no uniformitiesgreater if the specimen height to
diameter ratio is larger (see Figure 4-15), Vucatid Lacasse (1982) tested plastic clay
specimens with three different ratios. The expenitaleresults showed that the range of
the height to diameter ratio tested has no sigmitignfluence on the static stress-strain
behavior. The authors concluded that the direcpkmhear test yields useful results and
represents a valuable test to define the streamshehavior of soil in engineering

practice.
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4.7  Examples Direct Simple Shear (DSS-L) test results

In order to understand comprehensive results ottdhts, selected results obtained in a
DSS-L test are presented below and briefly disais§he results presented below are
from tests on Silica sand sample. The results pbthon silica sample in the DSS-L test
are presented in Figure 4-16 through Figure 43% DSS-L test was conducted in

cyclic strain-controlled mode, with a magnitude ofvarying between 0.1% to around

0.5 %. The figures show the time histories ofisraand stresses and settlement with
time. The results show clearly that the settlentérgand with respect to time increases

as the applied shear strain increases.

40

20 A

-20 -
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o

-40 |
-0.3 -0.1 0.1 0.3
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Figure 4-16  Typical stress- strain plot obtainethwihe DSS-L
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Figure 4-20 Example of cyclic loops for Silica Sand
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Figure 4-24  Example of vertical displacement vensumber of cycles

4.7.1 Synthesis of Modulus Reduction and Damping Results From Tests

The modulus reduction and damping results fronTX88-L tests are synthesized in
Figure 4-25 G/Gmax versus It can be seen that the synthesidde® theG/Gmax
versus ¢ curve and versus ¢ curve for a wide range of cyclic shear strains. The

curve is plotted from =0.0001 % to 1 %, while versus . curve is plotted from

C
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.=0.001 % to 1 %. The modulus reduction and dampinyes were also compared

with the average curves for different sand type®manended by Seed et al. 1984; and

Iwasaki, et al. 1978. The comparison shows goedtreement
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Figure 4-25 Degradation of Gffg versus shear strain

4.7.2 Identification and Inspection of The Cyclic Stress-Strain Loops

During the test, the analog electrical signals freasting device transducers are first
amplified and then digitized with the help of theabTech Notebook" software. The

frequency of digitization is usually set to 100arts per second, resulting in a large file
of digitized data that needs to be processed. &ntify, separate and inspect the cyclic
loops from the recorded data the "Matlab" softwames chosen for its computational
ability and ease of programming.

Using the built-in artificial intelligence and badery criteria, two "Matlab” language

scripts, one tailored for the DSDSS device andatiher for the NGI-DSS device, were

programmed to read the recorded data processedldiyTéch Notebook” and display
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them in a manner that allows easy identificatiod srspection of the cyclic loops. This
step enable the user to graphically view the dat@ Iby loop, verify its accuracy and
integrity and either select or reject them for theut into the database. F or the cyclic
loops selected to be entered into the databas#htab” script automatically calculates
secant shear modulus, damping ratio and otheraetgyarameters and outputs them to a
"Microsoft Excel" compatible "Lotus" worksheet.

This identification and inspection step was designeainly by Dr. Marco D'Elia, a

former UCLA research fellow.

4.8  Organization of the Data Into the "Microsoft Excel" Worksheet Files

The next step is further organization and inspeatibthe data, and their arrangement for
easy input into the database. For this purposelakee are transferred from the "Lotus" to
a "Microsoft Excel" worksheet. The new arrangemarthe "Microsoft Excel" worksheet
format allows, for example, the viewing (and plogli of the entire set of cyclic loops
from a test or a step of the test. In this wayithiegrity and accuracy of the data can be

verified further before the data are input into da¢abase.

4.9  Input of the Data Into the Database

The "Microsoft Access" database software was saletbtedevelop a complex and
powerful database of the cyclic loop data. Thisadase is the backbone of the 81
interpretation and analyses of cyclic soil beha¥rends and relations presented in this

thesis. The database consists of a complex steuofutO separate tables and over
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hundred fields with the data on the cyclic looparelteristics that are linked and can be
related to each other. In spite of its complexitye database is quite flexible and
relatively easy to use. Using the prepared "Micrbgodcel" worksheet described in the
above step, the database is also easily maintairaaid updateable with the data from
new tests. It was designed not just for handlirggsimple shear test results data, but also
to accommodate the results of other types of thstscan be gathered from the literature.
Manipulation and automatic graphical presentatiorthef data with “Microsoft Excel".

In order to speed up the analysis of the large amtsoof data contained in the database,
the "Microsoft Excel" software is used again to leasktomatically the complex database
gueries to the database. Using the capabilitieth@f"Microsoft Excel" software, the
multiple queries to the database are set up toelefrtain elaborate criteria by which the
data should be selected from the database and atitaity manipulated and plotted. The
given structure and parameters of queries can kdyeehanged, allowing for the
dynamic refreshment of the data meeting the nevatagodcriteria. In this way one can
observe the graphical results immediately,

and repeat the same procedure with new criteridapyropriate and satisfactory

results are obtained. Almost all of the behavitrahds and correlations obtained in this
dissertation and presented in the following chaptee the product of this innovative
procedure. This chapter discusses the detailsedfiboratory-testing program performed
to clarify the manner in which sand’s type affettte cyclic behavior susceptibility of
sandy soils. First, the component of the soils smtimixtures tested are discussed. This

discussion focuses on the index testing programthadndex properties of the soails.
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Next, a brief review of cyclic simple shear testingoresented with an emphasis on the
differences between in-situ and laboratory condgiand loadings. Last, and following
an explanation of some of the testing parameteng;hwaffect cyclic behavior of sands, a

detailed test methodology is presented.

4.10 Soils Tested

The cyclic simple shear testing program considenethis study is based on 18 clean
sand materials. The sands were selected to spange of material gradation, particle
size and particle shape. Compositional soil progedf the tested sands are presented in
Table 4-1 through

Table 4-3, and the grain size distribution curvesshown in Figure 2.1. The maximum
and minimum densities and void ratios of each efdAnds were determined by using the
Modified Japanese method and dry tipping and thedstal ASTM D4253 and D4254.
For 8 types of sand, both methods were used andethdts were very comparable.
Table 4-1 contains the two base sands tested istidy and their properties and Table
4-2 contains the sands tested previously by Siked Seed (1971), by Martin et
al.(1975), by Pyke (1975), by Bhatia (1980) and @iyung (2004) and their index
properties while

Table 4-3contains the sands tested by Stewart et al. (UCDB4R and their index
properties. It should be mentioned that Nevada $asted for this study and by Chung
(2004) was also used and extensively in the VELA@®gram (Verification of

Liguefaction Analyses by Centrifuge Studies LabamafProgram, 1992).
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D1o D30 Dso e
Sand Cu Ce €min €nax
(mm) | (mm) | (mm) D,=60%
Crystal 0.5 15 1.6 15 0.89] 0.689] 1.014 0.820
Silica #30
Nevada 0.15 0.12 0.15 1.30, 0.49 0.51 0.886 0.661
Table 4-1 Index properties of tested sand

Dio | Dao Dso e
Sand Cu |Cc |émn €hax

(mm) | (mm) | (mm) D,=60%
Crystal Silica
(Silver & Seed, 1971’0.5 0.60 | 0.63| 1.5/ 0.960.633|0.973|0.777
Martin et al. 1975)
Monterey

0.4 0.77 | 0.38| 1.6/ 0.970.55 | 0.85| 0.670
(Pyke, 1975)
Ottawa C109

035 | 15 1.6 1.7 0.800.5 0.83 | 0.628
(Bhatia, 1980)
Nevada

0.14 | 0.5 0.15| 1.810.99(/0.57 | 0.85| 0.6
(Chung, 2004)

Table 4-2

Index Properties of previous historygdstands
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Sand Do D30 Do Cu |Cc | émin Emax ©

(mm) | (mm) [ (mm) D,=60%
Crystal Silica 0.55 0.60 0.81 1.6 0.74 0.705 1.07@.851
Silica #0 0.65 0.77 0.89 145 0.97 0.694 0.983 D.79
Silica #2 1.4 15 1.6 1.29 0.89 0.689 1.016 0.820
Flint 13 0.42 0.5 0.56 148 099 0545 0.811 0.651
Flint 16 0.28 0.41 0.5 211 1.02 0530 0.822 0.646
F-52 0.18 0.25 0.28 1.72 1.1 0.533 0.887 0.658
F-110 0.08 0.10 0.13 190 0.84 0.616 0.884 0.722
Nevada 0.15 0.17 0.19 1.3 0.99 0.5%3 0.907 0.694
Irwindale 0.30 0.61 1.0 467 089 0485 0.749 0.591
Post office 0.10 0.17 0.29 5.0 0.72 0.449 0.7p6 53.5
Pacoima #1 0.15 0.25 0.38 3.7 091 0.564 0.920 050.7
Pacoima #3 0.22 0.35 0.55 3.18 0.80 0.585 0.882 740.6
Vulcan 0.21 0.37 0.51 290 10y 0.501 0.829 0.634
Newhall 0.08 0.18 0.37 428 041 0546 0.945 0.705

Table 4-3 Index Properties of UCLA tested sands
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4.10.1 Preparation of Specimen
Dry specimens (S = 0%) were prepared using a dnyiggion method similar to that used

by Silver and Seed (1971). A pre-weighed amoumtveh-dried sand was poured into a
wire-reinforced membrane that was pre-mountededtittom specimen cap with a
screen placed at the base. Then, the screen wad pplthrough the specimen to give
each specimen essentially the same initial stractiter flattening the specimen and
mounting the top specimen cap, a high frequencyHBvibrator was placed on the top
cap to densify the specimen to a predeterminechhéigt would achieve the target
relative density. Other soil sand specimens wisie @epared using tamping and
kneading compaction methods to evaluate the effiedifferent specimen preparation
techniques. In the tamping method, specimens weaped in two lifts using the same
wire reinforced membrane and compaction mold. Avpegghed amount of oven-dried
sand was loosely placed and gently tamped to agermined height to achieve the
target relative density after application of 1.thaif vertical stress. The kneading method
uses a Harvard miniature compactor to induce sktesins during compaction and
replicate what occurs in the field with a sheep fotler. The kneading compaction
technique is commonly used for soils with fines, Wwas adapted for clean sands in this
study. This method is procedurally similar to tamping method, with the exception of
kneading rather than tamping to densify the specirAecomparison of the results

showed a reasonable agreement with the vibratiorpaction.
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4.10.2 Grain Size Characteristics
The grain size distribution of each soil was detead in general accordance with ASTM

D 422, Standard Test Method for Particle Size Analgs Soils. The mean grain size
D50, the coefficient of uniformity, Cu, and the tfaxent of curvature, Cc, for each sand

were computed.

4.10.3 Maximum and Minimum Void Ratios
The vibratory table method (ASTM D 4252, StandardtTethod For Maximum Index

Density Of Soils Using a Vibrating Table) shownHRigure 4-26 is limited to soils with
maximum fines of 15 percent, while proctor tests rdui always produce accurate,
repeatable results for clean sands. Thereforeataby table as well as both Standard and
Modified Proctor tests were performed for each sém@greement with the findings of
Lee and Fitton (1968), the vibratory table teseddgd maximum dry densities similar to
those produced by the Modified Proctor test. Beedhs vibratory table tests were found
to give more repeatable results, they were useatktime the maximum index densities
and minimum index void ratios used in this studwifarly, there is no ASTM procedure
for determining minimum density for cohesionlesdssavhich is applicable over the
entire range of silt contents investigated in tsiisdy. The minimum density method
(ASTM D- 4254, Standard Test Method for Minimum IndBensity of Soils and
Calculation of Relative Density) is limited to soivith maximum fines of 15 percent.
Because our sands was clean sand, the maximurr uadé ratio and corresponding
minimum index density for each soil mixture wasedetined in general accordance with
the method presented in the specification. Both biétB and Method C of this standard

were performed and found to give similar resultstidd B consists of filling a tube, the
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base of which is sitting within a mold of known gt and volume, with dry soil and
then slowly lifting the tube so that the soil flowat and fills the mold. The soil is then
struck level with the top of the mold, the mold asdil weighed, and the density
determined. Method C consists of partially fillinggkass cylinder with a known weight
of dry soil and slowly inverting it. The height thfe soil in the cylinder is then measured
and the density determined. The values of minimodex density and maximum index
void ratio determined by these two methods wereil@mThose determined using

Methods B were found to be slightly more consistant were used in the study.

4.104 Specific Gravity
Specific gravities were determined in general adance with ASTM D 854, Standard

Test Method for Specific Gravity of Soil for eaclnda

4.10.5 Cyclic Simple Shear Testing
Cyclic simple shear tests attempt to model the doadplied to a soil mass by an

earthquake. There are several differences betweeloads applied to a soil mass in the
field and those applied to a specimen in a cyclopge shear test. Additionally,
numerous factors can affect the cyclic behaviorettgped in a cyclic simple shear
specimen and make it differ from that which miglet éeeveloped in the field. These
include the method of specimen preparation, thativel density of the specimen, the
particle size and gradation of the soil, the sizéhe specimen, the shape of the loading
function, and the frequency of application of tbading function.

Following a brief review of the basic theory behiogclic simple shear testing, the

differences between cyclic simple shear and inisiwdings will be discussed. Next, the
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factors that may affect a cyclic simple shear gpea are summarized, and lastly a

review of the definition of cyclic behavior is pesged.

Surcharge Weight
Dial Indicator Guage

Figure 4-26  Vibrating Table and Mold used in compgitemin (ASTM 4353)
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4.10.6 Uniformity of Loadings
The loading that a soil element in the ground nexeduring an earthquake is

non-uniform, both in terms of its amplitude anditlieequency. These variations would

be very hard to model in the laboratory. To overedms difficulty the concept of
equivalent uniform cycles is applied (Seed andsijril971). The loading applied to a
specimen during a cyclic simple shear is essentiadinstant in both amplitude and
frequency and is most often applied in the formaafniform, repeating sine wave. The
cyclic stress ratio applied is usually assumedet@bbunction of some percentage (most
frequently 65 percent) of the maximum accelerabbithe design earthquake. Thus by
assuming the applied stress (or acceleration) tsobee percentage of the peak stress (or
acceleration) the loading can be converted frorntire uniform, erratic loading seen in

the field, to a uniform equivalent loading, easifyplicable in the laboratory.

4.10.7 Components of Loadings
An actual earthquake would apply stresses to asament in the field in several

directions simultaneously. Two perpendiculars hmrtal and one vertical component
were recorded. A cyclic simple shear test, howewaty employs one component of

loading. This is analogous to one horizontal congmbrof the earthquake motion acting
on the plane inclined at 45 degrees within the ispere. Studies by Seed and Pyke (1975)
have shown that the difference in loading betwd®n rhulti-component loading in the

field and the single component loading in the labuits in the laboratory specimens
failing at a stress which is approximately 10 petdeigher than that required to cause

failure in the field.
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4.10.8 Factors Affecting Cyclic Response of Soill
Numerous factors affect the cyclic behavior measumea cyclic simple shear specimen.

These factors include the mean grain size of thke e void ratio and the relative
density of the specimen, the method of specimepapation, the size of the

specimen, the shape of the loading function, teguency of loading. Silver et al. (1976)
and Townsend (1978) have provided excellent revigwsany of these factors.

For a given sand tested at a specified densitgrakwof these factors, including mean
grain size, void ratio, and relative density, aegdnd the control of the test operator. The
44 remaining factors are a function of the testhoéblogy and can be controlled by the
operator. The operator-controlled factor that Ihasgreatest effect on the cyclic behavior
susceptibility of a specimen is the method usddnm the specimen. Other factors
include specimen size, the shape of the loadingtimm, the frequency of loading, the
ratio of principle stresses during consolidatitne tlegree of saturation in the specimen,
and the membrane and area corrections appliectttesh data. A brief discussion of the
effects of each of the operator dependent paramatel how they were handled in this

study follows.
4.10.9 Specimen Size

Lee and Fitton (1969) prepared and tested coa@rssands with different specimen
diameters in order to determine the effects of ispex size on cyclic strength. The
specimens tested were either 1.4 inches in diapweése prepared to a

constant relative density, and were tested at ataahconfining pressure.
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4.10.10 Shape of the Loading Pattern

Silver et al. (1976) and Mulilis, Townsend and H{#278) found that the cyclic strength
of a solil is strongly influenced by the shape &f livading pattern. Several waveforms
were examined including, in order of increasinglicystrength produced, rectangular,
degraded rectangular or triangular, and sine weieg. waves were found to produce
cyclic strengths, which were 15 to 20 percent highan those, produced under
rectangular waves of the same maximum amplitudd dis. strength increase is due to
the severe velocity changes that occur during faadiith the rectangular form and their
effect on pore pressure. Additionally, a sine wapplies a lower average load than a
rectangular wave with the same peak amplitude dits tonger rise time. This lower
average stress results in a higher cyclic streAdth.effects of varying wave shapes on
cyclic stress can be seen in Figure 2-9 (aftereBidt al. 1976) which plots cyclic
resistance curves for Monterey #0 sand under vanoage forms. While the testing
system offers several options as to the shapeeadbtding function, a sinusoidal shaped

function was used as recommended by Silver (1977).
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CHAPTER 5

DEVELOPMENT OF DATA BASE

51 Introduction

During the past 36 years, the settlement of cleads under earthquake induced loading
has been studied and an understanding of its meschaand the parameters which affect
it has been developed. The result of previousietushowed that settlement of sand is
function of:

The relative density of the soil

The magnitude of the cyclic shear strains

The number of cycles or previous strain history.

Unfortunately, the understanding of the settlenedrgands and how it varies with sand
characteristics and over consolidation ratio is lesmplete. A review of the literature
shows that there is no clear consensus as to \fieat sand characteristics and an over-
consolidation ratio have upon the settlement ofisan

The current study was undertaken in an attemptatofyc the uncertainties found in the
literature, and to find parameters which contra gettlement of sands. In order to
achieve this goal, a series of simple cyclic sheats were performed using two base
clean sands. Tests were performed and evaluataed usid ratio, relative density, and
soil specific relative density as measures of dgnshlso used in this studies, the results
of previous studies on Silica #20 sand (Silver &ea&d, 1971, Martin et. al, 1975), on

Monterey Sand
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( Pyke, 1975 ), on Ottawa Sand (Bathia, 1980), emadda Sand (Chung, 2004) and data
obtained from UCLA (Stewart et.al.) Consisting efiss of simple cyclic shear tests on 8
clean sand, on 6 field sand materials and on s@lifisamples) with fine content. The
sands span a range of material gradation, parsizde and particle shape as well as
mineral composition. Data on sands with fine cohtebtained from Stewart et al. were

also analyzed and the role of fines in soils $® @&xamined.

52 Data Presentation

5.2.1 Data Obtained From Previous Studies
Silver and Seed (1971) used Crystal Silica #20 $arstiudy the volume changes in sands

during cyclic loading. The sand used was a umfangular quartz sand havingoD=
0.5 mm and a uniformity coefficient about 1.5. To analyze the effect of relative
density, 45 %, 60 % and 80 % relative densitiesl s@amples were used.

Martin et. al (1975) used the same Crystal silicadsaith relative density of 45 % to
analyze the change in volumetric strain and sheadtubas during cyclic simple shear
tests on dry sand. The results of these studeeshaawn in Figure 5-2 through Figure 5-4

in form of settlement versus the number of cyctesafuniform shear strain of 0.1 %.
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0.6
© Silica Sand # 20
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Figure 5-1 Vertical Settlement versus the numbeZ\yafles
(Silver and Seed 1971)
Pyke (1975) used the Monterey No. 0 sand with ttiéerent relative densities 40 %,
60 % and 80 % to study the settlement of sandsrumaétidirectional shaking. It is a
uniform medium quartz sand having¢> 0.4 mm and a uniformity coefficient of 1.6.

The result of his study is shown in Figure 5-2.

0.6

0.5
L Monterey sand
g 041
o = 0,
5 03] Dr=40 %
g
= 0.2 Dr =60 %
()
> 0.1 1

/—’_ Dr = 80 %
0 T T T T
0 10 20 30 40 50
Number of Cycles

Figure 5-2 Vertical Settlement versus the numbeZafles (Pyke 1975)
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Bhatia (1980) used the Ottawa C109 sand at thitagvedensity, 40 %, 50 % and
60 % in her study of verification of relationshifus effective stress method to evaluate
liquefaction potential of saturated sands. It ign#orm quartz sand having;pP= 0.35

mm and a uniformity coefficient of 1.7.

0.6

05 Ottawa Sand C109
S Dr = 40 %
g 0.4+
I
& 0.3 Dr =80 %
©
‘LE) 0.2
2

0.1

0 ‘ : ‘ ‘
0 10 20 30 40 50
Number of Cycles

Figure 5-3 Vertical Settlement versus the numbetyifles (Bathia,1980)

Chung (2004) used the Nevada sand at 80 % reldéasity in his study to evaluate the
dynamic and cyclic behavior of soils over the widage of shear strains in NGI — type
simple shear testing devices. The sand used whsarguartz sand having D 10 = 0.15

mm and a uniformity coefficient of 1.8.

0.6
0.5

0.4 Nevada san
0.3
0.2

0.1’/-———"’_" Dr =80 %

0

Vertical Strains, %

0 10 20 30 40 50

Number of Cycles

Figure 5-4  Vertical Settlement versus the numbeZyafles (Chung 2004)
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522 Tested Sands

Two sands were used for this study in tests comduloy the author. The first sand was
Nevada sand and it was obtained from UC-Davis. $arsl was extensively used in the
Velacs project (Verification of Liquefaction Analgsby Centrifuge Studies). Nevada
sand is uniform fine quartz sand. Its particles angular to subangular in shape with a
mean grain size of 0.14 mm and a coefficient ofarmity of 1.81. The soil was graded
between U.S. No. 50 and 200 sieve sizes. The fgpgcavity of Nevada sand is 2.69.
The maximum and minimum dry density are respectii8.5 Ib/ff and 88.4 Ib/ft
which wereobtained by using respectively ASTM 4253 and 425d the Japanese
Method and Dry Tipping developed by Lade. It shdmddmentioned that the maximum
and minimum density for most of the sands usedim gtudy were computed using the
two methods mentioned above in order to eliminate@otential of error. The responses
obtained by those two methods were comparable. mM&emum and minimum void
ratios for Nevada sand were 0.88 and 0.64, resadgti The second sand was Silica # 30
and it was obtained from UC-Berkeley and it wassemobecause it is very similar to the
sand used by Silver and Seed. This sand is a umidmgular having B=0.5 mm and a
coefficient of uniformity of about 1.5. The maximuand minimum dry density are
respectively 101.3 Ibftand 83.8 Ib/ft and the maximum and minimum void ratio are
respectively 1.016 and 0.689. The size distributiarves for these sands are shown in

Figure 5-5.
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Figure 5-5 Size distribution of Nevada and Silica0#sands

Numerous laboratory tests were performed, congisif nine tests on each sand using
three different relative density, 40%, 60% and 884d three different over consolidation
ratio 1, 2 and 4. Results shown in Figure 5-6itufe 5-8 show that settlement of sand
depends on the sand characteristics, on the owvesetidation ratio applied and on the
relative density used in the testing. These restdisfirm the previous finding that
settlement decrease with an increase in relativesitfe with an increase in over

consolidation ratio and that settlements vary wéhd characteristics.

[
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Figure 5-6 Vertical Settlement versus the numbeZyifle (OCR=1, =0.1%)
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Figure 5-7 Vertical Settlement versus the numbetyafle (OCR=1,=0.1%)

5.2.3 UCLA Test Program Data
Structural fills are earth structures that are g@ihd¢o create level building pads for

building construction. In hillside areas, thedés fare generally constructed in wedge
shape and placed along hillsides.

There are a number of processes that can leadfoond®ion of compacted structural

fills. Static, long-term process includes hydrangaction, consolidation and slope
creep. Seismic process includes seismic slopahitisy and seismic compression.

The focus of the UCLA research team was on seisonapression, (which is defined as
volumetric strain accumulation in unsaturated siting earthquake shaking) and was
largely motivated by the settlement of compactéd Wwhich occurred in the Northridge

earthquake. Seismic compression only occurs inpeated fills whose voids are not

fully filled with water

(unsaturated soils); when such soils experiencarseally induced shear deformations,

the soil grains tend to settle into a denser coméitjon.
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In order to achieve their objective and to prowitght into the seismic compression of
sands, non-plastic silt mixtures, they performdabtatory simple shear testing on a total

of 14 different clean sands and on 8 silty sands.

THE DATABASE COMPILED BY THE UCLA RESEARCH TEAM (STEWART
ET AL.2004) WAS ANALYZED AND ADDED TO THE LABORATORY TESTS
DATA PERFORMED FOR THIS STUDY. THE UCLA DATA BASE WHICH

CONSISTED OF SIMPLE SHEAR TESTS ON 14 SANDS OF RELATIVE
DENSITY ABOUT 60 % WAS ANALYZED, AND CURVE FITTING USED IN
ORDER TO EVALUATE THE VARIATION OF SETTLEMENT OF THE SANDS
WITH VARYING SHEAR STRAIN FOR A GIVEN UNIFORM NUMBER OF
CYCLES AS SHOWN IN FIGURE 5-8. WHEN DATA ACCURACY CONCERNS
WERE ENCOUNTERED, THE TESTS IN QUESTION WERE REPEATED BY
THE UCLA TEAM IN ORDER TO RESOLVE CONCERNS. THE RAW DATA
PROVIDED BY UCLA WERE IN THE FORM OF A CD WAS DISCUSSED IN
CHAPTER 4 AND ARE SHOWN IN
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APPENDIX C AND
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Appendix D. Examples of the curve fitting are sinaw Figure 5-9 to Figure 5-11.
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Figure 5-8 Vertical Settlement versus the numbetyafles (Stewart 2004)
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Figure 5-9 Variation of volumetric strain with cyckhear strain for Newhall Sand
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Figure 5-10 Variation of volumetric strain with digcshear strain for Pacoima 3 Sand
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Figure 5-11  Variation of volumetric strain with cigckhear strain for Flint 16 Sand

Also Stewart et.al (2004) performed cyclic simphear tests on sand with fines content
at two relative compaction values of 87 % and 92vBch corresponds to a relative
density of 70 % and 80 %. They used two base ddeads, NSF and Silica #1 mixed
with silt material (Sil-Co-Sil No. 52) in varyingr@aunt between 10 %, 20 %, 35 % and

50 %.
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Figure 5-12  Effect of silt content on seismic consgren of Silica host sand
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CHAPTER 6

MINERALOGY AND PARTICLE CHARACTERISTICS
ANALYSIS

6.1 Introduction

Preliminary analysis of the results discussed imap@ér 5 shows no significant trend in
variation of vertical strain with soil compositidnparameters such as Coefficient of
Uniformity, C,, median particle size,d@ For this reason, It was decided to include in
the study other soil parameters such as the migeraposition of the soils samples and
the grains shape or texture. This study was dotieedJniversity of Southern California
in the department of Earth Science under the sigiervof Dr. Frank Corsetti.
Mineralogy and particle characteristics (texturedlgsis of sand consists of determining
the following:

Mineral composition of sand

Grain shapes by petrographic analysis

Grain size distribution which can be determinedigye analysis
Two methods were used to achieve the analysis, yXpawder Diffraction for
determining the minerals composition in the sandl getrographic analysis for
determining the grains size and shape. The bauokdrdo these analysis methods is

described below.
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6.2  X-Ray Powder Diffraction Method

Rocks, sediments, and precipitates are examplgealbgic materials that are composed
of minerals. Numerous analytical techniques arel teseharacterize these materials. One
of these methods, X-ray powder diffraction (XRDy,an instrumental technique that is
used to identify minerals, as well as other cryisial materials. In many geologic
investigations, XRD complements other mineralogitathods, including optical light
microscopy, electron microprobe microscopy, anchsicay electron microscopy. XRD
provides the researcher with a fast and reliabté fior routine mineral identification.
XRD is particularly useful for identifying fine-greed minerals and mixtures or
intergrowths of minerals, which may not lend thelvs® to analysis by other techniques.
XRD can provide additional information beyond baisientification. If the sample is a
mixture, XRD data can be analyzed to determingptbportion of the different minerals
present. Other information obtained can includedibgree of crystallinity of the mineral
present, possible deviations of the minerals fromirtideal compositions (presence of
element substitutions and solid solutions), thecstiral state of the minerals (which can
be used to deduce temperatures and (or) presstiresnmation), and the degree of
hydration for minerals that contain water in th&iucture. Some mineralogical samples
analyzed by XRD are too fine grained to be idesdifby optical light microscopy. XRD
does not, however, provide the quantitative contjposl data obtained by the electron
microprobe or the textural and qualitative composdl data obtained by the scanning
electron microscope. The three-dimensional streabfinonamorphous materials, such as
minerals, is defined by regular, repeating plankstoms that form a crystal lattice.
When a focused X-ray beam interacts with theseeglasf atoms, part of the beam is
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transmitted, part is absorbed by the sample, garefracted and scattered, and part is
diffracted. Diffraction of an X-ray beam by a crgiine solid is analogous to diffraction
of light by droplets of water, producing the famrlirainbow. X-rays are diffracted by
each mineral differently, depending on what atonakenup the crystal lattice and how
these atoms are arranged. In X-ray powder diffraetry, X-rays are generated within a
sealed tube that is under vacuum. A current isiegghat heats a filament within the
tube, the higher the current the greater the nurmbelectrons emitted from the filament.
This generation of electrons is analogous to tleelyction of electrons in a television
picture tube. A high voltage, typically 15-60 kildts, is applied within the tube. This
high voltage accelerates the electrons, which thiea target, commonly made of copper.
When these electrons hit the target, X-rays ardymed. The wavelength of these X-rays
is When an X-ray beam hits a sample and is difééctve can measure the distances
between the planes of the atoms that constituteséineple by applying Bragg's Law.
Bragg's Law is:

n 2dsin
where the integen is the order of the diffracted beam, is the wavelength of the
incident X-ray beam,d is the distance between adjacent planes of atdhes (-
spacing), and is the angle of incidence of the X-ray beam. Siweeknow and we
can measure , we can calculate thel -spacing. The geometry of an XRD unit is
designed to accommodate this measurement. The cbtbiastic set of d-spacing
generated in a typical X-ray scan provides a unitfuggerprint" of the mineral or

minerals present in the sample. When properly pnéted, by comparison with standard
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reference patterns and measurements, this "fingér@llows for identification of the
material characteristics of the material.

These X-rays are collimated and directed ontostimaple, which has been ground to a
fine powder (typically to produce particle sizesle$ss than 10 microns). A detector
detects the X-ray signal; the signal is then preedseither by a microprocessor or
electronically, converting the signal to a courter&hanging the angle between the X-
ray source, the sample, and the detector at adllmatrate between preset limits is an X-
ray scan.

Powder X-ray Diffraction (XRD) is one of the prinyalechniques used by mineralogists
and solid state chemists to examine the physicoicia make-up of unknown solids.
This data is represented in a collection of similase X-ray powder diffraction patterns
for the three most intense D values in the forntates of interplanar spacings (D),
relative intensities (I§) and mineral name The XRD techniqudakes a sample of the
material and places a powdered sample in a hdldem, the sample is illuminated with x-
rays of a fixed wave-length and the intensity @& taflected radiation is recorded using a
goniometer. This data is then analyzed for theectiftn angle to calculate the inter-
atomic spacing value in Angstrom units®l@m). The intensity is measured to
discriminateusing | ratiosthe various spacing and the results are comparadable to
identify possible matches.

Friedrich and Knipping first observed X-ray wavéenfierence, commonly known as X-
ray diffraction (XRD), in 1912 after a hint fromdin research advisor, Max von Laue, at

the University of Munich. Bragg's Law greatly sinfigld von Laue's description of X-ray
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interference. The Braggs used crystals in the gifle geometry to analyze the intensity
and wavelengths of X-rays (spectra) generated tigrdnt materials. Their apparatus for
characterizing X-ray spectra was the Bragg speatem Laue knew that X-rays had
wavelengths on the order of 1 A. After learningttRaul Ewald's optical theories had
approximated the distance between atoms in a tiygthe same length, Laue postulated
that X-rays would diffract, by analogy to the dation of light from small periodic
scratches drawn on a solid surface (an opticalradifion grating). In 1918 Ewald
constructed a theory, in a form similar to his ogittheory, quantitatively explaining the
fundamental physical interactions associated wiRRDX Elements of Ewald's eloquent
theory continue to be useful for many applicationphysics. The results of the analysis
are shown in

Diffraction can occur when electromagnetic radiatinteracts with a periodic structure
whose repeat distance is about the same as thdengtte of the radiation. Visible light,
for example, can be diffracted by a grating thattams scribed lines spaced only a few
thousand angstroms apart, about the wavelengtlsibies light. X-rays have wavelengths
on the order of angstroms, in the range of typingratomic distances in crystalline
solids. Therefore, X-rays can be diffracted frora thpeating patterns of atoms that are

characteristic of crystalline materials.

6.2.1 Electromagnetic Properties of X-Rays
The role of X-rays in diffraction experiments issbd on the electromagnetic properties

of this form of radiation. Electromagnetic radiatisuch as visible light and X-rays can
sometimes behave as if the radiation were a beapuanicles, while at other times it
behaves as if it were a wave. If the energy emittedhe form of photons has a
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wavelength between T0to 10 cm, then the energy is referred to as X-rays.
Electromagnetic radiation can be regarded as a weeng at the speed of light, ¢ (~3 x
10"%m/s in a vacuum), and having associated withwaeelength, , and a frequency,

, such that the relationship c = is satisfied.

Gamma X-Rays Ultraviolet | Visible | Infrared Microwaves Radio

rays rays light light Fadar Waves
Short Wavelength Long Wavelength
High Frequency Low Frequency
High Energy Low Energy
Vv I B GY O R
400 nm 700 nm

Figure 6-1 Electromagnetic spectrum. The colotheivisible range of the spectrum
are abbreviated violet (V), indigo (1), blue (Byegn (G), yellow (Y), orange (O), and red
(R).

6.2.2 X-Rays and Crystalline Solids

In 1912, Maxwell von Laue recognized that X-raysulddbe scattered by atoms in a

crystalline solid if there is a similarity in spaltiscales. If the wavelength and the
interatomic distances are roughly the same, diffsac patterns, which reveal the
repeating atomic structure, can be formed. A pattérscattered X-rays (the diffraction
pattern) is mathematically related to the strudtaraangement of atoms causing the
scattering. When certain geometric requirements raet, X-rays scattered from a
crystalline solid can constructively interfere, guging a diffracted beam. Sir Lawrence

Bragg simulated the experiment, using visible lighth wavelengths thousands of times
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larger than those of X-rays. He used tiny arrayslatt and pinholes to mimic atomic
arrangements on a much larger scale. Optical wams&xperiments, in which visible

light is diffracted from arrays, yield diffractiopatterns similar to those produced by
shining X-rays on crystalline solids. However, tigtical transform experiment is easier

and safer than X-ray experiments and can be ustxdiolassroom.

X-Ray Diffraction

X-ray
Tube
High
Voltage
o = X-ray Crystal
Beam
Lead Screen

Photographic
Plate

Figure 6-2 A schematic of X-ray diffraction

6.2.3 How Diffraction Patterns are Made

When electromagnetic radiation from several souoseslaps in space simultaneously,
either constructive or destructive interferenceuosc Constructive interference occurs
when the waves are moving in step with one anoffilee. waves reinforce one another
and are said to be in phase. Destructive interéereon the other hand, occurs when the
waves are out of phase, with one wave at maximumlitude, while the other is at a

minimum amplitude. Interference occurs among thges scattered by the atoms when
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crystalline solids are exposed to X-rays. The atamthe crystal scatter the incoming
radiation, resulting in diffraction patterns. Destive interference occurs most often, but

in specific directions constructive interferencews.
6.2.4 Purpose of X-Ray Diffraction

Diffraction data has historically provided inforrat regarding the structures of
crystalline solids. Such data can be used to datermolecular structures, ranging from
simple to complex, since the relative atomic possiof atoms can be determined. X-ray
diffraction provided important evidence and indtrpoof of atoms.

Diffraction patterns constitute evidence for theigdically repeating arrangement of
atoms in crystals. The symmetry of the diffractmatterns corresponds to the symmetry
of the atomic packing. X-ray radiation directedla solid provides the simplest way to
determine the interatomic spacing that exists. inkensity of the diffracted beams also
depends on the arrangement and atomic number ohttmas in the repeating motif,
called the unit cell. Thus, the intensities offrdifted spots calculated for trial atomic
positions can be compared with the experimentdtadifion intensities to obtain the
positions of the atoms themselves.

X-rays are electromagnetic radiation of wavelerajtbut 1 A (10-10 m), which is about
the same size as an atom. They occur in that podfathe electromagnetic spectrum
between gamma-rays and the ultraviolet. The disgowed X-rays in 1895 enabled
scientists to probe crystalline structure at thmrat level. X-ray diffraction has been in
use in two main areas, for the fingerprint chanazé¢ion of crystalline materials and the

determination of their structure. Each crystallsodid has its unique characteristic X-ray
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powder pattern which may be used as a "fingerpriot"its identification. Once the
material has been identified, X-ray crystallograpimay be used to determine its
structure, i.e. how the atoms pack together in ¢thgstalline state and what the
interatomic distance and angle are etc. X-ray akfion is one of the most important
characterization tools wused in solid state chegnisand materials science.
We can determine the size and the shape of thecelhifor any compound most easily

using the diffraction of x-rays.

RO

X X

Figure 6-3 Reflection of x-rays from two planesatdms in a solid

The path difference between two waves:

n 2dsin
For constructive interference between these watles,path difference must be an

integral number of wavelengths:
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This leads to the Bragg equation:

n 2dsin

Figure 6-4 shows the x-ray diffraction pattern 8lica # 2 sand. Strong intensities can
be seen for one number of values of n; from tims ive can calculate the value of d, the
interplanar spacing between the atoms in the drysta

Figure 6-5 shows the x-ray diffraction pattern M8F sand. Strong intensities can be
seen for a number of values of n; from each of lihes we can calculate the value of d,

the interplanar spacing between the atoms in tystalr

5000

0. 5. 20. 25. 30. 3. 40. 45. S50. 55. 60.

Figure 6-4 X-ray diffraction pattern for Silica &and
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Figure 6-5 X-ray diffraction pattern for NSF Sand

Example of an X-ray powder diffractogram producendig an X-ray scan. The peaks
represent positions where the X-ray beam has biéacted by the crystal lattice. The
set of d-spacing (the distance between adjacemeplaf atoms), which represent the
unique "fingerprint" of the mineral, can easily d@culated from the 2-theta (3 values
shown. The use of degrees 2-theta in depictingypmavder diffraction scans is a matter
of convention, and can easily be related backeaggometry of the instrument, shown in

figure 1. The angle and tliespacing are related by Bragg's Law, as describduki text.

6.2.5 Instrumentation
The X-ray diffraction experiment requires an X-rapurce, the sample under

investigation and a detector to pick up the diffedcX-rays. Figure 6-6 is a schematic

diagram of a powder X-ray diffractometer.
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Figure 6-6 Schematic of an X-ray powder diffractoanet

The X-ray radiation most commonly used is that sadiby copper, whose characteristic
wavelength for the K radiation is =1.5418A. Wher ihcident beam strikes a powder
sample, diffraction occurs in every possible oagionh of 2theta. The diffracted beam

may be detected by using a moveable detector sach &eiger counter, which is

connected to a chart recorder. In normal use, thumter is set to scan over a range of
2theta values at a constant angular velocity. Relytj a 2 theta range of 5 to 70 degrees
is sufficient to cover the most useful part of f@vder pattern. The scanning speed of
the counter is usually 2 theta of 2 degrees mimd therefore, about 30 minutes are

needed to obtain a trace.

Bragg's Law refers to the simple equation:
n =2dsin
derived by the English physicists Sir W.H. Braggl &ms son Sir W.L. Bragg in 1913 to

explain why the cleavage faces of crystals appeegftect X-ray beams at certain angles
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of incidence (theta,). The variablal is the distance between atomic layers in a crystal
and the variable lambdais the wavelength of the incident X-ray beam, ansnteger

This observation is an example of X-ray wave imexhce commonly known as X-ray
diffraction (XRD), and was direct evidence for gheriodic atomic structure of crystals
postulated for several centuries. matter with aggniy, e.g., ions, electrons, neutrons, and
protons, with a wavelength similar to the distat@ween the atomic or molecular

structures of interest.

6.2.6 Deriving Bragg's Law
Bragg's Law can easily be derived by considerirgdbnditions necessary to make the

phases of the beams coincide when the incideneasmlials and reflecting angle. The
rays of the incident beam are always in phase arallpl up to the point at which the top
beam strikes the top layer at atom z (Figure 6Ffie second beam continues to the next
layer where it is scattered by atom B. The secaairbmust travel the extra distance AB
+ BC if the two beams are to continue travelingaadpt and parallel. This extra distance
must be an integral (n) multiple of the wavelengthfor the phases of the two beams to
be the same:

n =AB+BC
Recognizing d as the hypotenuse of the right tieaddz, we can use trigonometry to
relate d and to the distance (AB + BC). The distance AB is ogf# SO,
AB =d sin
Because AB = BC , the equation above becomes,

n =2AB
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Substituting equation (3) in equation (4) we have,
n =2dsin
and Bragg's Law has been derived. The locationhef durface does not change the

derivation of Bragg's Law

n =2dsin

Figure 6-7 Deriving Bragg's Law using the reflentgeeometry and applying
trigonometry. The lower beam must travel the edistance (AB + BC) to continue
traveling parallel and adjacent to the top beam.

Recognizing d as the hypotenuse of the right tleaidz, we can use trigonometry to
relate d and to the distance (AB + BC). The distance AB is agf# SO,
AB =d sin
Because AB = BC eq. (2) becomes,
n =2AB
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Substituting eq. (3) in eq. (4) we have,

n =2dsin

and Bragg's Law has been derived. The locationhef durface does not change the

derivation of Bragg's Law.

6.3  Results of X-Ray powder Diffraction analysis

Volcanic Metamorphic
Sample Quartz| Feldspa P Accessory
Fragments | Fragments
Pacoima-1 | 34% 26% 16% 20% 4%
Pacoima-3 | 27% 21% 25% 25% 2%
Newhall 18% 19% 40% 18% 5%
Post Office | 35% 21% 32% 9% 3%
Pat
: 13% 21% 28% 28% 10%
Irwindale
NSF 24% 28% 15% 31% 1%
Table 6-1 Mineral composition of sands

100 grains per sample were counted on a grid uteg2.5x objective on a Zeiss
petrographic microsope. Quartz was monocrystallfpelycruystaline quartz was
considered a metamorphic rock fragment). Feldspduded plagioclase and orthoclase,

including a minor amount of microcline. In thesenples, the most common form of
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feldspar was plagioclase. Most of the metamorptaigrhents consisted of polycrystaline
quartz plus muscovite, usually foliated. Volcafiagments were not as consistent in
mineralogy, but commonly contained a glassy or redtegglass groundmass with
accessory phenocrysts such as plagioclase. Acgeggpains included very minor
amounts of horneblende, apatite, titanite, anchm @ase, a mollusk shell fragment.
Notes on individual samples:

Pacoima-3 had trace amounts of biogenic CaCO3anfdhm of mollusk shell

fragments--not sure where these might have comm,ftout it was the only

sample with these grains.

Newhall Sand accessories included some muscovda. mi

Pat Irwindale Sand contained a significant amodipiodycrystaline hornblende as

an accessory mineral-in enough quantity to be densd in its own category.

Some of the grains classified as metamorphic fragsneould in fact be plutonic

fragments, as some of them lacked a foliation.

NSF Sand: Some of the grains classified as metdnwffagments could in fact

be plutonic fragments, as some of them lackediatioh.

6.4  Petrographic Analysis

A thin section is made by grinding down a sliceafk which has been glued to a glass
slide until it reaches a thickness of about 0.03(86 microns). At this thickness most
minerals become more or less transparent and eaeftine be studied by a microscope

using transmitted light. A thin section is mounteda microscope slide.
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Figure 6-8 Thin Section

The petrographic microscope is a large apparattls win eyepieces and several extra
attachments. To the naked eye, a thin sectionadyngansparent, and that's true under
the microscope too. Even dark minerals like ararcl€he stage with the thin section on
it can be rotated and as you do that some of timenalis wink bright, then dark. That's
because underneath the stage is a polarizing fdtet any mineral that itself is polarizing
interferes with that polarized light. Where polanz cross each other, you get darkness,
and where they both have the direction you gethbmess. when you flip in the
microscope's second polarizer, which is mounted/altloe stage and is crossed relative
to the first polarizer. Then bright turns to dadeass the whole field of view, and the
different minerals take on interference colors tahetimes are quite vivid. Basically,
those colors tell the observer a lot about a miserdentity and composition, and the
angles that can be measured using the rotating stédlgnore. For good measure, there's
also a very thin wedge of quartz that the microstogan slide in and out of the light

path to gauge the effect on the interference colors
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Figure 6-9 The Polarising Microscope

6.4.1 The Nature of Polarised Light
Light travels as electro-magnetic vibrations in evhthe vibration direction is transverse

to the direction of propagation. Transverse wavetons of this type are said to be plane
polarised when all the vibrations lie in one plabight from the sun is unpolarised but

when it reflects off a surface it becomes partliageed as shown opposite.
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6.4.2 Double Refraction
Most crystalline substance is anisotropic - theiygptal properties (including refractive

index) differ if measured in different directior@rystals belonging to the cubic system
are the exception and are said to be isotropieir fhysical properties do not vary with
direction. When a ray of ordinary (unpolarisedhtignters an anisotropic crystal it is in

general split into two rays - this is called doutd&action

6.4.3 Common Minerals in Igneous Rocks:

6.3.3.1 Optical Properties of Quartz

Uniaxial positive; first order interference cold@ggay to pale yellow); undulant xtinction;
clear in plane polarized light; conchoidal fractun® visible cleavage or twinning. In
ntrusive rocks, quartz is typically a late-formimgneral and therefore interstitial to other
minerals. The photos on this page are under edopslarizers: on the left above is
strained quartz in granite; on the right is a qu@tienocryst in rhyolitic glass, showing
conchoidal fracture. The photos below show quamaing in a sedimentary rock,
conglomerate. On the left, Boehm lamellae in theng indicate a high stress regime;
the grains on the right show sutured grain bouedaand internal strain, indicating a

probable metamorphic origin.

6.3.3.2 Occurrence:

Many intrusive rocks, such as granite, quartz moneprgranodiorite, tonalite, etc;
extrusive rocks such as rhyolite, dacite, etc., arahy metamorphic and sedimentary

rocks.
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Figure 6-10 Quartz

6.3.3.3 Optical Properties of Plagioclase

Biaxial + or -, first order gray to very pale strgwllow interference colors; low relief;
polysynthetic twinning is very common, as in theofs on the left, which helps
distsinguish plagioclase from orthoclase; twins gagcally continuous, with parallel
sides, unlike microcline. Plagioclase also may toengly zoned, as in the photos at the
right above: normal zoning when the center of trengis more Ca-rich than the edges,
and oscillatory zoning when the composition altegadrom Ca- to Na-richer zones.
Plagioclase is the most abundant mineral in Eacthist, occurring in most igneous and

metamorphic rocks.

Figure 6-11  Plagioclase
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6.3.3.4 Optical Properties of Calcite

Uniaxial -; extreme birefringence, high order cslocommon polysynthetic twinning;
rhombohedral cleavage; symmetrical extinction; deks in plane polarized light.
The photos above (left is plane polarized lighghtiunder crossed polarizers) show the

high birefringence, twinning, and cleavage typmfatalcite.

Figure 6-12  Calcite

6.5  Results of Petrographic Analysis

The results of the petrograhic analysis on 15 sasgthown in Appendix | indicated that
10 of them have a rounded to subrounded shapehasd 10 samples are: F-110, F-52,
Flint 13, Flint 16, Nevada, Pacoima 1, Pacoimaag, IRvindale , Post Office and NSF.
sand the rest of the samples have an angular ingutar shape and they are: SO0, S1.
S2. S30, and Newhall.

Although it is evident that the mechanical proptf sand depend on the grain shape as

well as grain size distribution, it is rather diffiit to quantify irregular grain shapes. The
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indices for grain shape have been proposed by sesearchers in various areas not only
in geothechnical engineering. An index widely ugedoil mechanics is Roundness R
proposed by Wadell (1932). Since roundness is,eliew inadequate for grain with
sharp corners such as crushed stones, Lee (196#am)sed an alternative concept,
angularity A. Yoshimura and Omega (1993) demotedra unique negative correlation
between Roudness and Angularity with the aid obeffccient of form unevenness FU,
which can be obtained by image analysis proposekirby Roundness can be estimated
by visual comparison with charts, such as the dr@va in Figure 2-b (Folk 1955,
Barrett 1980). Differences in estimated roundnesksphericity by different assessors is
in the order of 0.1 and does not exceed 0.2. Digiteage analysis facilitates the
systematic evaluation of mathematical descriptdrpanticle shape including Fourier
analysis, fractal analysis and other hybrid techesq(e.g., Meloy 1977, Clark 1987,
Hyslip and Vallejo 1997, Bowman et al. 2001).

Figure 6-14 to Figure 6-21 show the grain shapaliiderent sands and Table 6-2 shows

the values of Roundness, R, Sphericity, S and Regul for all sands.
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Figure 6-13  Sphericity and Roundness chart Dialgotéed line correspond to
constant particle regularity = (R+S)/2 (Santamarina et al.2004

Figure 6-14  Silica 0 Sand
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Figure 6-15 Silica 1 Sand

Figure 6-16 F-110 Sand
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Figure 6-17 Flint 16 Sand

Figure 6-18 Pacoima 1 Sand, Microcline FeldsparrGrai
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Figure 6-19 Newhall Volcanic Fragments Sand

Figure 6-21  Post Office Feldspar Sand
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Sample R S
SO 0.51198 | 0.717939 0.61496
S1 0.45766 | 0.678778 0.56821
S2 0.367536 | 0.613805 0.49067
S30 0.61278| 0.78122 0.69700
F-110 0.671333 | 0.832821 0.75207
F-52 0.746963 | 0.887345 0.81715
Flint 13 0.789314 | 0.917878 0.85359
Flint 16 0.770502 | 0.904315 0.83740
Nevada 0.633089 |  0.80525 0.71917
Pacoima-1 | o 612563 | 0.790445 0.70149
Pacoima-3 | ;673602 | 0.834522 0.75410
NSF 0.743753 | 0.885031 0.81439
Pat 0.889498 | 0.990103 0.9398
Post Office | ; 958373 | 0.989757 0.97406
Newhall 0.572446 | 0.761531 0.66698
Table 6-2 Mineral composition of sands
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CHAPTER 7

GRAIN PACKING OF SPHERES

7.1 Introduction

A preliminary analysis of the results obtained ima@ter 5 shows no significant trend in
variation of vertical strain with soil mineral cowgition and their grains shapes. In fact,
while most of the sands samples have the same ahitemposition (Quartz), their
vertical strain behavior is different, and whilevesal sands samples have the same
mineral composition and the same grains shaper tegtical strain behavior is still
different. For these reasons mentioned abovea# decided to examine the problem
from pure geometry point of view by examining horaig packing of soil particles could
influence volume change when subjected to shaking.

Packing of spheres and other solids has been dtgiliee at least 1611. For spheres,
scientists have determined packing efficienciegvkmas the packing fraction, which

is a ratio of the total volume occupied by the sphédo the total volume of the

container. The packing efficiency for various methof sphere packing, including
structured and random packing has been consideBskides the random packing of
spheres, the study of packing efficiencies of odwids has been studied. Specifically,
the effect of increasing the magnitude of deviatitom a spherical figure is of great
interest. Being roughly the same shape and sizeenWioured randomly and lightly
shaken, the oblate spheroid (a squashed spheraillialm the polar radius is greater than
the equatorial radius), pack more densely thanaiaaty packed spheres. It has a larger

random packing efficiency ( 0.685) than randomly packed spheres Q.64).
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The study of how particles pack was believed téirseconsidered by Johannes

Kepler in 1611. He suggested that the densestlgessirangement of spheres fills
74.04% of the total space of a container. This reethunproven until 1998.

When discussing how particles pack, a specifionatconsidered. Represented

by , the packing efficiency is defined to be the raticvolume occupied by some solid

to the total volume of the container in which tloéds have been placed. Packing
efficiencies vary as a function of the shape odigpular solid.

By first examining the extensive research and stwhcerning spherical packing,

a comparison can be made to aspherical shapegathang fraction of spheres for
various crystal lattice structures has been foanoligh various experimentations.
Specifically, a simple cubic lattice structure (lHig 7-1, a) has a packing efficiency of
52%, while another known as body centered cubiguié 7-1, b) has a packing
efficiency of about 68%. The lattice structure wille most efficient packing fraction is
the face-centered cubic (Figure 7-1, c), in which 0.74. As evidenced by the packing
fractions, varying the lattice structure of the ey@s greatly alters its packing efficiency.
Another area of concern regards the packing effcieof randomly packed spheres, as
well as other similar surfaces. Through experim@ma scientists have found that
randomly packed spheres poured into a containerlightly shaken have a packing
fraction approximately equal to 0.64, which is #reangement with the largest random
packing fraction for spheres and receives a spé&mial known as random close packing.
A similar concept, known as random lose packingldg a packing fraction of 0.56, in

which spheres are packed in a liquid in order tmiebte the effect of gravity. However,
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this packing technique represents the lowest pgdkaction in which spheres are locked
in place. Although these figures and technique® lheoretical importance, spheres are
rarely the shape used in packing. Recently, experis have been performed to evaluate
the random packing tendencies of spheroids, as age#llipsoids. By deviating from a
spherical shape, the packing efficiency for randopdcked objects is greatly altered.
Through experimentation with (oblate spheroids) atier shapes, scientists begin to
interpret the relationship between packing deresity particle shape, as well as consider
the impact of various methods of shaking and paguriine exploration of packing
efficiencies of various shapes reveals pertineiorimation in the field of mathematics in
regards to theoretical formulations and in thedfiefl science in regards to particle

behavior, which has many practical applications.

Figure 7-1 (a) Simple Cubi@acking fraction=0.53) Body Centered Cubic,
Packing fraction=0.68(c) Face Centered CubRacking fraction=0.74
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Figure 7-2 Envelope geometries and elementary foelidifferent types of
spheremodels. A: and B: Cubic densest packing (iyesiselementary cell approx. 0.78).
C: and D: Hexagonal densest packing (density ohetgary cell approx. 0.91). E:
Continuous three-size densest packing (densityeofientary cell approx. 0.78). F:
Fractal three-size densest packing (density of eteany cell approx. 0.96); (A to D after
Leppmeier, 1997)

7.2  Theory

The density achieved by random packing is depenatettie average number of
items that come in contact with any one item ingheking. The relation is shown in

the following graphs:
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Figure 7-3 Volume fraction vs. aspect ratio for gue 7-4 Number of contact
points vs. prolate (), oblate (), and aspherical § aspect ratio for prolate ],
oblate () ellipsoids and aspherical) Ellipsoids
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The graph includes data for both prolatg¢ &nd oblate () ellipsoids as well as fully
aspherical () ellipsoids. Figure 7-3 shows that the maximunuweé fraction is achieved
when the items deviate from a sphere with its as@dio of about 1.25 where the aspect
ratio =b/a, for ellipsoids: x24 + y2b + z2c = 1. For this aspect ratio, the average
coordination is about 11.3. This means that forgteatest volume fraction, the average
number of contact points is about 11. An asphked@soid and using the graph of
volume fraction vs. aspect ratio and assuming fpeet ratio is between 1.3 and 2.2, the
random packing should yield a volume fraction betw8.7 and 0.715. These

volume fractions are greater than the volume foactf an oblate shape. These fractions
imply that the more a figure deviates from a sphera specific point, the greater the
packing efficiency. The increased packing efficigrmssociated with aspherical shapes
results from the increased number of contact pdieta/een the particles. Because of its
shape, ellipsoids have more degrees of freedoran ancreased number of directions in
which the particle can move. Each surrounding dbjleat touches the central particle
applies a force on that particle. In order for tpatticle to be in equilibrium, these forces
in each direction must sum to be zero. In the cAspheres, exerted forces can cause
the sphere to move but not rotate, whereas in &ise of ellipsoids, exerted forces can
cause it to move and rotate. In order to stabtheeparticles, more contact

points are required in order to eliminate the inseel number of degrees of freedom. The
increased amount of contact points results in @mompact packing and larger

packing efficiency. More specifically, the exactwe fraction of a particular shape can

be found by first determining the values &oandb, wherea = length of the radius on the
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horizontal axis, whild = length of the radius on the horizontal axis. @kpect ratio ()
for any solid can then be computed according tddhewing: =b/a. This value of can
then be used to determine the volume fraction okipg efficiency for that particular
solid by locating the aspect ratio on Figure 7-3.

In summary, the result of the experiment is thakpay efficiency is a factor of the shape

only when dealing with a homogeneous model.

7.3  Maximum and Minimum Dry Densities of Cohesionless Soils
The properties and characteristic behavior of sanelselated to it’s relative densitf, .
This quantity indicates the relative position oé tteld ratiog, between the maximum

and minimum void ratiose

max

ande,,, for a given sand:

These two values are not unique, but they dependthen method used for the
determination. These two methods had produced cahblgaresults. The two extreme
void ratios for sand can be determined by procedgreh as ASTM tests Methods
D4253 and D4254 and such as The Japanese Methddraridpping for Max and Min
densities. Lade et al. (1998) and Ishihara e(28l02) studied the effect of non-plastic
fines on minimum and maximum void ratios of sand @oncluded that values of
minimum and maximum void ratios are expected toeddpon factors such as ( Fraser
1935):

The shape of the grain-size distribution curve

The fines content
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The grain size

The grain shape
Their study was limited to the two first points.utBhe conclusion of their study was
that the grain shape and size as well as the sifape grain size distribution curve

were very important factors.

7.4  Homogeneous Sphere Models

Spherical grains having the same diameter can tzged in five idealized packing
corresponding to different void ratios. These aostiare independent of the grains
diameter, and they can all be calculated using gemmetry. Figure 7-5 shows these
five configurations and they are:

The loosest possible packing or the simple cubakipg in which the grains are stacked
on top of each other (centroid over centroid),vwbiel ratio for simple cubic is:

e L 0.909

The next packing is called single stagger packiigthis packing, each sphere touches

six neighboring spheres in its own layer and heesghin different layers are stacked

3V3

directly on top of each other. The void ratio $argle stagger ise 0.653

The next packing is the double stagger in whictheshere in one layer has slid
over and down to contact two spheres in the setayed. The void ratio for this

packing is :

e 0.432
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The face-centered cubical or pyramidal packing wheach sphere in one layer
sits in the depression between and is in contatt feur spheres forming a square
in the layer below.

The close- packed hexagonal or tetrahedral packingre each sphere in one
layer sits in the depression between and is inaabrwith three spheres forming
an equilateral triangle in the layer below. Theédvatio for the last two packing

is :

Figure 7-5 Theoretical packing of mono-sized sphd€essimple packing, (b) single
stagger, (c) double stagger, (d) tetrahedral
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7.5  Heterogeneous Sphere Models

Densities and their variations for mixtures of tgmin sizes have also been studied
theoretically and experimentally (Furnas 1928; €rak935; White and Walton 1937,
McGeary 1961). Both grains are assumed to be gjaheand their minimum void ratios
(or maximum densities) are assumed to be indepéradethe grain diameter, i.e., the
theoretical densities are entirely a matter of getical considerations. Thus, differences
in specific gravity between the grains are not uded in the considerations.
Consequently, the expressions presented belownaterins of volumes. Two issues
emerge in connection with mixing a binary systensplieres: One relates to the void
ratio variation with % fines by weight, i.e., a®tmixture of grains varies from 100%
large grains to 100% small grains. The other iswmlates to the effect of the ratio

between the two grain sizes on the void ratio viama Both issues are addressed below.

1
< Large Particles C
o Fines Partic Z
T e
g
@]
>
G %
D~ B T
0
0 100
% Fines Particles (by volume)

Figure 7-6 Schematic diagram of theoretical vasiatf minimum void ratio in
binary packing with % fines (Lade, 1998)
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7.6  Theoretical Packing

The theoretical variation of void ratio with % fsmeé shown schematically in Figure 7-6.
In derivation of the two lines (AB and BC), it issumed that the smaller' ‘filler" spheres
have much smaller diameters than the large sphéras, avoiding the second issue
mentioned above. As seen in Figure 7-6, the largest ratios occur in a deposit of

uniformly sized spheres, whether large or small.

At the end with 0% fines, the large particles (Siziorm n structure with an initial void

ratio &, say one of those reviewed above. Small parti@eze 2) are then dropped into
the primary fabric of large particles. Thus inciegsthe weight without changing the
overall volume, as indicated on the second inseskedich in Figure 7-6. This increases
the % fines while the overall void ratio decreasdse minimum void ratio is reached

when the voids in the primary fabric are completelof small particles with void ratio

€. The filling process occurs along a straight fireen A to B in Figure 7-6 , and if all

voids between the large spheres were filled witldspthen a void ratio of zero would be
reached at a point on the horizontal axis (indigat?o fines) corresponding to the
porosity of the large grains, as shown in the diagrThe schematic diagram in Fig. 3

illustrates the variation in void ratio with % fileThe minimum void ratio at Point B,
ot in Figure 7-6 may be calculated from the voidasitof the parts. i.e%  for the

primary fabric and® for the filler spheres (the secondary particl&syre 7-7):

V,

voids nl 'n2
\Y; n n,

solids  _ 1 n.—=
€ €

Gt
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The % fines at which the minimum void ratio is Head (Point B in Figure 7-6) may also

be obtained from Figure 7-7 :

%fine 2° 100
e2

As the % fines increases beyond the point of mimmwoid ratio for the binary mixture,
the large particles in the primary fabric are pashpart, as shown in Figure 7-6 . Upon
reaching 100 % fines (Point C in Figure 7-6), there@ no large grains left in the mixture,
and the void ratio of the fines is obtained at ghisnt. From B to C the void ratio

increases linearly with % fines as the large gramesspread apart and finally disappear at

the end with 100% fines. This is shown in the vaitio & at point C may be different
from or the same ag at point A, depending on the type of packing. Ehiera tendency
for smaller grains to pack with higher void ratias, discussed later, and to be general,
this is indicated in Figure 7-6 to Figure 7-8.

As the % large grains increases to the left of PBjn.e., along the dotted line from B to
D in Figure 7-6, the larger grains will overlap,daat 100% large grains the mixture
consists of solid material. This branch is obvigustaginary, but the entire line from 0%

fines at Point D to 100% fines at Point C is ddstias a straight line.

7.7  Experimental Packing

In the analyses presented above, it was assumedhthamall filler spheres had much
smaller diameters than the large spheres, corrdgmpio a very large ratio between the
large diameters and the small diameters. Howael¢he ratio between the two grain

sizes becomes smaller, the issue of fitting thellsgrains into the voids between the
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large grains emerges. This issue has been addregperimentally by, e.g., McGeary
(1961). He found that the most efficient methogtoduce these mixtures was to begin
depositing the large particles first into a largmtainer until they formed their densest
configuration. The smaller particles were then addem the top while the container was
vibrated. The smaller particles would then, littkelittle, migrate down through the voids
and finally reach a saturation point at which tiueher addition of smaller particles was
not possible. McGeary also found that blending gh#icles before vibration was not
nearly as effective in achieving the smallest voatios. In fact, pre-blending and
vibrating the particles would lead to segregatiather than regular packing arrangements
with low void ratios.

Figure 7-9 shows a diagram of void ratio versugriéd for binary mixtures consisting of
one large particle size and smaller particles withdifferent diameters. If the minimum
void ratio for the spherical fines is assumed tah@esame as that for the larger grains (it
would be if the same type of packing were obtaifeedhe two sizes of spherical grains),
the possible minimum void ratios in the entire mrg % fines are described by the
broken, solid line ABC shown in Figure 7-9. Thagliam also shows that the fines with
the smallest diameters produce mixtures that aweest to the theoretical mixtures.
However, even for the smallest diameter filler gsaithe lowest void ratio at Point B is
not reached, In fact, to reach this theoreticahppdhe diameter of the filler grains would
have to be infinitely small. As the sizes of thkefi grains increase, the experimental
results are increasingly removed from the theaaktice ABC, and the lowest void ratios

that can be reached in practice increases witleasong diameter of the filler grains, This
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is due to the increasing misfit of filler grainganthe voids between the large grains, The
upper limit of the lowest minimum void ratio (casponding to Point B) is reached when
the diameters of the large and small spheres aral @y magnitude, This corresponds to

the horizontal line AC in Figure 7-9,

7.8  Ternary and Quarternary Packing

The minimum void ratios that can be obtained fondey and quarternary packing of
spherical grains can also be calculated theorgtidal derivation of the expressions for
the void ratio and the % fine, the formulas ardthyp by adding one component at a
time. In fact, the pattern in the developmentsegivabove can be expanded to any
number of components. The above expressions dick ifdhe specific gravity is the
same for each component, or if the % fines are esgmd in terms of volumes, as
indicated on the diagrams. If the specific grawui@yies with the size of the components
(as it sometimes does for real soils), this wowslento be factored into the derivations

because this would affect the relative weight aheecomponent in the packing.
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BT T iy OO

Figure 7-13 Random homogeneous single-layer sphedels after a volume increase
of 10%: A: Random single-size sphere model. B: Ramdractal three-size sphere

model, showing the incomplete filling of the int@ral spaces with the use of the same
number of spheres as the symmetric fractal modelR&dom continuous three-size
sphere model. Note the similar occupation of thailalle volume of models A, and B,

and the settlement effect of model C in the sanadable volume.
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Figure 7-14  Symmetric single-layer sphere modelslémsest packing within a
constant volume. A: Hexagonal densest packing/esisige sphere model. B: Fractal
three-size sphere model (Appolonian Packing). Giti@aous three-size sphere model.
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Figure 7-15 Random heterogeneous single-layer sphedels with 10% of weak
spheres (dark colour). The weak grains are diggibrandomly. Models A, B, and C
compare to Figure 7-13.

7.9  Optimum Grain-Size Relations for Dense Packing

The minimum void ratios for the binary packing simow Figure 7-9 are plotted in
Figure 7-10 for each ratio of large to small grdiameter. This diagram shows that the
minimum void ratio decreases sharply in the begigras the diameter ratio increases. At
larger diameter ratios, beyond approximately 7 aith@itional reduction in minimum void
ratio due to further decreases in the small graie s much less pronounced. Thus, the

most efficient and largest reduction in minimum d/eatio is obtained for packing of
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spheres with diameter ratios near 7. Larger rattigoroduce even lower minimum void
ratios, but at a much lower rate. The reason thedresition in packing efficiency occurs
at a diameter ratio neang'that the fine grains can still migrate and fitaingh pore paths
formed between the larger grains. The insert irufgig7-10 shows a calculation of the
diameter of a spherical grain that can just fiotlgh the triangular pore path between
three mono-sized spherical grains. For smallepsathe fine grains are larger and they
begin to push the large grains apart, thus inangasie minimum void ratios.

Based on the expressions for minimum void ratia$ @moportions of each component in
a packing, as presented above, as well as a dianaéiteof 7. it is possible to produce a
theoretically most efficient arrangement of spheykegrescribed sizes and proportions.
Thus, a grain-size distribution curve to achievenimum void ratio and maximum
density may be composed for a quarternary packihg. experimental minimum void
ratio of 0.60 for packing of single-sized sphemdicated in Figure 7-9 will be assumed
for each of the four sizes:

Diameter ratio: 34.4 49 7 1

Volume composition: 63.76% 23.91% 8.97% 3.36%

The calculated minimum void ratio for this packimgy 0.0202. McGeary (1961)
performed an experiment to produce the densestig@sgquarternary packing of
spherical grains. He did not have available foairgsizes with diameter ratios of exactly

7, but obtained results as follows:

Diameter ratio: 316 38 7 I

Volume composition: 60,7% 23,0% 10,2% 6,1 %
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McGeary achieved an overall void ratio of 0,0515 tbrs experimental packing,
Considering the difficulties in producing mini muraid ratios, this experimental packing
is reasonably close to the theoretical composttedoulated above,

The theoretical and experimental grain-size digtidms are compared in Figure 7-11.
The distributions are shown by discrete vertica¢di indicating the four grain sizes on a
diagram similar to a conventional grain-size dsttion diagram of % finer versus
log(diameter ratio). The dashed trend line throtigl midpoints of the vertical lines
indicates an expected equivalent smooth optimunm-giae distribution.

It should be recalled that McGeary (1961) producedplacking by first vibrating the
largest particles in a container, then adding @ size and vibrating and finally ending
up adding the finest size. It may therefore nopbssible to achieve the small void ratios
indicated above for blended mixtures or for mixtumath smoothly varying grain-size
distributions. Consequently, the theoretical catiaghs may only serve as goals towards
which the void ratios of real mixtures of discrefgherical grains may converge, but

never reach,

7.10 Maximum Void Ratios of Spherical Particles

The largest void ratio that can be achieved for orsimed spherical grains in contact
with each other is that of the cubical packing egxed above. However, this

arrangement ix not stable in a gravitational fi@dt it may be supported in small regions
of a larger assembly of spherical grains. It sogbossible that honeycomb structures, in
which not all spheres are in contact, may exisame regions of loose assembly. Thus.

it is not possible to model theoretically the nmaxim void ratio that may be achieved in
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a packing of mono-sized spheres. It may be exgeb@vever, that the maximum void
ratios obtained in mixtures of large and small sebewill follow a pattern somewhat
similar to that achieved for the minimum void ratidhus, if the maximum void ratios
for two grain sizes were known, they could be etg@do combine with a similar
chevron-shaped variation as indicated for the mimmvoid ratios in Figure 7-6 and in
Figure 7-9. This would occur if the small particlesuld fill the pores between the large
particles and thus reduce the maximum void ratiw)enfurther increases in the % fines
would serve to push the large particles apart,arjd0% tines, the maximum void ratio
of the fine particles would be obtained. Figurenéicates a speculative variation of
minimum and maximum void ratios of binary packingspherical grains under these
conditions.

If, however, the fines do not all enter the poresMeen the larger particles, but some are
lodged between the large grain!;, the large grawikbe pushed apart, and this may
occur even at low fines contents. This would caheevoid ratio of the large grains, the
so-called "skeleton" void ratidp increase. The skeleton void ratio may be determined
from the last two equations mentioned above byisghthese equations foe , the

skeleton void ratio of the large grains:

fines e,
1 fines

skeleton

in which the fines are expressed as a pure nurabdre,, is the overall void ratio of the

mixture. For the case that the skeleton void ratiays constant and equal to the

maximum void ratio at zero % fines, the relatiotwsmen % fines and the maximum void
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ratio follows the straight line indicated on thé& leand side in Figure 7-12. However, if
the fines get lodged between the large particles) the maximum void ratios will be
higher than those shown in Figure 7-12. This wallfbrther illustrated in connection with

the experimental study described below.

7.11 Effects of Fines in Sands with Non-Spherical Particles

The extreme void ratios shown on the diagrams dgssml above are those obtained from
calculations or measured in experiments with spheparticles of sizes in the gravel and
coarse to medium sand range. Forces other thantajranal become important when

the sizes decrease into the fine sand and silbmegiThis is especially true for real, non-
spherical particles. Friction, adhesion, and bndgoetween the fine particles cause
these to form structures that are controlled bgripiarticle forces. The importance of the
inter-particle forces increase with decreasingigarsize. Fraser (1935) pointed out that
irregularly shaped particles can, in principle, dither more tightly or more loosely
packed than those obtained for spherical graingsTifian initially solid rock is fractured
into grains, but these remain in place, then vordta will be very low. Bit if the same
fractured grains are removed from their tight posg and re-deposited, it will be
impossible to get them into their tight structugaia. In fact, a deposit of very angular
grains such as those produced by fracturing wallgdulk up to fill more than a mixture
of equivalent spheres. For particles formed byténe, the smaller-sized particles are
increasingly unable to withstand the mechanical rwescessary to pro- educe more
rounded particles. The smaller particles are cootisly being broken without becoming

rounded. There is therefore a tendency to obtaireasing angularity with decreasing
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particle size. This angularity enhances the partcldging effects, and angular particles
consequently tend to produce higher void ratios tbquivalent spheres. Ellis and Lee
(1919) found that the void ratios for sands incedawith decreasing particle size. This
increase became more pronounced as the graindezesased towards fine sandy loam,
the smallest range in their experiments.

Fine sand and silt have sufficiently small partisiees that van der Walls attraction and
double layer repulsion begin to compete with getionhal forces for control of packing
mechanisms and arrangements. These attractive gmdsive forces depend on the
distance between the particles, and they beginaty g role for grain sizes near the No.
200 sieve (Cadle 1965). As the grain sizes deeréstow the No. 200 sieve they
become more influential relative to the gravitatibrforces. This effect is further
enhanced in water where the particles are buoyddvhpack more loosely than under
dry conditions. The effects of the inter-partiabedes are that fine particles tend to adhere
to each other, and externally they appear to exbdiiesion. Thus, evidence shows that
the angle of repose increases with decreasingcfeadize for particles in the fine sand
and silt range us well as for many powders. Thelean§ repose for such granular
materials is well above that expected on the bafsfaction alone. The consequence of
the inter-particle forces are that, rather thappstig into the voids and fitting between the
larger particles and producing deposits with louduatios, as described above, the fine
particles tend to stick together, and with the ha&figrictional effects, they form loose
chains and honeycomb structures with high voidbsatMixtures of sand with fines will

consequently tend to exhibit increasing void ratgth increasing fines content.
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7.12  Experimental Study

The study of minimum and maximum void ratios of tames of spherical particles
presented above is used as background and guidm fexperimental study of the effect
of fines content on the void ratios of clean sarith won-spherical particles and smooth
grain size distribution curve. It is expected ttingt behavior of real sands will follow the
same pattern outlined above, but actual valuesasiimmum and minimum void ratios are
expected to depend on factors such as (Fraser:1935)

The shape of the grain-size distribution curve ted variation (Figure 7-16)

The fines content

The grain size

The grain shape

The method of deposition

Figure 7-16  Variation of grains particle size ahdse — important factors for packing
density
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7.13 Procedures for Minimum and Maximum void ratios

As previously discussed in paragraph 7.3, the mininand maximum void ratios may be
determined using the ASTM (D 4253) and (D 4254) Mdgo But when fines are
present, the ASTM method is not reliable. An altine procedure was developed by
Lade et al. (1998).

This was especially important for the fine sandaose its extreme void ratios were
sensitive to small variations in methods and carexecution of procedures. To avoid
any particle breakage during the tests, it wasd#etcnot to employ any type of surcharge
in the densification procedures. Thus, after somgeementation the procedure for
determination of the minimum void ratio consistédgpooning 822 g of sand into a 2000
mL graduated cylinder. After three spoonfuls (apprately 50 g). the cylinder was
tapped eight times with the rubber handle of awdrizer, twice each on opposite sides.
This procedure was continued until all sand haad leEosited into the smallest possible
volume. This volume was then read on the graduatdichder to the nearest cubic
centimeter, corresponding to a variation in voidioraof approximately 0.003. It is
estimated that the overall accuracy on determinaifcthe void ratio is within 0.01. This
is sufficiently accurate for the study of extrenmdvratios for sand. For the fine Nevada
sand, this method produced lower minimum void gtiean dry pluviation from any

height.

Following the determination ofnin the maximum void ratio was found by first covering
the opening of the graduated cylinder with a pieciatex membrane. The cylinder with

the 822 g of sand inside was then turned upsidendesy slowly (approximately 45 to
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60 s to rotate 180°). The new greater sand voluras then read on the graduated
cylinder, after which the rotation was repeatedilutite maximum volume was
reproduced five times. Care was taken to avoid egggion of grains during this

procedure.

7.14 Santamarina et.al Studies(2004)

Santamarina et al. studied the effect of partiblepe on maximum and minimum void
ratio of soils and found that bot ., and e and the void ratio difference, ., e,
increase as roundness and sphericity decreaseoas sh Figure 7-17. His study
consisted of determining the two extremes voidordtillowing standard procedures
(ASTM C136 D4254, and D1557). The tested soilsudet 17 crushed sands from
Georgia (granite and carbonate) and 16 naturalssé&oen various places around the
world, and some other materials sush as glass pemdsite powder and syncrude
tailings. Soils are made of grains. Grain sizetrithgtion plays a pivotal role in
determining soil behavior. However, particle shaperges as a significant parameter.
Similar observations can be found in Fraser (198B)mobe and Moroto (1995), Miura
et al. (1998), Cubrinovski and Ishihara (2002), kiy<t al. (2001), and Jia and Williams
(2001). Clearly, irregularity hinders particle midgiand their ability to attain minimum

potential energy configurations. In the extremeeaafdow-sphericity, platy mica

particles bridge gaps between grains and creaje lgen voids (Guimaraes 2002).
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In his analysis, Santamarina purposely removedrélegance of grain size distribution

and the coefficient of uniformity (dn packing density by considering soils having

C, 2.5 (see Youd 1973).
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CHAPTER 8

DATA ANALYSIS PROCEDURE AND RESULTS

In this chapter, the results of laboratory testseitlement of sands presented in Chapter
5 are analyzed. In the following section, the clative results of all tests results are
compiled together to develop a simplified analysiscedure for estimating ground
settlements of cohesionless soils caused by clyaaing.

Preliminary evaluations suggested that the setti¢imfesands depends on:

Mineral composition of the sand (Quartz, Feldsp&agiBclase, Rock fragment, Volcanic
Rock, etc)

The shape of the grains,

The size of the grains or the gradation curve,

The relative density

The overconsolidation ratio

The induced cyclic shear strain,

The earthquake time history

The results of the current study will be presenitederms of the various measures
examined. First, the results of the tests evatliméerms of sand type will be presented,
and subsequently in terms of mineral compositioraing shape and size, followed
evaluation in terms of over consolidation ratianaHy, the results of the tests evaluated

in terms of a new parameter (g will be presented.
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Following the analysis, recommendations for revigedign analysis procedures using
time history approaches and parameters reflectiveg ibfluence of sand type and

overconsolidation ratio were documented.

8.1  Tests Evaluated in Terms of Sand Type or Characteristics

The settlement of sand was first examined in tefisaad type. As expected, settlements
of sands are not unique, different sands other @rgstal Silica #20 used by Silver and
Seed behave differently as shown in Figure 8-1 wHe types of sands at relative
density of 60% were subjected to a 25 uniform cydhear strain of 0.1%. The
settlement of these sands varies from 0.1% to 3@ should be mentioned that the

settlement of Crystal Silica sand used by Silvel 8ged is about 0.21%.

—— Silica 1
—— Silica 0
—— Silica 2
——F-110
—F-52
—— Flint-13
——Flint-16
—— Nevada
Silver
/ Monterey

7 Ottawa

Volumetric Strain, %

0 5 10 15 20 25 30
Number of Cycles

Figure 8-1 Settlement of 18 types of sands undgorm cyclic loading.
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8.2

Tests Evaluated in Terms of the Mineral Composition of Sand

The settlement of sands was first examined in teritise mineral composition of the
sands. The results of all tests on sands perfobhgele author on Nevada and Silica
#30 sands which were all prepared to a void @esponding to relative density of
60% and tests results collected from previous setidn Silica #20 sand (Silver and
Seed, 1971), on Monterey sand (Pyke, 1975), oom@tsand (Bhatia, 1980), on
Flint-13 &16, F-52 &10, Silica 0,1 and 2 (Stewattat.2004), are presented Figure
8-2 and show that settlement of sands are nottsensd sand mineralogy. All the
sands shown in Figure 8-2 are made out of 99.9 &tgbut differ from each by the
size and the shape of the grains. Their gradatioves are shown in Figure 8-3. The
behavior of the 8 other materials sands obtainaah fCLA which are a mixtures of
quartz, feldspar, plagioclase metamorphic and widceock fragments, and organic

material are shown in Figure 8-4.

04
Nevada

0.35+
NS
. 031 Ottawa
-% Monterey
(..,b) 0.25+ F-52
}GEJ Flint - 16
g 0.15+
S 01- F-110
>

0.05

0 T T T T T
0 5 10 15 20 25 30

Number of Cycles

Figure 8-2 Settlement of sands under uniform cyolcling
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Figure 8-4 Settlement of sands under uniform cyolling
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8.3  Tests Evaluated in Terms of Grains Size and Shape

The results of all tests show that settlementsansitive to the grains size and shape.
Among the sands that were tested, they are roumoleslbrounded and angular to
subangular shape. The gradation curves cover a veidge and the sands vary from
poorly to well graded. Despite the fact that @ilgand #0, #1 ,2 and #30 are all quartz
and their grain shape are angular to subangulagir, settlement under uniform cyclic

loading are all different as shown in Figure 8-bhe grains sizes are shown in Figure

8-3.
03
0.25 S2
S1
s 02
£
<
N
2 0.15 SO
5
§
3 S#3
> 0.1 N
0.05
O T
0 5 10 15 20 25 30

Number of Cycles

Figure 8-5 Settlement of sands under uniform cyolling

Figure 8-6 shows the settlement of sands typedteatounded to subrounded in shape.
Again, these sands were similar in mineral compmsithey are all quartz but they differ

in sizes, gradation curves. The settlement vemsusoer of cycles is different except
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Flint 13 and Flint 16. A look at the gradation s for Flint 13 and Flint 16 shown

Figure 8-7 how that they are very similar.
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Figure 8-6 Settlement of sands under uniform cyolading
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8.4  Grain Size Distribution and Grain Shape.

The grain size distributions of samples were oletihy sieving the samples through a
set of sieves that have progressively smaller ayeniAlthough it is evident that the
mechanical properties of sand depend on the grhapes as well as grain size
distribution, it is rather difficult to quantifynegular grain shapes. The indices for grain
shape have been proposed by some researchersansvareas not only in geothechnical
engineering. An index widely used in soil mechanis Roundness R proposed by
Wadell (1932). Since roundness is, however, inagexfor grain with sharp corners
such as crushed stones, Lee (1964a,b) proposedteanative concept, angularity A.
Yoshimura and Omega (1993) demonstrated a uniggatime correlation between
Roudness and Angularity with the aid of a coeffitief form unevenness FU, which can
be obtained by image analysis proposed by him. Bwoess can be estimated by visual
comparison with charts, such as the one shownguar&i2-b (Folk 1955, Barrett 1980).
Differences in estimated roundness and spherigitgitberent assessors is in the order of
0.1 and does not exceed 0.2. Digital image anafgsifitates the systematic evaluation
of mathematical descriptors of particle shape idiclg Fourier analysis, fractal analysis
and other hybrid techniques (e.g., Meloy 1977, CIEB7, Hyslip and Vallejo 1997,

Bowman et al. 2001). Figure 8-8 shows the graimpstiar three different sands.
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Figure 8-8  F-110 (top), Nevada (middle) and F-1ddtom)
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8.5 Tests Evaluated in Terms of Soil Relative Density

Finally, the data were evaluated in terms of theil relative densities. The relative

density for given sand is:

Where€ is the void ratio of the samplgf,nax and &nin are respectively the maximum and
the minimum void ratio The soil relative densitytie relative density of the specimen
based upon its gross void ratio and the maximumnaindmum index void ratios for that
particular sand. When the settlements are platiegrms of the soil relative density,
clear patterns emerge. There is a clear trenddsgtwncreasing soil relative density and
decreasing settlement. These plots for the Silgtagand, Nevada Sand, Silica Sand #20,
Monterey sand, Ottawa sand are presented in Chiapter

These two valuespf and @ax can be determined using ASTM D 4253 for Maximum
Index Density and Unit Weight of Soils Using a \atory Table and ASTM

D 4254 Test Method for Minimum Index Density and Umeight of Soils and
Calculation of Relative Density. However, otherthosls have been employed and these
often produce different values than those obtaibgdASTM procedures. In order to
avoid this error, and knowing that Stewart et gkedia procedure other than ASTM in
order to compute these extreme void ratios, it easded to recomputed these two value

using the standard ASTM procedure. The two extrenié katio are then computed as:

e *_ 1 emin s 1

max
d min , d max

Where s is the specific gravity of the soil?
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8.5.1 Tests Evaluated in Terms of Soil Overconsolidation Ratio
Loose sands, whose behavior under earthquake padity be of intersest, are unlikely

to be naturally overconsolidated, but may in sonases be preloaded to reduce

settlements under static loading. It is known tlakrconsolidation increase the

coefficient of lateral earth pressurJéP, of sands. All the samples shown in fig. 11 were
cyclically sheared under a vertical stress of 2(Q8¥) . In order to obtain an
overconsolidation ratio of 2 and 4, similar samplese loaded respectively to 4000 psi
and 8000 psi , unloaded to zero and reloaded t® 280 before testing. It should be
mentioned that the volume changes caused by owsstidation were relatively small
and all samples were close to the relative deraitthe commencement of shearing.
The effect of overconsolidation is quite clear #mel results suggest that preloading loose
sands reduces their settlement potentials. Thsitséty of settlement of Nevada and
Silica #1 sand to sand type and over consolidatitio are shown in Figure 8-9 and in

Figure 8-10

1

Nevada San

0.8 4 Dr=40%, OCR=1
Dr=60%, OCR=1
Dr=40%, OCR=4
0.4 Dr=60%, OCR=4

Dr=80%, OCR=1
"2 /ﬁﬁﬁ DI’=80%, OCR=4
10 20

0.6 -

Vertical Strains, %

0

0 30 40 50

Number of Cycles

Figure 8-9 Settlement of Nevada sand under unifoyalic loading and with OCR =1
and OCR =4.
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Figure 8-10 Settlement of Silica # 30 sand undéotm cyclic loading and OCR =1
and OCR= 4.

8.5.2 Tests Evaluated in Terms of Applied Shear Strain
The results show that settlement of sand increaghshigher shear strain amplitude and

that this increase occurs during the first few egcl Figure shows the vertical volumetric

strain versus the cyclic shear strain.
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§ 15 - 45%
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Figure 8-11  Settlement versus shear strain, %
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The objective of this research is to develop amslpmrameters to reflect the above
factors leading to recommendations for revised giesinalysis procedures using time
history approaches and parameters reflecting infleeof sand characteristics and
overconsolidation ratio. It seems that settlemarftsands under cyclic loading are
sensitive to the sand type. Sands differ from ezbler by mineral composition, shape
and sizes or grain distribution. We have seeniguré 8-2 that all pure quartz sands,
behave differently under cyclic loading, so it seeimat settlement of sands under cyclic

loading is primarily a function of grain shape aurdin size.

8.6 Overall Evaluation of the Results

The conclusion of Santamarina study is that thgimmam and minimum void ratio of a

particular sand are function of the grain shapadsavith Cu 2,5) and grain shape and
grain distribution (Cu>2.5). It seems logical &same that the variation of the void ratio
from maximum to minimum as shown in Figure 8-12lso function of the grain shape

and grain size.

€mnax, Dr=100%

€pr=50%
€Dr=60%

€nin, Dr=0%

Variation of void ratio.

Figure 8-12  Typical Variation of Void ratio
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Each sand has it is own maximum and minimum vdio rahich reflect the grain shapes
and grain sizes of that sand, the void ratio d#fifee, I= (énax€min) IS @ characteristic of

that sand. Settlement of sand under cyclic loadimdjfor a given relative density, would
be expected to increase aggets larger and decrease agjéts smaller. In comparing the
result of the studies and because the relativeityemas not always the same, we will use
the difference between the void ratio of the testachple and the minimum void ratio

instead ofd, as a parameter reflecting potential settlemehawer under cyclic loading.

8.7  Settlement of Sands in Term of Mineral Composition

The settlement of all sands having relative densitg0 % and that are pure quartz are
plotted in term of (e+gn) and is shown in Figure 8-13. The plot confirinattsettlement
of sands under cyclic loading could be represeimeterms of (e-gin) by a linear
relationship. We also plot the settlement of matesands contributed by the UCLA
research team, having relative density around 6GvBiich are field sands containing
volcanic and metamorphic rock fragments and organaterials besides quartz and
plagioclase, etc. Again the plot shown in Figur&48confirm the finding mentioned
above. Last we plot the settlement of all the asands versus (@ig). The result of
the plot presented in Figure 8-15 shows that seéfe of sands under cyclic loading is
independent of the mineral composition of the sartts dependent only on grain shape
and grain size distribution which can be represkbiethe difference between the void
ratio of the sand and the minimum void ratio. Tihear relationship can be represented
by an equation of the form:

Settlement (at 15 cycles and shear strain amplibfi@el %) =1.2 (e+gn)
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8.8  Settlement of Non-Plastic Silty Sands

Sands with fines content were not originally inteddo be a part of this study. But given
the fact that the raw data obtained from UCLA comdd data on sands with fine content,
it was decided to check the applicability of theding of this study to sands with fine
content.

Compacted fill soils usually contain a fine-grainkedction (i.e., soil particles smaller
than the #200 sieve opening). It has long been rstwtal that the presence of fines in
soil significantly changes ordinary mechanical gnties such as shear strength relative
to clean sands (e.g., Casagrande, 1932). With cespalynamic properties, numerous
recent laboratory studies have investigated thectdf of non-plastic fines on the
undrained behavior of saturated sands (e.g., TemcbO90; Polito and Martin, 2001;

Xenaki and Athanasopoulos, 2003).
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The UCLA research tem investigated the effectsoofplastic fines on volumetric strains
associated with seismic compression. They compé#nedresults to the findings of
previous studies of the undrained response of sdtyds (i.e., liquefaction studies), and
found similar trends related to the effects of simdserved in the liquefaction testing.
The soil materials that they tested were artifiontures of sand and silt materials. Two
sand materials and one silt material were usedd &ans termed “Vulcan sand,” which
is commercially available from Vulcan Materials mvindale, California. Vulcan sand
has no fines, is well-graded, and has approximd&@él$% and 2.8% passing the No. 30
(0.6 mm) and No. 100 (0.15 mm) sieves, respectiwéljcan sand has a mean grain size,
D50, of 0.51 mm and patrticle shapes that range Bobangular to subrounded. Sand #2
is termed “Silica No. 2,” which is commercially akable from US Silica Company.
Silica No. 2 has no fines and is poorly graded {axmately 35.1% and 2.8% passing
the No. 10 (2.0 mm) and No. 20 (0.84 mm) sievespeetively). Silica #2 sand has a
mean grain size, D50, of 1.6 mm and subroundedcfest The silt used in their study
was Sil-Co-Sil No. 52 obtained from US Silica ComypaThe gradation curve for this
silt material was established from hydrometer ngstiThe silt material is non-plastic,
being comprised of Quartz particles of very smai gi.e., rock flour). These materials
have immeasurable liquid limit based on ASTM procedu but LL is estimated as
Cy 17. For each sand material, four different sattdrsixtures were created with silt
contents varying from 10 to 50% (Table 8-1). Indesting performed on these mixtures
include gradation (ASTM 2487, D4221), modified Posatompaction (ASTM D1557),

minimum/maximum void ratio. The maximum and minimwry densities and void
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ratios of each sand-silt combination were deterdhinsing the Modified Japanese
method and dry tipping, respectively (these teaesgare comparable to those in ASTM
D4253 and D4254). The minimum and maximum voidsafor the two soil mixtures
are plotted as a function of fines content (FClrigure 8-16. The dip in these void ratio
guantities at mid-level FC is typical of non-plastand-silt mixtures, which has been
explained by Polito and Martin (2001) utilizing tbencept of limiting silt content (FCL).
The parameter FCL is defined as the maximum amaoiusitt that can be contained in the
void space between sand particles while maintaiaicgntiguous sand skeleton. For FC
< FCL, the addition of silt merely fills in inter@n void space, thus decreasing void
ratio. For FC > FCL, sand grains float within & silatrix, and increasing FC increases
the overall void ratio because intra-fines voidasiare relatively high. Hence, FCL can
be identified as the FC corresponding to lowestsitds minimum void ratio. Using
Figure 4.3, values of FCL are identified as apprately 20% and 30% for the Vulcan-
silt and Silica-silt mixtures, respectively. These typical values for FCL based on data

compiled by Polito (1999).
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Figure 8-16  Variation of Index Void Ratios with {S@ontent,
Vulcan Host Sand (right) Silica #2 Host Sand (left)
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8.9 Effect of Fines Content

Thevanayagam (1998 ) postulated that a soil mixisir@ delicate matrix comprised of
two submatrices, a coarser-grain matrix and firrarrgmatrix. For FC < FCL, the finer-
grain matrix does not actively participate in thansfer of contact frictional forces, or
their contribution is secondary. It follows thatethoarser-grain matrix at FC < FCL can
be described by the intergranular void ratio, dee{Bnayagam, 1998):

where FC is in percent. At FC > FCL, the soil foot®in is governed primarily by the
contacts within the finer matrix and the coarseairgg float in the finer-grain matrix.
Consequently, the finer-grain matrix at FC > FCh t& described by the interfine void
ratio, ef, as follows Using the above definitionsid ratio terms es and ef .

Void ratios corresponding to relative densitieseintediate between 0 and 100%
(corresponding to emax and emin, respectively) rawelar variations with FC. The
observed increase in seismic compression with asing FC below FCL can be
explained using the conceptual framework of Theyagam (1998) presented above. In
particular, forFC < FCL, the increase of intergranular void rates(with FC explains

the observed increase in 5 values, becausesis the void ratio that controls the soil

behavior for this range ¢fC. ForFC > FCL, the interfine void ratiogf, decreases with

increasingFC which would suggest a reduction in,, ,; values with increasingC
aboveFCL. However, the opposite occurs, that ig), ,; increases with-C. This could

be explained by the fact that (e-emin) increasén witrease=C even beyond-C_ as
shown in Figure 8-17 and in

Figure 8-18.
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Soll FC(%) | emax emin emax- |e e Cu
emin RC=87% RC=92%

Vulcan 0 0.904 0.412 0.492 0.549 0.464 2.9
10 0.872 0.352 0.52 0.524 0.441 9.6
20 0.87 0.289 0.581 0.467 0.387 33.3
35 0.92 0.297 0.623 0.513 0.430 45.83
50 1.271 0.474 0.797 0.640 0.550 52.0

Silica#2 |0 1.006 0.662 0.344 0.774 0.677 1.29
20 0.86 0.405 0.455 0.501 0.419 68
30 0.819 0.298 0.521 0.478 0.398 88
40 1.177 0.398 0.779 0.573 0.488 151
50 1.442 0.457 0.985 0.682 0.591 160

Table 8-1 Sand- Silt mixtures used by in the UCE#ting program
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Figure 8-19 Shows the variation of settlement & Yfulcan Host Sand and Silica #2

Host Sand with variable fines content as a funatibfe-emin).

0.1%

Settlement at 15 cycles, g

Figure 8-19  Settlement of sands versus{grér Vulcan Host sand and For Silica #2
Host Sand

The UCLA research team performed a total of 20stest the two host sands and with
two different relative densities, Dr= 70 %and Dr8%8 Figure 8-19 shows that by
adopting the concept of (gxg), we can express settlement of all sands includamgis

with fine content by using the concept mentionedvab Figure 8-20 shows the
settlement of all sands as a function of (e-enonnbrmally consolidated sands, (OCR =
1). Figure 8-20 includes the results on clean saitid variable relative densities and it
also includes the results on sands with fines conigth variable relative densities. It
indicates that settlement of all sands has the sdrape but they differ in the quantity.

That quantity is a function of the value (e-eminhich implies that the larger (e-emin),
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The data in Figure 8-20 contains a total of 48stest different clean sands and sands
with fines content with variable relative denst&l normally consolidated more empty

voids to be filled and the larger the settlemsrgaing to be observed.
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Figure 8-20 Settlement of sands versusgre

8.10 Effect of Over Consolidation Ratio

The result of liquefaction studies show that ovesmidated sands have a greater
resistance to liquefaction and that the resistanceease with overconsolidation ratio,
OCR (Seed and Peacock, 1971). The process of ansmlidation increases the
coefficient of lateral earth pressure, Ko, of sdrehce mean effective stress. It is
generally considered that the increase in liquedagbotential is caused by higher mean
effective stress. The higher mean effective stresslts in increased shear modulus and

lower shear strain.
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The lower shear strain result in smaller volumesti@in and lower porewater pressure
for saturated sand. Matrtin et al (1975) showed\tbatmetric change in dry or partially
saturated sand is related to the generation ofyade pressure in saturated sand, soitis
reasonable to assume that volumetric change ofsdngl subjected to cyclic loading
would decrease with increasing overconsolidatidio f®CR. As part of this study, two
sands were tested with three different OCR as meed in Chapter 5 and data from
previous studies on Monterey sand, (Pyke, 1975)an®ttawa sand (Bathia, 1980)
were compiled in order to analyze the effect of OftRsettlement of sands. In summary,
four sands at 40 % relative density were testedguan OCR = 1, then the tests were
repeated using OCR= 2 and 4 while keeping theivelatensity for each sand the same.
Thus, the line in Figure 8-20 is going to be usedh& base line or reference line. The
results are shown in Figure 8-21 which confirm thatincrease in overconsolidation
ratio would result in decrease in settlement. Tdesrease is a function of (e-emin),

which means that for a larger (e-emin), this dessaa significant.
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Figure 8-21  Settlement of sands versus (e-eminpfoR= 1,2 and 4.
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CHAPTER 9

PARAMETRIC ANALYSES USING DESRA-MUSC

9.1 Introduction

Silver and Seed (1971) tested only the Crystat&sand to develop their charts which
were subsequently used by Tokimatsu and Seed (198dyvever, as shown from this
study, results from a total of 50 tests on cleardsand on sand with fines were evaluated
to define the volumetric behavior of these sand$irate relative densities of 40%, 60 %
and 80 %. The settlement of sand is a functiothefsoil characteristics, which can be
defined by the grain size distribution and the mgashape. Using the procedure
developed by Martin et al (1975), the volumetric stants that define the behavior of
several of these sands were computed. Using tveamnailable experimental data, the
response of the sands to a constant shear str@id%f was computed. The result shows
clearly that the volumetric behavior of these di#fg sands is not the same. For
example, the response of four different typesawfd normally consolidated (OCR = 1)
at relative density of 40% and subjected to a @misshear strain of 0.1% shown in
Figure 9-1, indicates that the Nevada sand sditliee as much as the Monterey sand.
The Silica sand represents the sand used by SiheeGeed (1971).

The paragraphs below examine errors in he TokimatsuSeed (1984) procedure arising
from variation in settlement behavior of differesainds and earthquake time histories by
using the computer program DESRA-MUSC. Followings tetudy, a recommended

design procedure is documented.
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Figure 9-1 Volumetric Strain curves versus Numbetycles for
constant shear strain amplitude of 0.1 %.

9.2  Settlement Analysis using the Computer Program DESRA-MUSC.

In order to be able to compare the results obtame®ESRA-MUSC to that obtained
using the Tokimatsu and Seed procedure, , thedspibsit (50 ft) shown in Figure-2
composed of Crystal Silica sand at a relative dergi45 % was subjected to S740 W
component of the record obtained at Pacoima Daml(8an Fernando Earthquake) after
scaling it to yield a maximum base acceleratiord.@5g and a surface acceleration of
0.45¢q, in order to compare the analysis to thatopmed by Tokimatsu and Seed. The
shear modulus degradation with shear strain usdidaisused by Tokimatsu and Seed,

which is the middle curve in Figure 9-3. The resalte shown in

Figure 9-5, where the computed settlements for one-directigralnd shaking obtained
by DESRA-MUSC was 2.05 in. compared to that obtaibgdhe Tokimatsu and Seed
procedure which was 1.68 in.

The same soil profile was then analyzed but with tlifferent relative densities, 60 %

and 80%. The volumetric strain constants and #rddning parameters were computed
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using the experimental data furnished by Silver 8add, 1971 shown in Figure 9-4 and
using Finn and Byrne analytical expression in otdetompute the constants volumetric

change used in DESRA-MUSC.
( vd )Dr2 R( vd)Dr1

R 0.00031100 D,)* 0.062

45 D, 80

r

WhereR is a constant that varies with the relative dgnsibd (4 ), is the volumetric

strain increment computed for relative density 5%

The results shown in Figure 9-5, Figure 9-6 andufgg9-7 show reasonably good
agreement between DESRA-MUSC and the simplifiedguore of Tokimatsu and Seed,
1984. The reasonable agreement is based on thehtt the sand and the ground
motion used in the analyses were the same as ys@&dkimatsu and Seed. Note that

hardening parameters were not used in these asalyse

D: (%) Ci1 Co C3=C1C,C4 Ca

Silica Sand

45 0.80 0.725 0.35 0.6

60 0.45 1.30 0.63 1.08

80 0.15 3.6 1.56 2.9
Table 9-1 Values of C1, C2, C3 and C4 for the thedstive densities
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Figure 9-2 Solil profile Analyzed by Tokimatsu anee8 (1987)
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Figure 9-3 Relationship between shear modulus hedrsstrain for sand
(Seed et al.1984)
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Figure 9-7 Settlement versus depth for relativesdgriDr=80%).
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9.3 Errors in Tokimatsu and Seed Procedure

9.3.1 Effect of Sand Type or Characteristics

DESRA-MUSC was also used to compute the settleménth@ same soil profile
analyzed above but with three different sand typed three different ground motion
records. The sands used were Silica #1, F-110N&kdat relative density of 45%. Silica
#1 and F-110 are pure quartz and the grains slsamspectively angular-subangular to
rounded-subrounded. NSF is a mixture of quartagiptlase and volcanic rock
fragments.

Figure 9-8 shows their grain size distribution. eTground motion records used were the
El Centro (1940), Pacoima San Fernando (1971) awthNdge (1994) earthquakes. The
recorded earthquake magnitudes for these threendnmotion were respectively 7.1, 6.6
and 6.7. The number of equivalent uniform numbkestaain cycles for these three
ground motion are respectively 12, 10 and 10 cyclébese values are based on the
empirical correlation develop by Seed et al (197%&ting earthquakes magnitude and
equivalent number of uniform cycles as shown iguFé 9-9 . The three earthquakes

ground motions are shown in Figure 9-10.
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Figure 9-9
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Pacoima Dam (middle) and Northridge (bottom)
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The results of the analyses are shown in Figurd 9té Figure 9-13, which indicate
clearly that the charts developed by Silver anddS&871) are not valid for all types of
sand. For the sands used in the example, the maxisettiement is about 2.5 times the

minimum settlement.

9.3.2 Effect of the Equivalent Number of Cycles Concept

The Tokimatsu and Seed simplified procedure requine use of equivalent number of
shear strain cycles that was developed by Sedd @9a5) which relate that value to the
magnitude of the earthquake. The three earthquesdards chosen in this study were El
Centro, San Fernando and Northridge earthquakeaadhavmagnitude of 7.1, 6.6 and 6.7

respectively. The resulting equivalent number géles would be 12, 10 and 10

respectively.
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The results of the analyses shown in Figure 9-1&igure 9-16, indicates that the
response predicted by using the Northridge eartteisa3 times larger than the response
predicted by using the San Fernando earthquakeitdefpe fact that these two
earthquakes have the same magnitude, 6.7 and the paak acceleration. The
Tokimatsu and Seed simplified procedure would hareglicted the same response. In
summary, the errors that can occur using the carafegmuivalent number of cycles may

be significant.

9.4  Discussion on Implications for Liquefaction Analysis

9.4.1 Pore-Water Pressure Increase During Undrained Tests
As previously discussed, Martin et al., (1975) pnés@ a detailed study of the volumetric

changes in sand subjected to cyclic shear strandspeoposed an empirical function to

compute the incremental volumetric strain, in dry sand as follows:

180



2
C3 vd

vd 1 2 vd
( 4 vd )

Wherec,, c,, ¢c; andc, are four constant to be determined from two oed¢hronstant
strain amplitude cyclic tests. 4, .4 and are respectively the incremental volumetric

strain, the accumulated volumetric stain and tleashktrain all expressed as percentage.
They also proposed an analytical function to expthe incremental pore water pressure
in saturated sand under undrained conditions ametibn of the incremental volume
change under drained conditions, which can be itestas follows:

Let us assume that a sample of saturated sandjiscted to one cycle of loading in a

drained simple shear test, and let us assume that is the net volumetric strain

increment due to slip at grain contacts and comedimg to the decrease in volume
occurring during that cycle. For undrained cormdhs, it is reasonable to assume that slip

at grain contacts resulting in volumetric straiorement , will also occur. However,

the slip deformation must transfer some of theisv@rtstress carried by the intergranular
forces to the more incompressible water. The ss®ean pore water pressure will result

in decrease in vertical effective stress, whichultesn the release of recoverable

volumetric

vr

E—ustrain stored by elastic deformation at grain ccista For

r
volumetric compatibility, we must have:
Change in volume of voids = net change in volumsaofd structure.

u.n, u
K vi g

w
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Where u= residual pore water pressure incremeqy};= bulk modulus of waterpn, =
porosity of the sampleE, =tangent modulus of the one-dimensional unloadinge at a
point corresponding to the initial vertical effedistress.

For saturated samples and assuming incompressaté \the equation becomes:

u E

r vd

Where the unloading modulus was fitted to a furcof the form:

()"

mk( )" "

r

Where E, is the unloading modulus of 1-D unloading curveagioint corresponding to

the initial vertical effective stress amaln,k are three controlling parameters.

9.4.2 Liguefaction Resistance of Sands

As the liquefaction characteristics of sand aratnetly insensitive to sand types (grading
and grain shape characteristics), one could guestie observed sensitivity of volume

change to sand type. Based on above discussiencarid expect that sands at a given
relative density but having different volume charmgaracteristics would have different

liquefaction strengths. However, if the unloadingdulus in the equationu E

r vd

may adversarysuch aswhen linked with the associated volume changesstabésh
liquefaction behavior, the two effects tend to cemgate leading to insensitivity to pore
pressure increases. This reflect the importanceestblishing a fundamental

understanding of volume change behavior as a puiesieg| of developing robust
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constitutive models for the undrained cyclic bebawf sand. This is examined in the

following discussion.

9.4.3 Settlement and Liquefaction of Four Types of Sands
In order to evaluate the above disussion, four safdlifferent settlement characteristics

were chosen. They were Nevada sand, F110, Sik€aahd Monterey sand. Their
settlements characteristics are presented in Figrir@. The unloading curve for each
sand was computed in 1-d consolidation tests asrsh Figure 9-17 for Nevada sand.
The unloading curves for all four sands are presknh Figure 9-18. While the
settlement behavior of these sands vary from 0d%4 % at 25 consecutive cycles and
at shear strain of 0.1 %, their corresponding ligcton strength curves computed using
the procedure described in Martin et al., 1975 saraewhat similar as shown in

Figure 9-20.

5000
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2000+

Vertical Stress, psf

1000
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Figure 9-17  Experimental Loading-Unloading CurveNevada Sand
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Figure 9-20 Computed Results for Number of Cychassing Liquefaction for Four
Types of Sands

9.5 Recommendations for a Settlement Design Approach

Both DESRA and DESRA-MUSC can be used to compute détlement of a
cohesionless soil deposit using a real earthquake history. However, based on the
finding of this study, the volume change charast®s can be determined from the
parameters e, (the void ratio of sand in each Iag@ed @iin,(the minimum void ratio for

that sand), as discussed below.

9.5.1 Design Approach Using DESRA or DESRA-MUSC With Time Histoy
Input

The design approach can be summarized as follow:
Obtain normalized standard penetration test valNgso for each layer of the

soil deposit
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Use (N)so to computeD, using the empirical equation proposed by Byrne
(1991): D, =15 (N)"%0

Obtain a soil sample for each layer and determing, and €. from

standard laboratory tests.

. e
Computee from the equation :D, GL.loo

max min

(e emin ) Field

€ emin )CrystaISiIca

Use the factor

to evaluate the volume change parameters to

be used in DESRA.

Cl=C1*

c2=C2/

C3=C’3/
Where C’1, C'2 and C’3 are the volume change caonstar Crystal Silica Sand as
documented in paragraph 3.4.
Other nonlinear site response programs could atsadopted for analyses by adopting
the DESRA volume change constitutive model, andu$e of the 9e-emin) parameter.
This approach is recommended as it provides a m&gm®perly including time history
effects and sand volumetric change characteristiesnodified form of the Tokimatsu
and Seed approach could be adopted to at leasttrstind type variations, as described
below.

Use DESRA or DESRA-MUSC with the appropriate timestdries and

nonlinear backbone curve to compute earthquakecadigettiements.
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9.5.2 Design Approach Using a Modified Tokimatsu and Seed Procedure
The design approach can be summarized as follow:

Obtain normalized standard penetration test valNgso for each layer of the
soil deposit

Use (N)so to computeD, using the empirical equation proposed by Byrne
(1991): D, =15 (N)*%o

Obtain a soil sample for each layer and determing, and €y from
standard laboratory tests.

. e e
Computee for each layer from the equationD, ———.100
e e

max 'min
Use Tokimatsu and Seed simplified procedure to etenghe settlement of
the soil deposit using the same relative densitiatians as the field sample.

Apply a factor to the settlement value obtained for each layeth wi

(e emin ) Field

Tokimatsu and Seed procedure, where .
€ emin)CrystaISilca

e.., ande . for Crystal Silica sand are presented in Table 4-2
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CHAPTER 10

SUMMARY AND CONCLUSIONS

Settlement of unsaturated cohesionless soil depasibeen recognized as a major cause
of seismically induced damage (e.g, Stewart eD@ll2Wartman et al.2003). As a result,
there has been an increasing demand within theneagng profession for seismic
settlement analysis procedures as evidenced b@dhtrnia Geological Survey’s (CGS)
recent requirement that analysis of seismic seéfgrbe included as part of the design
process for critical projects such as schools aspital structures (CGS. 2004). Among
the most widely used existing methods for estingatettiement of cohesionless saill
deposits is the Tokimatsu and Seed, 1987 proceddosvever, this procedure based on
cyclic laboratory test data for only one clean sasddocumented by Silver and Seed,
1971, and incorporated simplifying assumption om éffect of earthquake time history
input. Consequently, This analysis procedure hasiraber of uncertainties as to its

accuracy.

10.1 The objective of Research

The principal objective of this study was to penfioadditional cyclic tests on a variety of

sand types and also to compile other availabler&aboy cyclic simple shear testing data
to provide insight into the settlement of sandsarying characteristics, and to develop a
volumetric strain material model encompassing \itg in soil characteristics.

All cyclic simple shear tests were performed undexined conditions to evaluate the

vertical strain accumulation under varying cyclitagn amplitudes. Tests were

performed by the author also to evaluate the eff#ctoverconsolidation ratio on
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settlement. The results of a total of 18 differeletan sands and 8 silty sands were used
for this study. The sands were selected to spange of material gradation, particle size
and patrticle shape. Specimens were prepared tangalgvels of relative density (Dr =
45, 60, 80 %). The database include the following:
The original Silver tests by Silver and Seed (1971)
Pyke (1975) and Martin (1975)
Ottawa Sand tested by Bhatia (1980)
Fourteen clean sands tested by Stewart et. al J2004
Eight silty sands tested by Stewart et. al(2004)
Two sands, Nevada and Silica #30, tested by tHeaut
A further objective of the study was to developimproved design method including
the effect of variation in time history. For thmrpose, the computer program
DESRA-MUSC (Qui, 19) is recommended together with tonstitutive model for
volume change by Martin (1975). This study dematstthat the required volume

change parameters could be obtained using ¢heg(, ) parameter, hence avoiding

the need for laboratory testing on samples.

10.2 Research Findings and Recommendations

The laboratory test results provide significant neawights into factors that affect
settlement of sand subjected to cyclic loading.s€haclude:

1) Significant sand-to-sand variability of verticatashs (up to a factor of three) was

observed for all clean sands prepared to a simelative density for a common

set of loading conditions.
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2)

3)

4)

5)

6)

7

8)

For clean sands, no statistically significant tiend the variation of vertical
strains with soil compositional parameters suclasfficient of Uniformity CU
=D60/D10, median particle sizéd60) and particle shape were observed.

For all sands, including sands with fines, thers waignificant trend relating the
settlement and value of the parameter (e-emin)yevles the void ratio and,g.

is the minimum void ratio. Tests results show g&itlements increase as the (e-
emin) increases. The parameter (e-emin) refléetscombined effect of particle
size and gradation.

The result of the study shows that settlement eaexpressed in a linear function
in term of (e-emin) as follow: Settlement = 1.2&6emin).

Vertical strains were also found to decrease withhaasing secant shear modulus,
sometimes by a factor of three for a similar setbateline conditions. The
dependence of vertical strain on shear moduluge$ylassociated with the same
compositional factors that decrease seismic setthéisusceptibility.

For non-plastic silty sands, the effect of increg$tC was observed to increase
the settlement susceptibility when using cons®@t(relative compactionas a
basis for comparison.

The effect of overconsolidation ratio was significdor sand at low relative
density. With increasing overconsolidation ratodecrease in settlement was
observed.

This study confirm that liquefaction characteristiof sand are relatively

insensitive to sand types ( grading and grain slwdwaeacteristics), and that the
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observed sensitivity of volume change to sand tgpd be explained by the
change of the unloading modulus in the equation E, .

9) A new designh method using DESRA-MUSC and a modifiekimatsu and Seed

(1987) method were presented.

10.3 Recommendations for Future Research

The studies summarized in this report have ideatih number of aspects of settlement
of sand that warrant additional research. Thedadec
Continued experimental database to further validage conclusion on
effect of particle shape and gradation
Development of design examples using DESRA andmeaendations to
obtain volume change constants for all relativesttgn
A study of the potential effect of the modulus leanithg parameter on

analyses.
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APPENDIX A

DATABASE FOR NEVADA SAND

SETTLEMENT (%) VS NUMBER OF CYCLES

Dr=40%, Dr=40%, Dr=60%, Dr=60%, Dr=80%, Dr=80%,
Cycles OCR=1 OCR=4 OCR=1 OCR=4 OCR=1 OCR=4

1 0.1536 0.0614 0.0880 0.0492 0.0239 0.0191

2 0.2469 0.0988 0.1415 0.0790 0.0384 0.0307
3 0.3197 0.1279 0.1832 0.1023 0.0498 0.0398
4 0.3805 0.1522 0.2180 0.1218 0.0592 0.0474
5 0.4333 0.1733 0.2483 0.1387 0.0675 0.0540
6 0.4802 0.1921 0.2751 0.1537 0.0747 0.0598
7 0.5224 0.2090 0.2993 0.1672 0.0813 0.0651
8 0.5608 0.2243 0.3213 0.1795 0.0873 0.0698
9 0.5964 0.2385 0.3417 0.1908 0.0928 0.0743
10 0.6292 0.2517 0.3605 0.2013 0.0979 0.0784
11 0.6597 0.2639 0.3780 0.2111 0.1027 0.0822
12 0.6883 0.2753 0.3944 0.2203 0.1071 0.0857
13 0.7152 0.2861 0.4098 0.2289 0.1113 0.0891
14 0.7405 0.2962 0.4243 0.2370 0.1153 0.0922
15 0.7645 0.3058 0.4380 0.2447 0.1190 0.0952
16 0.7874 0.3150 0.4511 0.2520 0.1226 0.0981
17 0.8091 0.3236 0.4635 0.2589 0.1259 0.1008
18 0.8296 0.3319 0.4753 0.2655 0.1291 0.1033
19 0.8492 0.3397 0.4865 0.2717 0.1322 0.1058
20 0.8680 0.3472 0.4973 0.2778 0.1351 0.1081
21 0.8861 0.3544 0.5077 0.2835 0.1379 0.1103
22 0.9034 0.3613 0.5176 0.2891 0.1406 0.1125
23 0.9199 0.3679 0.5270 0.2944 0.1432 0.1146
24 0.9358 0.3743 0.5361 0.2995 0.1457 0.1165
25 0.9510 0.3804 0.5448 0.3043 0.1480 0.1184
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Dr=40 %, Dr=40 %,
OCR=1 OCR=4

APPENDIX B

DATABASE FOR SILICA #30 SAND

SETTLEMENT (%) VS NUMBER OF CYCLES

Dr=60

%,
OCR=1
0.08 0.045 0.06
0.128648649 0.0723375 0.09645
0.166537605 0.09365625 0.124875
0.1982229930.1114875 0.14865
0.225709705 0.12695625 0.169275
0.250103388 0.14068125 0.187575
0.272093796 0.15305625 0.204075
0.292146735 0.16430625 0.219075
0.3105948030.1747125 0.23295
0.327685547 0.18433125 0.245775
0.343609229 0.193275 0.2577
0.358515896 0.20165625 0.268875
0.372526392 0.20953125 0.279375
0.385739767 0.21695625 0.289275
0.3982384220.2239875 0.29865
0.4100917870.23068125 0.307575
0.4213590170.2370375 0.31605
0.432091003 0.24305625 0.324075
0.442331901 0.24879375 0.331725
0.452120323 0.25430625 0.339075
0.461490259 0.25959375 0.346125
0.4704718190.26465625 0.352875
0.479091823 0.26949375 0.359325
0.4873742840.2741625 0.36555
0.495340802 0.27860625 0.371475

Dr=60 %,
OCR=4

0.04
0.0643
0.08325
0.0991
0.11285
0.12505
0.13605
0.14605
0.1553
0.16385
0.1718
0.17925
0.18625
0.19285
0.1991
0.20505
0.2107
0.21605
0.22115
0.22605
0.23075
0.23525
0.23955
0.2437
0.24765

Dr=80

: Dr=80 %,
%, OCR=4
OCR=1
0032  0.02758621
0.05144 0.0443616
0.0666  0.05742676
0.07928 0.06835276
0.09028 0.07783093
0.10004 0.08624255
0.10884  0.09382545
0.11684 0.10074025
0.12424  0.10710166
0.13108  0.11299502
0.13744  0.11848594
01434  0.12362617
0149  0.12845738
0.15428  0.13301371
0.15928 0.13732359
0.16404 0.14141096
0.16856 0.14529621
0.17284 0.1489969
0.17692  0.15252824
0.18084  0.15590356
0.1846  0.15913457
01882  0.16223166
0.19164 0.16520408
0.19496 0.1680601
0.19812  0.17080717
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APPENDIX C

DATABASE FOR CLEAN SAND, (QUARTZ, DR= 60%)

SETTLEMENT (%) VS NUMBER OF CYCLES

Silica 1 Silica O

0.05232 0.03274
0.07672 0.05016
0.09593 0.05983
0.11258 0.06841
0.12486 0.07658
0.13773 0.08209
0.14814 0.08623
0.15622 0.09192
0.16213 0.09636

0.1707 0.10035
0.17665 0.10437
0.18256 0.10811
0.18804 0.1113
0.19059 0.11502
0.19892 0.11809
0.20223 0.11916
0.20775 0.12391
0.21319 0.12528
0.21629 0.12778

0.2213 0.12942
0.22652 0.13206
0.22861 0.13456
0.23171 0.13595
0.23575 0.13732
0.23953 0.13994

Silica 2

0.03706
0.05273
0.06487
0.07477

0.0838
0.09066
0.09696
0.10279
0.10817
0.11478
0.11899
0.12474
0.12859
0.13228
0.13641
0.13979
0.14345
0.14734
0.15015

0.1524
0.15474
0.15804
0.16203
0.16437
0.16682

F-110

0.02772
0.03876
0.05138
0.06224
0.06871
0.07528

0.0805

0.0864
0.09078
0.09476
0.09889

0.1029
0.10688
0.10974
0.11249
0.11623
0.11911
0.12117
0.12407
0.12559
0.12764
0.12968
0.13189
0.13269
0.13504

F-52

0.03646
0.05063
0.06495
0.07757
0.08746

0.0956
0.10273
0.10884
0.11494
0.11983
0.12429
0.12962
0.13454
0.13795
0.14138
0.14559
0.14893
0.15237
0.15538
0.15751
0.16148
0.16405
0.16697
0.16859
0.17126

Flint-
13

0.04608

0.0683
0.08195
0.09244

0.1032
0.11263
0.12059
0.12724
0.13433
0.14051
0.14565
0.14988
0.15568
0.15922
0.16257
0.16673
0.17054
0.17394
0.17674
0.17987
0.18291
0.18678
0.18842
0.18996

0.1943

Flint-
16

0.03792
0.05887

0.0762
0.08855
0.09762
0.10744
0.11656
0.12331
0.12843
0.13474
0.14064
0.14574
0.15134
0.15693
0.16027
0.16484
0.16939
0.17275

0.1779
0.18157
0.18523
0.18699
0.19006
0.19418
0.19697

Nevada

0.04
0.06235
0.07966
0.09412
0.10667
0.11783
0.12792
0.13713
0.14563
0.15353

0.1609
0.16782
0.17434
0.18051
0.18635
0.19191
0.19721
0.20226

0.2071
0.21174
0.21619
0.22047
0.22458
0.22854
0.23236
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APPENDIX D

DATABASE FOR CLEAN MATERIALS SAND (DR =60%)

SETTLEMENT (%) VS NUMBER OF CYCLES

Pacoi 1 Pacoi3 NSF

0.03114 0.03523 0.0463
0.05135 0.05221 0.08291
0.0687 0.06644 0.10985
0.08148 0.07625 0.13105
0.09172 0.08519 0.14857
0.10091 0.09254 0.16342
0.10966 0.09758 0.17653
0.11575 0.10221 0.18821
0.12398 0.10763 0.1983
0.13024 0.1109 0.20828
0.13551 0.11734 0.21703
0.14177 0.12098 0.22541
0.14676 0.12442 0.23312
0.14978 0.12772 0.2401
0.15381 0.13039 0.24669
0.15859 0.13311 0.2529
0.16205 0.13568 0.25933
0.16506 0.13947 0.26533
0.16814 0.1423 0.27175
0.17191 0.14364 0.27683
0.1744 0.14647 0.2822

0.179 0.14967 0.28728
0.18094 0.15037 0.29208
0.18283 0.15309 0.29632
0.18635 0.15543 0.30066

Pat

0.03119
0.04419
0.05514
0.06412
0.06955
0.07444
0.07962
0.08456
0.08722
0.09071
0.09562
0.09688
0.10027
0.10335
0.10616

0.1081
0.11033
0.11204
0.11427
0.11681
0.11921
0.12004
0.12057
0.12326
0.12449

PO

0.02736
0.03826
0.04555
0.05205
0.05735

0.0615

0.0649
0.06887

0.0714
0.07476
0.07622

0.0787
0.08029
0.08394

0.0854
0.08714
0.08868
0.09056
0.09244
0.09316
0.09491

0.0966
0.09772
0.09886
0.10013

Newhall

0.04417
0.07015
0.09277
0.11089
0.12609
0.13894
0.15037
0.16036
0.16791
0.17559
0.18349
0.19137
0.19739
0.20412
0.21008
0.21498
0.21988
0.22428
0.22958
0.23381
0.23745
0.24079
0.24532
0.24886
0.25192

NSF

0.03307
0.05922
0.07847

0.0936
0.10612
0.11673

0.1261
0.13444
0.14164
0.14877
0.15502
0.16101
0.16652

0.1715
0.17621
0.18064
0.18524
0.18952

0.1941
0.19774
0.20157

0.2052
0.20863
0.21166
0.21475
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APPENDIX E

DATABASE FOR SEVERAL SAND (DR =40%)

SETTLEMENT (%) VS NUMBER OF CYCLES

Cycles
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Nevada Ottawa

0.1536  0.0913
0.24691 0.15393
0.31968 0.2041
0.38054 0.24669
0.43334 0.28401
0.48019 0.31738
0.52243 0.34764
0.56083 0.37538
0.59635 0.40102
0.62918 0.42487
0.65971 0.44718
0.68832 0.46813

Silica
0.088
0.14146
0.18315
0.21802
0.24827
0.27511
0.29931
0.32131
0.34166
0.36047
0.37796
0.39435

0.7152 0.487890.40975

0.74054 0.50659
0.76454 0.52433
0.78739 0.5412
0.80909 0.55728
0.82963 0.57264
0.84922 0.58733
0.86803 0.60142
0.88608 0.61493
0.90336 0.62792
0.91987 0.64042
0.93581 0.65245
0.95098 0.66406

0.42427
0.43802
0.45111
0.46354
0.47531
0.48653
0.49731
0.50765
0.51755
0.52701
0.53614
0.54483

Monterey

0.056
0.09964
0.13567
0.16638
0.19312
0.21675
0.23786
0.25689
0.27416
0.28992
0.30438
0.31769
0.32998
0.34137
0.35195
0.36181

0.371
0.3796
0.38764
0.39519
0.40227
0.40894
0.4152
0.42111
0.42668
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FC(%)
0

10

20

35

50

NSF

FC(%)
0

20

30

40

50

Silica

emax

0.904
0.872
0.87
0.92
1.271

emax

1.006

0.86
0.819
1.177
1.442

APPENDIX F

SOILS WITH FINES PARAMETERS

€min
0.412
0.352
0.289
0.297
0.474

RC=87% RC=92% RC=87% RC=92%

€min e e
0.662 0.774 0.677
0.405 0.501 0.419
0.298 0.478 0.398
0.398 0.573 0.488
0.457 0.682 0.591

e s=Intergranular Void Ratio

RC = Relative compaction
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VOLUME CHANGE CONSTANTS

APPENDIX G

Ci1 Cc2 C3 €-€min Sand
0.45 1.4 1.08 0.131 Silica 1
0.263158 2.394 1.8468 0.123 Silica 0
0.28125 2.24 1.728 0.146 Silica 2
0.221675 2.842 2.1924 0.107 F-110
0.319149 1.974 1.5228 0.125 F-52
0.365854 1.722 1.3284 0.106 Flint 13
0.367647 1.7136 1.32192 0.116 Flint 16
0.266272 2.366 1.8252 0.141 | Nevada
0.350195 1.799 1.3878 0.141 Pacoi 1
0.292018 2.1574 1.66428 0.139 Pacoi 3
0.565327 1.1144 0.85968 0.134 NSF
0.233888 2.6936 2.07792 0.106 Pat
0.188127 3.3488 2.58336 0.103 PO
0.473684 1.33 1.026 0.160 | Newhall
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APPENDIX H

X-RAY DIFFRACTION RESULTS
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THIN SECTION RESULTS
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