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CHAPTER 1 INTRODUCTION

1.1 General Introduction

Recent study on static and dynamic mechanical proper-
ties of cohesionless soils raises increasingly its importance
in the field of soil engineering. Various boundary value
problems such as bearing capacity and liquefaction analyses
of sandy grounds have been solved by means of numerical tech-
nigque represented by finite element method, and a number of
excellent findings have been made for the important design
and construction. However, the mechanical properties of
cohesionless soills are the most complicated ones in the engi-
neering material, For example, soils show the inherent
characteristics such as dilatancy and stress system dependency
during shear deformation. It should be also noted that the
static and cyclic deformation and strength properties of
cohesionless soil depend strongly on its fabric character-
istics and stress (or strain) history. In order to offer
reasonable solutions on various engineering problems concern-
ing cohesionless soils, therefore, it is preferable to promote
the research on their deformation and strength behaviors.

This thesis will treat in detail the anisotropic stress-strain-

strength properties of sand as a typical example of cohesion-



less soils.
In this chapter, brief review of previous investiga-
tions concerning these subjects and the scope of this thesis

will be outlined.



1.2 Brief Review of Previous Investigations

1.2.1 PFabric anisotropy and its relation to mechanical

properties of cohesionless soils

When we treat sand as a material in soil mechanics,
there are many properties which must be clarified. Minefa—
logy of particles, particle size, particle shape, water con-
tent and spatial arrangement of solid particles and associated
void seem to be the most fundamental properties of cohesion-
less soil (Mikasa, 1964; Oda, 1978). This means that other
derived properties of sand such as shear strength, deformation
modulus and liquefaction strength are controlled by these
properties. Therefore, each derived property (mechanical
property) can be properly discussed only by taking account of
the five fundamental properties, their interrelations and
stress condition.

A large number of theoretical and experimental investi-
gations on these fundamental properties and their relations to
mechanical properties have been done so far. For example,
the significance of these fundamental properties in shear
strength of sand was studied by Tschebotarioff and Welch (1948),
Bishop and Eldin (1953), Nash (1953), Horn and Deere (1962),
Rowe (1962), Lee and Seed (1967), Marsal (1967) and Vesic and

Clough (1968). These researches showed that the shear strength



(or interparticle friction angle) of sand with a given density
can be substantially determined only by taking account of the
following factors; (1) mineral composition which is evaluated
by the modal analysis of minerals, (2) surface roughness of
constituent particles (shape of particle), (3) size of particles,
(4) effect of lubrication or antilubrication by water (water
content) and (5) stress condition. In these researches, the
relation of spatial arrangement of particles and associated
void to mechanical properties of sand was not considered.

Oda (1972a, 1972b and 1977) has indicated that the
spatial arrangement of solid paricles and associated void which
will be called " fabric " in this thesis is an important item
of study to treat a sand as an assembly of discrete particles.
According to Oda’s study, fabric of homogeneous sand without
cohesion is sufficiently defined by the following two concepts;
(a) orientation fabric and (b) packing (Fig.1-1). His
laborious study on the fabric of granular material and its
relation to the mechanical properties is summarized as the
followings:

(1) It is possible to distinguish two types of fabric aniso-
tropy; (a) anisotropy due to the preferred orientation of
non-spherical particles and (b) anisotropy due to the
cbncentration of Ni—direction, These fabric anisotropy

is caused by the fact that each particle tends to rest in

the most stable position with respect to the gravitational



(a) Orientation (b) Packing

Fig.1-1

Concept of fabric in granular material (After

Oda (1977)) ((a) Orientation fabric in sand
composed of non-spherical particles must be con-
cretely represented by inclination angles of typi-
cal dimensional axes of individual particles %o
reference directions. The orientation fabric can
be sufficiently evaluated from the knowledge con-
cerning parallel alignment of apparent long axes
observed in thin sections which are prepared from

a sand specimen fixed by polyester resin. (b)
Packing means mutual relation of individual parti-
cles to other ones. Mutual relation of a particle
Gi to other ones can be defined by the directions
of normals N1, NZ’ RB and N4 which are perpendicu-
lar to the tangents at the contacts 01, 02, C3 and
04 and number of contacts n (=4) which is called
co-ordination number. The former fabric element
can be expressed by a probability density function
E of normals Ni' The latter fabric element can be
expressed by both of means n and standard deviation

o, of co-ordination number. )



crce.

-ty

(2) wWhen a sand is composed of non-spherical particles,

the two types of anisotropy are produced. When a sand

is compdsed of spherical, on the other hand, only the latter
type of anisotropy may be possible.

(%) Fabric anisotropy may have a considerable influence on
the stress-strain and strength behaviors of sand. The
anisotropy of sand in the deformation and strength behaviors
depends not only strongly on the fabric anisotropy due to
the concentration of Ni—directions but also fairly on the

fabric anisotropy due to the parallel alignment of particles.

Arthur and Menzies (1972) have also observed that the
anisotropic fabric of Leighton Euzzard Sand deposited in air
which is certainly defined by the X-ray method results in a
corresponding anisotropy in the peak strength and also in the
prefailure stress-~strain relationship.

Some other experimental evidences to show anisotropic
behavior of sand have been reported by El-Sohby and Andrawes
(1972), Tatsuoka and Ishihara (1974a), Green and Reades (1975)
and Ishihara and Okada (1978).

Cn the other hand, Ladd (1974) has shown that the cyclic
undrained triaxial strengths of cohesionless soils are remarka-
bly influenced by their fabric characteristics. These find-

ings were also confirmed by Mulilis et al. (1975), Silver et al.



(198C), Tatsuoka et al, (1982) and other researchers. These
facts indicate that the static and cyclic mechanical properties
of sands are controlled not necessarily only by density, but
also by fabric of sand. |

The influence of stress (or strain) history on the static
and cyclic deformation-strength characteristics has been also
clarified by many investigations (e.g., Finn et al., 1970;
Tatsuoka and Ishihara, 1974b; Toki and Kitago, 1974; Ishihara
and Okada, 1978). Stress (or strain) history effects may be
explained by a fabric change of sand due to stress (or strain)

undergone previously.



1.2.2 Influence of stress system during shear on stress-
strain-strength properties

It is well known in soil mechanics that the stress
and strain conditions of soil elements differ from each other
by the position they exist in-situ. In general, the mecha-
nical properties of cohesionless soils are significantly
influenced by the stress or strain to which theyv have been or
will be subjected before or during shear. Therefore, in
order to estimate the in-situ behavior of sands from labora-
tory test results, it is essential to test them exactly the
same conditions as exist in-situ.

Laboratory strength tests are usually performed by
using conventional triaxial compression apparatus. However,
conventional triaxial compression tests only provide informa-
tion regarding the soil behavior under stress conditions for
which major principal stress o0, > intermediate principal
stress 02 = minor principal stress 03 . Therefore, it is
desirable from the practical point of view that real mechanical
properties of cohesionless soils which might be obtained only
by the special tests simulating the stress and strain conditions
in-situ would be conveniently evaluated from those obtained by
the conventional tests.

In the following, the main results of previous studies
performed to investigate the influence of the intermediate

principal stress on the mechanical properties of cohesionless



soils are described.

The first experimental study in the world in which
three principal stresses are controlled independently was
pefformed by Kjellman (19%6). He examined the three-dimen-
sional failure criterion for dry sand.

Ko and Scott (1967) designed a soil test box in which
a cubical specimen was contained between six membranes.

This equipment seems offer the advantage of easy application

of normal stresses and ensure that no shear stresses are
induced on the faces of the specimen. Their tests performed
on Ottawa Sand showed that the angle of shearing resistance
increased with increasing intermediate principal stress from
the condition of triaxial compression (in which 0, = 03 ) to

g maximum before a slight decrease at the condition of triaxial
extension (in which 01 = 0, ),

Green and Bishop (1969) and Green (1971) performed,
using a rectangular prismatic specimen, the tests on Ham River
Sand with 02 values very closely spaced in the range from 0;
to O3, The angle of shearing resistance was reported to
increase from triaxial compression to plane strain and to remain
constant from plane strain to triaxial extension.

Sutherland and Mesdary (1969) developed a piece of equip-
ment similar to the apparatus described by Rishop (1966).

One of the horizontal stresses is applied by the chamber pres-

sure, and the other is applied by two rubber bags filled with



W

vater. Tests performed on Lock Aline Sand showed that the

W
=

gle of shearing resistance increased from triaxial compress-
ion to a maximum in the region of the plane strain condition
and then decreased at triaiial extension to a value approxi-
mately equal to that obtained in triaxial compression.

Lade and Duncan (1973) designed a new type cubical tri-
axlal apparatus by which three principal stresses can be con-
trolled independently, and performed a series of tests on Mon-
terey lo.0O Sand. The testing program included both plane
strain tests and tests conducted with constant values of b =
(0, —03)/(01 — 03). Based on the experimental results, they
proposed a failure criterion for both dense and loose sands.

Ichihara and Matsuzawa (1970) and Miyamori (1976) exa-
mined the deformation and strength behaviors of dry sands under

plane strain condition and three-dimensional stress state.

As mentioned in the previous paragraph, sand display
significant anisotropy in its mechanical properties. The
intermediate principal stress may have a similar influence on
the behavior of sand with anisotropic fabric. However, it
is expected that the three-dimensional deformation behaviors
of anisotropic sand change complicately due to the synthetic
effects of stress system and fabric anisotropy.

Oda et al. (1978) showed that strength anisotropy of

dense sand was more clearly observed under plane strain condi-

10



tions than under conditions of symmetrical stress system
such as applied in the conventional triaxial compression tests.

The three-dimensional mechanical behavior of anisotropic
sand was studied by Yamada and Ishihara (1979 and 1981), |
Their study indicated that the inherent anisotropic fabric
exerted a strong influence on the deformation characteristics
at low to medium shear stress level,

The significance of fabric anisotropy in the three-
dimensional stress-strain-strength properties of sand was also
discussed by Green and Reades (1975), Haruyama (1981) and
Ochiai and Lade (1983). However, only a limited number of
investigations of the three-dimensional behavior of anisotropic
sand have been performed, and the available data are not always

consistent,

Cn the other hand, the influence of stress system on the
cyclic undrained strength of saturated sand was investigated by
Peacock and Seed (1968), Finn et al. (1971), Ishihara and Li
(1972), Yoshimi and Oh-oka (1973), Ishibashi and Scherif (1974),
Silver et al. (1980) and Tatsuoka et al. (1982). These experi-
mental results showed that the difference of stress system made
the remarkable difference in the liquefaction characteristics

and cyclic undrained strength.

Furthermore, in order to evaluate the in-situ mechani-

11



cal behaviors of sand in a laboratory testing, it seems import-
ant to reproduce not only the same density as that of in-situ
sand but also the same fabric as that existing in the field.
Recently, many attempts have suggested that the undisturbed
sand samples could be obtained hopefully by performing the
sampling by freezing (e.g., Yoshimi et al,, 1978; Ishihara

et al., 1978; Walberg, 1978; Singh et al., 1982; Seed et al,.
1982). Therefore, it seems possible to a certain degree to
evaluate the feature of in-situ mechanical properties in a

laboratory.

12
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Several theories to describe the stress-strain behavior
of soils have been developed. Among them, Roscoe and his
colleagues (Roscoe et al., 1963%; Roscoe and Burland, 1968;
Schofield and Wroth, 1968), who are considered to be pioneers
of this subject, developed the Cam Clay Model (or modified
Cam Clay Model) for stress-strain behaviors of cohesive soils
and the Granta Gravel Model for those of cohesionless soils
by inducing the concept of normality rule in the theory of
plasticity. These models treat soils as a work-hardening
elastoplastic material, and are based on the experimental
data of triaxial consolidation-swelling test and triaxial
compression test. Although it is considered that these
elastoplastic theory is the first consistent constitutive
law on the deformation of soils, Drucker et al. (1957) first
applied a work-hardening law to the shear deformation of
soils. That is, the shape of the yield loci of the Cam
Clay and the Granta Gravel lModels originates from the theory
proposed by Drucker et al. (1957).

Poorooshasb et al. (1966), Poorooshasb (1971) and
Lade and Duncan (1975) have proposed another elastoplastic
theory to describe the stress-strain characteristics of

cohesionless soils by using the non-associated flow rule.

13



While the shape of the plastic potential curves by Poorooshasb
et al. is almost identical to that of the yield surface of the
Cam Clay Model and the Granta Gravel Model, the yield loci are
straight lines (Poorooshasb et al., 1966) or slightly curved
lines (Poorooshasb, 1971).

The fact that the yield loci for sand can be represented
by those of Poorooshasb et al. was also confirmed by Cole (1967),
Tatsuoka and Ishihara (1974a) and Nishi and Esashi (1978),

This means that normality or asscciated flow rule could not be
applied to cohesionless soils.

On the other hand, based on the basic equation concern-
ing the stress-strain relations on the mobilized plane derived
from the microscopic considerations of shear mechanism for
granular materials, Matsuoka (1974) and Matsuoka and Nakai
(1977) proposed a general constitutive equation for cohesion-
less so0il which involved the effect of intermediate principal
stress.

Barden and Khayatt (1966) and Barden et al. (1969) gave
a concrete plastic potential function for sand under various
stress conditions based on the stress dilatancy eugation which
was derived from the microscopic viewpoint by Rowe (1962).

In such way, the theories for predicting the stress-
strain behaviors of sand have been advanced from various stand-
points. However, elastoplastic theories which explain exactly

the stress system-dependent behavior and the dilatancy chara-

14



cteristics that contract initially and expand at prepeak in
shear deformation could not be found. Particularly, aniso-
tropic stress-strain behaviors of sand with fabric anisotropy
could not be modeled by the above existing theories which
assumed cohesionless soil to be isotropic in its mechanical
properties.

Recently, the dependency of stress-strain behavior on
the fabric anisotropy and stress system has become an import-
ant theme of research concerning constitutive law for sand.

The studies by Tatsuoka (1980) and Matsuoka et al. (1980) are

the representative of this category.

The standard penetration test (SPT) or the cone pene-
tration test (CPT) is an in-situ test which reflects stress (or
strain) history, soil fabric, and horizontal effective stress,
in addition to the combined effect of the relative density and
the vertical stress. Therefore, a number of theoretical and
experimental investigations to predict the in-situ mechanical
properties of cohesionless soils from the data of the sounding
performed in the fields have been done so far by many research-
ers (e.g., Vesic, 1972; Veismanis, 1974; Durgunoglu and Mitchell,

1975a and bt; Schmerimann

W

, 1975 Farcuson and Bileganousky, 1976;

- ,1,,,,_/‘,_{

Kovacs et al., 197

=
W
;__J

; Tetsucka et ., 1978; Seed, 1979; Chapmen
and Donald, 1981; Baldi et al., 1981 and 1982; Yoshimi and

Tokimatsu, 1983%). These studies indicated that the SPT N-value

15



and the CPT qc—value could be employed as a convenient para-
meter to express the static and cyclic mechanical properties
of cohesionless soils.

The main results of investigations concerning the rela-
tions between cone penetration charapteristics obtained by the
CPT and the static and cyclic mechanical properties of sands

will be introduced in some detail in CHAPTER 6.

16



1.3 Composition of the Present Thesis

As described previously, there are many factors influenc-
ing upon the static and cyclic mechanical properties of cohe-
sionless soils. Above all, both static and cyclic stress-
strain-strength behaviors of sand at given densities depend
strongly on its fabric anisotropy and stress system.

In this study, the fact that anisotropic mechanical
properties can be observed clearly not only in artificially
deposited sands but also in natural in-situ sand deposits will
be introduced. It will be also indicated that anisotropic
stress-strain-dilatancy behavior and liquefaction characteris-
tics of natural in-situ sand deposits examined in the present
study could be simulated to a certain degree by adopting in a
laboratory a sand sample preparation method which is proposed
by the present author. Moreover, a method of predicting
stress-strain behavior of saturated sand under the in-situ
stress conditions will be proposed based on the elasto-plasti-
city theory, in which effects of fabric anisotropy and stress
system are taken into account. The present author will also
point out the importance of fabric anisotropy in discussing the
correlation between cone penetration resistance and mechanical

properties of sand.

The composition of the present thesis is as follows.

17



In CHAPTER 2, a simple preparation method of sand

specimen using multiple sieve pluviation apparatus (MSP method)

o

y which various desired specimen density can be provided exclu-
sively by controlling the rate of sand discharge will be pre-
sented. In the granular materials having a relatively small
uniformity coefficient, it will be found that the very high
density can be achieved by this method without applying vibra-

tion or impact.

In CHAPTER 3, test apparatus, in-situ sampling of undis-
turbed sand, fabric characterization of material used and

experimental procedure will be described.

In CHAPTER 4, observed anisotropy in static and cyclic
stress-strain-strength behaviors of sand specimen prepared by
MSP method will first be outlined. Then, anisotropy in
mechanical properties and its laboratory simulation of sand

specimen sampled from natural deposits will be presented.

In CHAPTER 5, a new three-dimensional mechanical model
for anisotropic sands derived with the help of the concept of
non-associated flow rule on the elasto-plasticity and the
verification with respect to the measured data of two true
triaxial tests which were performed by Yamada and Ishihara (1979)

and the present author will be presented. It will be shown

18



that

o}

roposed model is capable of simulating the anisotrcopic
three-dimensional stress-strain behavior of sand with ortho-

tropic fabric.

In CHAPTER ©, the effects of fabric anisotropy on the
cone peneftration characteristics and the correlation between
the static and cyclic stress-strain-strength behaviors and
the cone penetration resistance for sand will be shown.

Above all, the measured cone penetration resistance will be
verified on the basis of the cavity expansion theory which
takes account of the fabric anisotropy-dependent compressibi-

lity of sand.

In CHAPTER 7, conclusions drawn from this study will

be described.
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CHAPTER 2 DEVELCPMENT OF SAMPLE PREPARATICN METHCD

2.7 Introduction

As mentioned in CHAPTER 1, recent studies on the mecha-
nical properties of cohesionless soils have shown that both
static and cyclic deformation-strength characteristics at
given densities are profoundly affected by the manner in which
the solls are deposited and by the stress or strain histories
previously undergone. This means that different methods of
reconstitution to a desired density produce in a laboratory
sand samples with different fabrics and different mechanical
properties. Therefore, the influence of sand sample prepa-
ration method on its mechanical properties is an important
problem in soil mechanics.

Sample preparation method effects can be considered as
a certain kind of stress or strain history. In order to
guantitatively evaluate the different mechanical behavior of
sand having equal density due to the effect of the sample
preparation methods or the stress or strain history, therefore,
it is necessary to perform the high-quality laboratory tests
on the samples which are formed by a simple preparation method
free from human errors and have a uniform and definite chara-

cteristic of fabric. Though it has been well known that

20



non-uniformity may be introduced in the course of sample
preparation, no entirely satisfactory method of preparing
uniform sand samples has yet been developed. Consequently,
it is desired to establish a standard metﬁod of sand sample
preparation in which homogeneous specimens can be easily formed
by a simple procedure in order to obtain reliable results from
minimal number of tests.

Presented herein is a simple preparation method of sand

sample using the multiple sieve pluviation apparatus.

21



2.2 Multiple Sieve Pluviation Apparatus and Preparation

of Sand Specimen

A multiple sieve pluviation apparatus used in this
study consists mainly of a conical hopper to stock a sand,
a perspex cylinder equipped with seven layers of sieves and
a fixing device to set up both of the hopper and the cylindér
vertically. The whole view of apparatus is shown in Fig.
2-1 and Photo.2-1. The reason for adopting the seven layers
of sieves is to insure a uniform deposition of sand, so as to
produce a homogeneous sample., The rate of sand discharge
can be controlled without difficulty by changing the diameter
of the nozzle attached at the bottom of the conical hopper.
On the other hand, the height of fall that is tentatively in
this study defined as the distance between the lowest sieve
(7th sieve) and the base of sample mold can be also changed
by shifting the position of the fixing device along the three
guide rods.

After due consideration of maximum sand particle size

mm
for

used in the tests, square opening sieves which are 1.41
the uppermost sieve and 3.66 ™ for the other six sieves are
adopted, respectively, and the nozzle diameter sizes of 7.0 ™0

M 2t 0.5 ™ intervals are used to produce a desired

to 32.0
density. In order to determine the size of nozzle diameters

and sieve openings, 1t should be necessary to take much account
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Photo.2-1 Typical pluviation manner in preparing
Toyoura sand triaxial specimen at the
condition of nozzle diameter 25 ™ and
height of fall 300 ™"
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of maximum soil particle size and soil gradation of sample
which would be used to the test.

For example, the triaxial sand specimen can be prepared
by the following manner. A Tubber membrane is puf on the pedes-
tal of triaxial cell by two O-rings and a split mold as assembled,
and then vacuum is applied to the split mold to hold the mem-
brane taut against the inside of the mold. The triaxial cell
base arranged as above is set on the base of the multiple sieve
apparatus in which both of nozzle diameter and height of fall
are preset to produce a desired density, taking care not to
disagree their centers each other as much as possible, The
oven~-dried sand is filled by a necessary weights with a scoop
in the hopper, the stopper being in position. As soon as the
stopper i1s quickly removed, sand flows continuously into the
mold as if it were a rain fall through sieves. Shown in
Photo.2-1 is a typical pluviation manner in Toyoura sand at the
condition of nozzle diameter 25 ™ and height of fall 300 mm
The stopper is again placed in position when the mold is filled
with sand. After the surface is trimmed back to the level of
sample height by siphoning off excess sand through a tube con-
nected to a small vacuum source, a loading cap 1is gently lowered
into position, and then membrane is rolled up around the cap and
sealed with two O-rings. At the same time a small vacuum of

4 kPa is applied to give the sample rigidity.
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2.5 Specimen Density Obtained from Proposed Method

Toyoura standard sand, under 74 um, washed in water,
and oven dried, was used to investigate the density produced
by MSP method. The sand, whose physical properties and
maximum and minimum dry densities determined by the method
proposed to the Japanese Society of Soil Mechanics and Founda-
tion Engineering by the committee for the test method of maxi-
mum and minimum densities of sand (1979) are given in Table 2-1,
consists of subangular quartz particles. The observations
of sand particles by microscope will be shown in CHAPTER 3,
A1l of the dry densities Yq obtained by MSP method were, for
comparison of data, converted to the relative densities D.
which were calculated based on the above maximum and minimum

densities <Ydmax’ydmin) from the following expression.

5 Ydmax <Yd"ydmin ) ®nax ~ ° (1-1)
r - - -
T4 (Ydmax Tdmin ) ®nax ~ ®min
where € nax and €nin denote the maximum and minimum void ratios,
respectively.

The relative densities produced under the various com-
binations of the nozzle diameter d and the height of fall h are

shown in Fig.2-2. The mold used for the examinations was

mm mm

50 diameter and 120 high. It can be seen from the

figure that this proposed method gives the relative density
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Table 2-1

Physical properties and maximum and minimum dry
densities of sands determined by JSSMFE method
(1979)

Specific Uniformity Mean parti- Finer frac- s % v
Sample name gravity coefficient cle size tion (£74um) Yamax Ydmin
(mm) (%) (kN/m?) (kN/m?)
Toyoura 2.65 1.5 0.18 0 16.02 13.07
sand
Sengenyama 2.70 3.0 0.40 3 16.61 13.73
sand
Urayasu 2.75 9.0 0.3 15 14.39 11.17
sand
Tkebukuro 2.73 6.0 0.35 10 15.94 11.11
sand
Glass 2.49 2.5 0.37 3 15.70 14.19
beads*®

* Glass beads of four diameters

*%* The average values of ten measurements are

density,

respectively.

are mixed to

get the uniformity coefficient of 2.5.

adopted for maximum and minimum dry
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over a fairly wide range from around 25 % to 103 %. Fig.

2-% shows the relation between the relative density and the
nozzle diameter for the various heights of fall, Remarkable
change in relative density due to controlling the nozzle dia-
meter is observed. It must be also noted that contribution
of the height of fall to the density is very small; for example,

mm

relative density produced at d= 20 is 85 % for h= 300 ™"

and 88 % for h= 700 ™0

respectively.

This tendency in MSP method could not seem to support
an intuitive concept popularly accepted in which the larger
the height of fall is, the higher the density deposited.
Mulilis et al. (1975) have formed a triaxial sand specimen by
pluviation through air or water method in which a flask having
a cork with a predetermined nozzle size to produce the desired
density is used. They have pointed out that the specimen
density produced by this method is dependent on the following
three factors;

(1) the size of nozzle opening,

(2) the speed of rotation of the flask and

(%) the height of fall.

They have also found that a higher speed of rotation and a
smaller nozzle opening resulted in a higher density, but a

mm

height of fall within the range of approximately 150 to

mm

500 had the least effect on the density. Their experi-

mental results on the contribution of height of fall and the
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nozzle diameter to the density show a similar tendency toc those
obtained in MSP method.

These facts show that, in the sample preparation methods
such as plu&iation methods, the desired density can be achieved
exclusively by selecting the nozzle diameter. It would be
considered that the nozzle diameter is one of the most repre-
sentative factors controlling the rate of sand discharge per
unit depositing area and per unit time. Consequently, it
can be said that in MSP method the rate of sand discharge plays
the most important role in controlling the specimen density.

It is seen in Fig.2-2 that the relative density decreases
slightly with an increase in the height of fall at the larger
nozzle diameters (d € 30 ™M), As described in the previous
paper (Toki and Miura, 1979), it has been found that the pheno-
mena of significant convergence of sand nappe occur when large
height of fall and large nozzle diameter are used. The
phenomena of this convergence result in an increase in the rate
of sand discharge per unit depositing area, At the same time,
an increase in the rate of sand discharge follows always with
an interference action of sand particles such as locking or
arching which obstructs the sand particles to settle in a
denser state. Accordingly, the reason for which a slight
decrease of the density with an increase in the height of fall
is induced at the larger nozzle diameter could be explained

from the phenomena of convergence of the sand nappe which are
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observed when the grains fall into the mold through the sieves.
Kolbuszewski (1948) had given already an explanation on the
formation of maximum and minimum porosities of sands in a
similar fashion to that above menfioned.

In summary, it can be said that MSP method provides
easily the specimen density over a wide range from looser state

to densest one.
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2.4 Maximum Dry Density

It has been generally recognized that vibrations or
impacts can be used to densify cohesionless soils, as in
vibratory compactions. Similarly, these ways to compact
have been often applied in laboratory tests to establish the
maximum density of sand. For example, a method to deter-
mine the maximum dry density has been recently proposed by
the committee for the test method of maximum and minimum
densities of sand in the Japanese Society of Soil Mechanics
and Foundation Engineering. The detailed procedure to
produce the maximum dry density is described in the committee
report (1979). In this paper, this test method used to
determine the maximum dry density is referred tentatively to
as JSSMFE method.

It can be confirmed that a peak dry density is attained
when Toyoura sand is pluviated by using the nozzle diameter of
10 ™ as shown in Figs.2-2 and 2-3. It is worthy of note
that a peak dry density obtained in MSP method is higher slight-
ly than the maximum dry density obtained from JSSMFE method or
almost identical to the one. In order to compare in detail
the values of the peak dry density with the maximum dry density
achieved by JSSMFE method, the peak dry densities of granular
materials whose physical properties and the maximum and mini-

mum densities determined by JSSMFE method are given in Table 2-1
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are examined. Sengenyama, Urayasu and Ikebukuro sands
sampled from natural deposits were oven-dried and then sieved

mm

by a 1.19 sieve owing to the limitation of the first sieve

mm

size (1.41 ) in the multiple sieve pluviation apparatus.

Tests were performed using a mold for JSSMFE method whose

. . mm . . . !
dimensions are 60 in inner diameter and 40 i

high, so as
to avoid a possible effect of mold size on the measured den-
sity. The results of tests are given in Table 2-2.
Photo.2-2 shows a typical manner of deposition process of
Toyoura sand (h= 300 ™, g=10 ™),
These test results are summarized as the followings:
(1) The granular materials having a smaller uniformity
coefficient such as Toyoura sand and glass beads indicate
that the dry density is slightly higher for MSP method

m ;. e
diameters than for

with the nozzle openings less than 10 m
JSSMFE method.

(2) The peak dry density obtained in Sengenyama sand whose
uniformity coefficient is 3.0 is almost indentical to the
maximum dry density produced by JSSMFE method, when the
nozzle openings of less than 9 MM 3iameters are adopted.
(3) The dry densities obtained from MSP method within the
range of this test are independent of the height of fall.
(4) However, Urayasu and Ikebukuro sands which contain

finer fractions more than 10 % show that the peak dry den-

sities obtained from MSP method are smaller than the maxi-
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Table 2-2 High dry densities achieved by MSP method under

nozzle diameters of 7 mors 10 ™ and height of

fall of 300 ™ to 700 ™"
Nozzle Dry density v, (kN/m?)
Sample name diameter d

d (mm) h=300mm | h=500mm | h=700mm

7.0 16.11 16,14 16.13

Toyoura 8.0 16.13 16.12 16.12
sand 9.0 16.13 16.12 16.12
10.0 16.11 16.13 16.14

7.0 16.68 16.63 16.84

Sengenyama 8.0 16.63 16.68 16.68
sand 9.0 16.63 16.68 16.68
10.0 16.03 16.04 16.03

7.0 13.93 13.88 13.78

Urayasu 8.0 13.80 13.86 13.90
sand 8.0 13.68 13.74 13.85
10.0 13.B3 13.75 13.70

7.0 15.54 15.50 15.60

Ikebukuro 8.0 15.50 15.39 15.60
sand 9.0 14.98 15.10 15.07
10.0 14,85 14.88 14.83

7.0 15.82 15.82 15.84

Glass 8.0 15.81 15,84 15,83
beads 9.0 15.83 15.83 15.81
10.0 15.83 15.80 15.83
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Photo.2-2

(a) (b)

Typical manner of deposition process of Toyoura
sand at the condition of nozzle diameter 10 ™
and height of fall 300 ™ in which the maximum
dry density is achieved; (a) at the elapsed time
of 30 seconds after allowing pluviation of sand,

(b) filling up of sand is completed in about
1 minute

36



mum dry densities produced by JSSMFE method. This can
be attributed to the non-uniform sand flow or the occur-
rence of particle segregations during pluviation which
could not bé avoided in sands having relatively high uni-
formity coefficient,

The reason why in the granular materials with uniformity
coefficient of less than 3.0 the dry density corresponding to
the maximum dry density determined by JSSMFE method can be
produced in MSP method would be explained by the uniform plu-
viation with less rate of deposition which insures no locking
action or arching action. Lambe and Whitman (1969) has men-
tioned that by sprinkling sand into a container it is possible
to achieve a density as high as that which is produced by vibra-
tion. Their findings seem to support the present results.

It should be pointed out, however, that there is still
room to examine the appropriate selection or combinations of
the multiple sieve opening size, so as to apply MSP method to

the sands which contain some amount of finer fractions.
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CHAPTER 3 TEST APPARATUS, EXPERMENTAL PROCEDURE AND
MATERIAL USED

3.1 Test Apparatus and Procedure

A1l tests in this investigation were performed by
employing the following test apparatuses; conventional tri-
axial compression apparatus, cyclic triaxial apparatus, true
triaxial apparatus and cyclic triaxial apparatus improved for
cone penetration test. In this paragraph, the conventional
triexial compression, cyclic triaxial and true triaxial appara-
tuses and their test procedures are explained, and the cyclic
triaxial apparatus improved for cone penetration test will be

described in CHAPTER 6,

Conventional triaxial compression test apparatus

The conventional triaxial compression test apparatus
was used for a series of static triaxial compression and exten-
sion tests. Since this apparatus belongs to a conventional

MM iy diameter by 120 o

type with the specimen dimension of 50
in height, its detailed description will be abbreviated, but
a slight modification was done. That is, a rigid load cell

is installed inside the triaxial cell to eliminate the possible

friction of loading piston, as illustrated in Fig.3-1.
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Digital strain meter and pressure and disrlacement transducers
were used for the observation and recording of test data.

In the conventional drained and undrained triaxial tests,
measured variables were axial and radial principal stresses,
pore water pressure, axial displacement and volume change.

In this study, the change in axial principal stress during
consolidation and shear was measured with a rigid load cell
(load transducer) placed just above the top cap, and radial
principal stress (cell pressure) and pore water pressure were
measured by pressure transducer, and axial displacement was
measured by displacement transducer. Electrical signals
from the pressure and displacement transducers were recorded
automatically by the digital strain meter according to time
intervals set prior to the start of test. The volume change
of specimen was measured in the burette by means of a 4-way
valve., Since volume change measured in the burette is
generally subjected to errors due to rubber membrane penetration
into the interstices between the sand particles when testing
sand samples under variable cell pressures, this error was
corrected according to membrane penetration calibration test
methods whose details are described by Raju and Sadasivan (1974)

and Miura et al. (1980),

Procedure for conventional triaxial test

EFach sand specimen which was prepared by the various
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methods explained in the following paragraph was set up in the
triaxial cell and then cell pressure was raised to 19.6 kPa.
Since the sand specimens are in dry state or unsaturated state,
they must be saturated anyhow. In this study, a saturation
system by means of carbon dioxide was employed (Miura, 1983).
This system is schematically shown in Fig.?3-2. Carbon
dioxide was percolated through the specimen for about 30 minutes
at a rate of about 20 specimen volumes per hour to insure that
any gas in the specimen voids was carbon dioxide rather than
air. Subsequently, the de-aired water was permeated into
the voids at a small differential head (4.9 kPa) so as to free
from the disturbance of initial fabrics., Since Henry’ s
Constant for carbon dioxide is much larger than that for air,
it is considered that a much larger amount of carbon dioxide
(as compared to air) can be dissolved into a given amount of
water, at much lower pressures., When the water completely
filled the specimen voids and no gas bubbles appeared in the
bubble chamber, back pressure of 196 kPa was applied for about
two hour. By this procedure, Skempton’s B-value of greater
than C.98 was obtained in all specimens. Cell pressure was
increased up to a desired value to give the isotropic stress
condition. After consolidating for two hours, a series of
static triaxial compression and extension tests was performed.
The following eXperiments were carried out under the

conditions mentioned below unless otherwise specified. Static
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drained and undrained triaxial tests were conducted by increas-
ing axial stress for compression tests or decreasing for exten-
sion tests under constant radial stresses. The rate of axial
strain was 0.25 % per minute. .
These test results were arranged by the following stress

and straln parameters:

p'=(0;+20r')/3,q=10 -0/l , n=aqalp’ (3-1)
e, ~ (€a~+2€r) y Y = 2]€a-Er]/3 = lﬁa-EV/Bl (3-2)

where o; and 0; imply axial and radial effective principal
stresses, p” and g effective mean principal and shear stresses,

€, andel,axial and radial strains, €_ and Y volumetric and

v
shear strains, respectively. Compressive strains are positive
quantities., In this study, the sand specimens were consoli-

dated isotropically to an effective mean principal stress P.-
Therefore, radial effective principal stress after consolidation

becomes equal to p_ and will be denoted as oé .

Cyclic triaxial test apparatus

A slightly modified form of the standard cyclic triaxial
cell was used for cyclic undrained tests performed in this

investigation. Fig.3-3% shows schematically the triaxial cell
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mounted to the loading system and the data processing system,
In crder to improve the cyclic triaxial device so that it can
measure the cyclic undrained behaviors corresponding to a small
strain level (10.4 or less), a highly sensitive gap sensor and
a load cell were installed in the triaxial cell. Kokusho
(1980) and Toki et al., (1983) have shown that such improve-
ments of cyclic triaxial device can give the cyclic stress-strain
relationships under a small strain level free from the effects
of any friction which is caused by the loading piston and the
displacement transducer.

The cyclic loading system used was the pneumatic sinu-

soidal loading system whose main components are a sine wave

generator, a volume booster relay, and a double acting air

piston (actuator). The fundamentals of this system were
presented by Chan and Mulilis (1976). Initially, the pressures
on both sides of the actuator are identical. At the start of

the test, when deformations are extremely small, the sine wave
generator applies a cyclic load to one side of the actuator

while the pressure on the other side of the actuator remains at

a static value. As the cyclic undrained test proceeds, the
pore water pressure increases and eventually equals the effective
confining pressure, which produces relatively large deformations.
It is at this point that the volume booster relay boosts the
quantity of air flow required to keep the output pressure match-

ing the signal pressure, thus enabling the load on the specimen
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to remain constant after liquefaction occurs. It can be
seen in CHAPTER 4 that the amplitude of cyclic axial stress
is maintained constant during cyclic undrained loading without

being affected by the development of large axial strain.

Procedure for cyclic undrained triaxial test

Saturation method of sand specimen for cyclic undrained
triaxial tests was the same as that for conventional one.
In cyclic undrained triaxial tests, sinusoidal cyclic axial
stresses supplied by the pneumatic cyclic loading system men-

tioned above were applied to the sand specimen with a freguency

of 0.1 Hz. The sand specimens were consolidated isotropically
to an effective mean principal stress Po (= Oé ). Dimension
mm mm

of specimen was 70 in diameter by 170 in height.
During cyclic loading, the radial principal stress was kept
constant. The cyclic axial load, axial deformation and change
in pore water pressure were monitored and measured with time.
These measured values were recorded automatically by the data
recorder and were processed by the microcomputer.

Cyclic triaxial test results were normalized using the
conventional stress ratio o,/ 20 where Oy is the maximum single

amplitude of cyclic axial stress AOg. and Oé is the radial

effective principal stress at consolidation ( = pc).
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True triaxial test apparatus

True triaxial tests carried out with the apparatus
shown schematically in Fig.3-4. This apparatus permitted

principal stresses © o o to be applied independently

x ' "y * Tz

through hydraulic pressure (chamber pressure), rubber pressure
bag and rigid platen, respectively. Dimension of specimen
is 80 x 45 ™ in side and 9C ™ in height. Construction of
base and top of the triaxial cell and measurement method of
principal stress o, and principal strain €, in z-direction
were almost the same as those of conventional one, That is,
vertical principal stress 0, was measured by a rigid load cell
(load transducer) installed inside the triaxial cell, and
vertical principal strain €, was measured by a displacement

transducer. Principal stress O in y-direction was applied

y
through a set of pressure bags filled with de-aired water.

For applying water pressure to the pressure bags, a water
reservoir was used. Principal strain Ey in y-direction was
measured by monitoring the amount of water flowing in and out
of the pressure bags using a burette with a 4-way valve.

In consolidation stage, the pressure bags which were suspended
by pulley were pushed against the sand specimen with a small
water pressure of 4.9 kPa to insure contact between the sand
specimen and the pressure bags before starting shear test.

On the other hand, another principal stress O in x-direction

(norizontal direction) was controlled easily by the chamber
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pressure (cell pressure), and corresponding principal strain
was measured by means of a measuring system for lateral dis-
placement (Toki et al., 1978) connected to the triaxial cell,
as shown in Fig.3-5. Horizontal principal stresses O, oy
and horizontal principal strain Ey were measured by pressure
and displacement transducers, respectively. Volumetric
strain €, and another horizontal principal strain £, was mea-
sured by using two burettes, respectively.

With this arrangement, three principal stresses can be
controlled independently.

As explained in CHAPTER 1, various types of true tri-
axial apparatus have been developed. The true triaxial
loading methods for cubical or rectangular prismatic specimens
can be grouped into the strain-controlled system with rigid
platen boundary-conditions, the stress-controlled system with
flexible boundary-conditions and mixed boundary-conditions
(Sture and Desai, 1979). According to their grouping method,
the true triaxial test apparatus employed by the present author
is categorized into the stress-controlled type with mixed

boundary-conditions.

Procedure for true triaxial test

Saturation method of sand specimens for true triaxial
tests was the same as that for conventional and cyclic ones.

In all of the true triaxial tests performed in this study,
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sand specimens were Iirst consolidated isotropically to an
effective mean principal stress p, (= Oé ) of 196 kPa and
were then subjected to shear stresses along some stress path
extending straight in radial directions on thé octahedral
plane. These tests were carried out under the drained
condition.

These test scheme will be explained in detail later
in CHAPTER 5.

All the tests in this study were performed in the tem-

perature controlled laboratory at QO;tO.BOC.
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3.2 Preparation of Sample

Because one object of this study is to examine the
dependency of static and cyclic deformation-strength beha-
viors of artificially or naturally deposited sands on their
fabric characteristics, the sand specimens prepared by various
methods are used in the laboratory. The sand sample prepa-
ration methods adopted in the present study were as the follow-
ings:

(1) MSP method (RA method): A desired density was easily
controlled by the pertinent combination of the nozzle dia-
meter (d) and the height of fall (h) in the multiple sieve
pluviation apparatus. The details of this procedure for
preparing the triaxial sand specimen were described in CHAP-
TER 2.

Because MSP method obliges the sand beforehand oven-
dried to be deposited by pluviating vertically through air
into the triaxial mold, the specimens prepared by this method
seem to possess the fabric characterized by the orthotropic
property that the apparent long axis of the sand particles
has strongly preferred orientations in the vertical section,
but almost completely random orientations in the horizontal
section. This will be confirmed in the following paragraph.
Therefore, we will refer in this paper the sand specimen pre-

pared by this method to as R,V-specimen (or MSP specimen).

A
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(2) MSP method (RB method): The specimens by this method
were formed by the preparation procedure shown in Fig. 3-6.
This preparation method was in principle the same as MSP method
(RA method) mentioned above, whereas the slit whose width
could controll the density of sand deposit was equipped in
the sand hopper, and the larger size and more layers of sieves
than in the previous multiple sieve pluviation apparatus (CHAP-
TER 2) were utilized in order to deposit uniformly the sand

particles in a sand container with the dimension of 220x 110 ™"

™ in height (See Fig.3-6). This

in inner side and 200
method can give the relative density Dr over a fairly wide

range from 20 % to 100 % by controlling the slit width (Toki

et al., 1981).

For facilitation of specimen forming, the sand deposited
in the container was frozen in a freezer for about twelve hours
at the temperature of about -25°¢C. The container was designed
to avoid any expansion and/or disturbance of sand fabrics dur-
ing freezing. The observations indicated that the applica-
tion of surcharge of 9.8 kPa by weights to the sand deposits
in the container which had been permeated by the de-aired water
at a small differential head (4.9 kPa) and thereafter unsaturated
completely at the suction of & kPa induced no measurable volume
expansion due to freezing. No measurable expansion observed
in this freezing procedure could be also seen in the unidirec-

tional freezing method attempted in the present study in which
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freezing of sand deposits proceeded upwards from the bottom
plate with perfect drainage of excess water ahead of the
freezing front.

Three kinds of cylindrical specimens with the different
depositing planes and the various densities were cut by using
the saw for slate and the straight edge from the frozen sand
blocks made by the procedure mentioned above, That is, the
specimens with the angle between the axial direction of the
triaxial specimen and the pluviation direction (vertical direc-
tion) of OO, 45° and 90° were prepared in the present study,
and they are referred hereafter to as RypV-, Rp45- and RpH-
specimens, respectively.

Photo.3-1 shows a triaxial test specimen of Toyoura
sand (RBV-specimen) cut from the frozen sand block,

After these frozen specimens were set up in the triaxial
cell and then the cell pressure was raised to 19.6 kPa, they
were allowed to melt completely in the triaxial cell (for two
hours), before percolating the carbon dioxide. Subsequent
procedure was the same as that mentioned in the previous para-
graph.

RB45—specimen was used only for the study on the cone
penetration characteristic and its correlation to static and
cyclic mechanical properties of saturated sand (CHAPTER 6).

As will be explained in the following paragraph, it can

be expected that R, V-specimen has almost the same fabric chara-

B
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Photo, 3-1

sand block
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cteristics as those of R,V-specimen. However, we draw tenta-
Pl

tively a distinction between R V- and RpV-specimens, because

KoV-specimen is subjected to the freeze-thaw seguence during

the preparation process.

(%) Rodding method (RC method): Sand of 8 % water content

is stuffed in layers with each layer compacted by rodding a

mim mm

hand tamper which is 1C in diameter and 250 in length

into the sand. The rodding depth is about 2C mm This
method produces the relative densities from around 30 % to
95 % by controlling the initial water content of sand and rod-

ding number. The specimen prepared by this method will be

called Rc—specimen (or rodded specimen).

(4) Tapping method (RD method): Oven-dried sand is poured
in five or six layers with each layer compacted by tapping the

side wall of the triaxial mold by a wooden hammer to a pre-

scribed dry density. Relative densities obtained by this
method range from around 4C % to 95 %. The sand specimen

formed by this method will be referred to as R.-specimen (or
Y p~ ST

tapped specimen).
(5) Flask method: Sand oven-dried beforehand is filled in

a flask. As schematically shown in Fig.3-7, a flask having

a cork with a predetermined nozzle size (d) to produce the
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desired density is inverted above the triaxial mold and rota-
ted by hand allowing the sand to flow uniformly into the mcld,
maintaining constant the height of fall (E). This method
whose details have been described by Mulilis et al. (1975) is
very similar to MSF method in view of pluviation through air.
This method has been widely used in a laboratory testing of sand
(e.g., Chaney and Mulilis, 1978; Silver et al., 1980; Tatsu-
oka et al., 1982), and will be tentatively referred to as

flask method in this paper. Relative densities after con-
solidation D., at p =196 kPa (pC is the mean principal stress
at isotropic consolidation) obtained by this method were, for

example, 50 % to 55 % for d=4.5 ™ and 67 % to 72 % for d=

3.5 ™ 2t the condition of h=70 ™, respectively.

These sand sample preparation methods are summarized
in Fig.3-7. The stress condition for the conventional tri-
axial compression test 1s also shown in the figure. It should
be remembered that different methods of reconstitution to a
desired density produce samples with different fabrics and
different mechanical properties.

The discussion for artificially deposited sand in this
study is mainly based on the test data of the specimens which
are specified according to the above sample preparation methods

or the fabric characteristics of samples.
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In order tc make the degree of anisotropy in the static
and cyclic deformation-strength properties of naturally depo-
sited sands clear, a series of drained triaxial compression
and extension tests and cyclic undrained triaxial tests are
performed for the undisturbed sand specimens which are obtained
from the in-situ deposits. Although various methods have
been proposed for the in-situ sand sampling, a block sampling
method with sand freezing process is adopted in this study.

It has been indicated by Yoshimi et al. (1978), Ishihara et al.
(1978) and Singh et al. (1982) that sand freezing technique
is an available means to obtain the undisturbed samples.

The undisturbed sand samples used in the present study
were taken by performing the block sampling at two sites of
relatively homogeneous natural sand deposits which were located
in the suburbs of Kushiro City and Ishikari-cho, Hokkaido.
Kushiro and Ishikari sands sampled are referred tentatively
to as " K-sand " and " I-sand ", respectively. The sampling
depth, depth of water table from ground surface and estimated
overburden pressure at both sites were 3.5 m, 4.5 ™ and 61 kPa
for K-sand and 2.5 ™, 3.8 ™ and 45 kPa for I-sand, respectively.

The in-situ block sampling was performed by using sec-
tional cubical steel boxes with inside lengths of 300 B ang

m

- . m . ; : _
wall thickness of 5 ° at open pits exposed by hand (See Figs.
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3-8 and 3-9). The evaluation method of guality of sand
samples obtained by such block sampling has been examined
by Tohno (1977). Block samples which had been cut verti-
cally tova designed size were deliberately enclosed with the
cubical steel boxes as shown in Fig.3-9 and Photo.3-2, and
then drained for about 24 hr fto minimize any disturbance that
might be incurred during freezing and specimen handling.
After the block samples were hermetically sealed, they were
frozen in the insulated boxes packed with dry ice, and trans-
ported to the laboratory and stored in a freezer of about -25°C.
The speed of freezing were not controlled, whereas the block
samples seemed to be frozen completely for about 12 hr,

Although a truly undisturbed sand sample could not be
obtained by any sophisticated sampling method because of the
release of in-situ stress system and/or any possible mechani-
cal disturbance during sampling process, we will refer tempo-
rarily the sands sampled by above mentioned method to as undis-
turbed sand in this paper.

In order to examine the dependency of static and cyclic
deformation-strength behaviors of naturally deposited sands
on their fabrics, the following two kinds of triaxial specimen
which are specified according to the cutting directions are
prepared in the laboratory from the frozen sand blocks sampled

by the method mentioned above.
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Photo.3-2 Procedure of in-situ block sampling

for undisturbed I-sand
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(1) UV-specimen: As shown in Fig.3?-10, this was cut using

the saw for slate and the straight edge from the frozen sand

=

blocks so that the axial direction of triaxial test specimen

coincided with the in-situ vertical direction,

(2) UH-specimen: By the same procedure as for UV-specimen,
this specimen was prepared by cutting in the direction which
differed with that of UV-specimen by 90°. Accordingly, it
follows that the axial direction of this undisturbed triaxial
test specimen was coincidental with the horizontal direction
in natural sand deposits as can be seen in Fig.3-10.

Photo.3-3 shows a triaxial test specimen of undisturbed I-sand

(UV-specimen) cut from the block sample.

Furthermore, whether or not the mechanical properties
of these undisturbed triaxial specimens could be simulated in
the laboratory testing was examined in the present study.

For this purpose, I- and K-sand specimens with the same den-

sities as undisturbed samples were reconstituted by RA’ R, RC
and RD methods whose detalls were explained in the previous
paragraph. As mentioned in the following paragraph, K-sand

contains finer fractions of around 3 %. For the granular
materials containing finer fractions such as K-sand, MSP method
can not produce the uniform sand specimen with very high den-

sity because of the non-uniform sand flow or the ocurrence
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Photo.3-3 Undisturbed triaxial test specimen
of I-sand (UV-specimen) cut from
block sample
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of particle segregation during pluviation (See CHAPTER 2).
Accordingly, RA and RB methods were not adopted for the recon-
stitutions of K-sand.

The discussion on the undisturbed.sands are based on the
results of a series of static triaxial compression and exten-
sion tests and cyclic undrained triaxial tests performed within
around three months after éampling. These test procedures
for the undisturbed triaxial specimens are the same as those
for the specimens artificially prepared. It may be import-
ant to note that the undisturbed triaxial specimens sampled
ideally from naturally deposited sands are possessed of the
stress system as shown schematically in Fig.3-11, if they were
normally consolidated. However, for the simplification of
discussion on the anisotropy in mechanical properties of sand,
the undisturbed triaxial specimens were consolidated isotropic-
ally to an effective mean principal stress ol (= oé ) of 98 kPa.
Consolidation under oé = 98 kPa which corresponds to about
twice the in-situ overburden pressure Ose of sampled sands
would be expected to avoid the possible effects of stress
release and/or overconsolidation due to sampling (Tatsuoka
et al., 1981).

The relative densities after consolidation (Drc) at

o’ =98 kPa of the undisturbed sand specimens varied between
82 % and 91 % for I-sand and between 93 % and 107 % for K-sand.

Since the mean relative densities Drc of these undisturbed
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specimens were obtained as 85 % for I-sand and 98 % for K-sand,
these values were defined in this study as representative rela-
tive density for each undisturbed specimen. Accordingly, when
I- and K-sands were reconstituted to each 5;; by the methods

in the preceding paragraph, the variations in Drc of reconsti-~

tuted specimens were limited to the extent within + 3 % for

each D .,
c rec
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3.4 Physical Properties of Sand Used

The physical properties of I- and K-sands sampled
re shown in Table 3-1 and Fig.3-12, comparing with those of
Toyoura standard sand (referred hereafter to as " T-sand ").
The maximum and minimum void ratios were measured according
to the JSSMFE method (1979) which was described in the pre-
ceding paragraph, and determined from the average values of
ten measurements.

K-sand contains finer fractions of around 3 %, whereas
its grain size distribution curve is similar to that of T-sand.
I- and K-sands were deposited with higher relative density
and to some extent cemented due to geological aging.

The particle shape of these sands are shown in Photo.
5-4 which are obtained through a scanning electromicroscope.
These sands seem to have a similar particle shape. If they
were assumed to be remotely comparable, the feature of these
sands is as follows. T-sand consists mainly of flat or
rod-like shape particles with relatively smooth surface.
I-sand is composed chiefly of elongated or flat particles
with irregular surface. K-sand has the similar characteris-
tics to those of T- and I-sands in its mineralogy and particle
shape, 1f the existence of finer fractions is excluded.

The particle shape and orientation fabric of these
sands will be quantitatively evaluated in the following para-

graph.
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(%)

Table 3-1 Physical properties and maximum and
minimum void ratios of K-, I- and
T-sands determined by JSSMFE method
(1979)
Sample
) K-sand I-sand T-sand
name
Specific
) 2.69 2.73 2.65
gravity
Uniformity
. 1.6 1.5 1.5
coefficient
Mean
particle size 0.17 0.26 0.18
(mm)
Finer fraction
(< 74um) 3.0 0.5 0
(%)
Chax 1.294 1.235 0.892
nin 0.774 0.808 0.625
Mean in-situ
relative density 98 85 -
(%)
Water content
at sampling 15 8 -

12
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3.5 Characterization of Fabric

The orientation fabric of a particle must be repre-
sented by the inclination of its long and short axes with
respect to the fixed reference axes. Cda (1972a) and Arthur
(1971) have observed the orientation fabric of sand particle
by thin section method and X-rays method, respectively.

In this study, the orientation fabric of undisturbed
and reconstituted sands was measured by a relatively simple
method by means of a scanning electromicroscope. Measure-
ment procedure is as follows. Using a small steel holder
with the dimension of 20 ™ in inner diameter by 7 M in height,
a sand sample for microscopic photograph was cut from the central
regions of frozen triaxial test specimens along two planes
as shown in Fig.3-13, In this study, these two planes are
referred to as V- and H-sections. The reference axis z
denotes the vertical direction (axial direction of triaxial
specimen), the axes x and y denote the horizontal direction.
The central region was used to avoid effects of the side walls
which may locally have influenced the fabric.

The sand samples thus made were oven-dried, and then
an instantaneous adhesive with low viscosity was slowly
permeated into the fine voids so as to free from the disturb-
ance of initial fabric, After about 30 minutes, the sand

sample was sufficiently fixed by the bonding agent.
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Photo.3-5 shows the typical example of scanning electro-
microscope photographs obtained from V- and H-sections of the
sand samples thus fixed by the bonding agent. These were
the sand samples prepared from undisturbed I-sand specimen.-

Measurements of the orientation and shape of particles
was performed by tracing the sand particle boundaries on the
photographic enlargements. As shown in Fig.3-14, the short-
est dimension Si’ the longest dimension Li and the angle ei
between the apparent long axis of a particle (i) and the refer-
ence axis y on each section were measured in this study, and
250 particles were selected at random from the photographic
enlargements,

The mean value of axial ratio (A.R.) which is regarded

as a parameter indicating the particle shape was calculated by

18 i
pr. == 1 [—=] (3-3)
n o§i=1 Li
where n is the number of particle (= 250). The value of A.R.
ranges from O to 1. When the mean value of axial ratio

approches unity, particles are considered to be close to
spheres. The values of A.R. for K-, I- and T-sands obtained
in the present study are given in Table 3-2, which shows that

these sands have almost the same values of A.R. (=0.6).

7



0 05 1.0mm
i

0 05 1.0mm
_J
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Photo.3-5 Typical example of scanning electro-
microscope photograph taken from
undisturbed I-sand sample; (a) V-section,
(b) H-section
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Table 3-2

Values of A.R., V.M. and © measured in K-, I- and

T-sand specimens

Sample name D, ( A.R. V.M. (%) 0 (deg.)
Undisturbed v’ 50,3 Vi 11.6
specimen H 5.9 H: 7.9

K-sand 98 U.64
Tapped (RD) Vi 16.7 V:i-16.5
specimen H: 9.8 H 31.0
Undisturbed V: 40.0 Vv: 3.5
specimen H: 11.8 H 22.2
MSP (Ry) ] o Vi 33,2 Vo 8.5

I-sand B 85 0.60
specimen H: 2.7 H: 41.9
Rodded (R) Vi 24.0 Vi 22.0
specimen H: B.4 H:-21.2
MSP (RB) ) V: 36.3 V: -2.9

: 80

specimen H 2.8 H 21.5

T-sand 0.60
Rodded (R;) Vo 19.4 V: -8.0

) 50

specimen H: 0.2 H: -1.8

* V¥V and H denote

V-section and H-section,

respectively.




Tnerefore, it may be said that K- and I-sands sampled from
natural deposits are very similar to T-sand which consists
mainly of flat or rod-like particles.

As mentioned above, the orientétions of apparent long
axes of sand particles were evaluated by measuring Si value
of 25C particles for vertical and horizontal sections.
In this study, the orientations of their particles for each
section were determined by assigning them to one of the twelve
15° intervals between 0° and 180°. The choice of 15° inter-
vals was based on the total number of particles in the tracing
sample and compatibility of confidence level (accuracy) in
fabric and property determination. The number of particles
in each of the intervals was separately totalled, and then
computed as percentages of the total number of particles in
the tracing sample. These percentage values were then plotted
on polar coordinate graph paper as rose diagrams shown in
Fig.3-15, In these figures, the solid lines represent the
orientations for V-section and the broken lines the orienta-
tions for H-section. If all particles were randomly oriented,
the plot will be a circle shown in the figures.

In order to examine the intensity of fabric anisotropy,
the mean vector direction © and vector magnitude V.M. defined by

Curray (195€) were calculated according to:
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T-sand specimen with Dr of 80 % prepared by MSP method (RB
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(b) RgV-specimen of I[-sand Xorz RgV-specimen
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I-sand specimen with D of 85 % prepared by MSP method (RB
method)



8

(c) UV-specimen of K-sand
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(d) UV-specimen of I-sand
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block sample




n
! sin 26,
5 =—%~arctan 121 (3-4)
) cos 28,
1=1 *
8 2 & 2100
V.M., = [ ) sin26.) +[ N cos 26, . (%) (3-5)
i=1 * i=1 "

where n is the number of measurements and 6 denotes the incli-
nation angle of the preferred direction to the reference axis
Ve The value of V.M. varies from G to 100 %. V.M. =C %
corresponds to completely random orientation of particle long
axes, whereas V.M. =100 % corresponds to all long axes having
exactly the same direction. The values of 6 and V.M. measured
in the undisturbed sands and triaxial test specimens prepared
by the various methods are summarized in Table 3-2,

For the vertical section of T-sand specimen prepared
by MSP method (Ry method), 6=-2.9°. This means that the
apparent long axes in the sand specimen were preferably para-
1lel to the horizontal direction, which was used as reference
axis. The value of V.M. was calculated to be 36.3 % for the
vertical section as shown in Table 3-2. This value of V.M.
corresponds to a high degree of preferred particle orientation.
Corresponding values of € and V.M. for the horizontal section
of MSP specimen were 21.5° and 2.8 %, respectively. Thus,

an almost completely random orientation of particles in the
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horizontal plane was obtained. This tendency can be also
confirmed in I-sand specimen reconstituted by MSP method (

RB method). The rose diagram and values of © and V.M. for
RA~specimen prepared by RA method were almost the same as those
for RB-specimen, although their drawing was here abbreviated.

From these observations of sand fabric, it can be said
that the sand specimen made by MSP method has strongly preferred
orientations of particles in the vertical section of specimen
and almost random orientations in its horizontal section.

That is, the fabric of MSP specimen is of the orthotropic type
with a vertical axis of rotational symmetry and horizontal
planes of isotropy. This can be also seen in Figs.3-15(a)
and (b). The existence of such fabric characteristics of
sand sample prepared by pluviation of sand through air method
such as MSP method has been reported by Oda (1972a), Oda and
Koishikawa (1978) and Ochiai and Lade (1983).

Table 3-2 also indicates that the fabric characteristics
of sand specimens prepared by RC and RD methods differ remarka-
bly from those of MSP specimen.

It is worthy of note in Figs.3-15(c) and (d) and Table
3-2 that the fabric of sands sampled from two natural deposits
is significantly anisotropic and its characteristic shows a
very similar pattern to that of MSP specimen. These facts
indicate that in-situ sands are always possessed of the fabric
anisotropy due to their mode of deposition, and the feature of
fabric anisotrcpy in K- and I-sands can be reproduced to =z

certain degree by FSP method proposed in this study.
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3.6 Preliminary Examinations on Factors Influencing
Shear Strength

Eefore commencing a series of laboratory tests, some

[

i m

3
=
)]
[
-

nary examinations were made to estimate the accuracy

T axi

e}
)
)

1 stress measurements and the reproducibility of the
desired specimen densities.

Since it has been considered that errors in the measured
axial lcad are caused mainly by the friction of loading piston
when masuring with the load transducer outside the triaxial
cell, the static drained triaxial compression and extension
tests were conducted to compare the results obtained by the
measurement of axial stress inside the triaxial cell with
those obtained by the measurement outside. In this test
program, T=-sand was utilized,

Shown in Fig.3-16 is the plot of angle of shearing

resistance o4 (=:arcsin.{(ol—oa)F/(ol+oa)€}) vs. mean principal

stress at consolidation D, (::Oé) obtained from the compress-
ion and extension tests on T-sand specimens formed by MSP
method (R, method). This figure indicates that the fric-

tion of loading piston may be of acceptable magnitude in the

triaxial compression but, in the triaxial extension tests

such tvy
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e as o1 decreasing stress application, the errors

alcul

ot

in th
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ted o5 values may not be neglected excert tha

AN

(=0’)=139

b c

o kPa, That is, 1t may well be said that the
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friction of loading piston can be by no means disregarded
when testing the specimens under smaller confining pressure

especially in the extension test.

O
o

Fig.3-1¢6 aiso shows that there is a remarkavle reducti
of ¢4 with the increase of pc(z oé ) from 49 to 3292 kPa
notably in the extension test. Recently, Cda et al. (13978)
performed a comprehensive series of plane strain tests and
triaxial compression tests and observed a significant depend-
ency of ¢4 on pc(= oé), especially in the plane strain test.
A1though similar results were observed by De Beer (1965) and
other research workers, further investigations are required
for making a reasonable interpretation for the dependency of
b4 on p {=00).

Moreover, comparison of ®d values between triaxial

compression and extension tests shows that both of ¢, are

d
not always equal to each other in magnitude. As shown later,
@d are also affected by the sample preparation method.

These experimental results indicate that the static shear

strength of sand can be by no means estimated only by its

density or void ratio.

Since non-uniformity may be introduced initially in
the specimen, extreme care in making the specimens should be
given, Table 3-3 shows a typical comparison of reproduci-

bility and human error in the desired relative density (DT=
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Table 3%-3

Reproducibility of desired relative density in various

sample preparation methods

Method of Tech- Number of Average Standard Coefficient of
preparation nician samples b, (%) deviation variation (%)
12 55.8 0.78 1.4
MSP Y 13 55.3 U.56 1.0
7 10 54.9 0.54 1.0
X 11 54.2 1.10 2.0
Rodding 10 55.4 1.82 3.3
7 11 55.0 T.43 2.6
Y 10 55.0 2.15 3.9
Flask
7 11 53.6 2.84 5.3
) 12 53.9 2,45 4
Tapping
Z 13 55.3 2.10 3.8




5 %) three technicians prepared according to each sample

N

preparation procedure., As can be seen from this table,
such procedures as rodding (RC), tapping (RD) and flask
methods lead to noticeable human efrors and demand a tclera-
ble skill in the attainment of higher reproducibility of Dr.
It can be also seen that MSP method gives a higher reproduci-
pility of Dr than other methods and is fairly free from
human error, Considering the fact that higher human errors
in making samples and lower reproducibility of Dr may lead
to the non-uniformity of sample and low reliability of test
results, it can be said that NMSP method has the significant
advantages over other possible methods.

To avoid the effect of variation of initial sample
density from the desired one in comparing test data, the
variations in Drc of samples prepared by rodding (RC), tappring

(RD) and flask methods were permitted to the extent within

t3 % from the aimed Drc in this study.
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CHAPTER 4 STATIC AND CYCLIC STRESS-STRAIN-STRENGTH
BEHAVIORS OF RECONSTITUTED AND UNDISTURRBED
SANDS

4.1 Introduction

As mentioned previously, the sample preparation metheod
(MSP method) proposed by the present author can give the sand
specimens with a higher reproducibility of relative density
and is fairly free from human error. However, it was also
shown that MSP specimen possesses the fabric anisotropy in
which the apparent long axis of the sand particles has strongly
preferred orientations in the vertical section, but almost
completely random orientations in the horizontal section (See
CHAPTER 3). Accordingly, the mechanical behaviors of MSP
specimen must become anisotropic ones.

This chapter will make the main features of the aniso-
tropic mechanical properties of MSP specimen clear, by compar-
ing with the test results of sand specimens formed by the
different sample preparation methods which were described in
the preceding paragraph.

Then, the significance of anisotropy in the static and
cyclic stress-strain-strength properties of the undisturbed
sands sampled from two natural deposits is also displayed in

this chapter. Furthermore, whether or not the anisotropic
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behavior of these undisturbed sands could be simulated in a
laboratory testing is examined in detail.

The discussion in this chapter is based on the results
of a series of static triaxial compression and extension tests

and cyclic undrained triaxial tests.
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4,2 Effect of Sample Preparation Method on Static and
Cyclic Mechanical Properties

4.2.,1 OStress-strain-dilatancy characteristics of sand
specimen prepared by MSP method

In this and the following paragraphs, mechanical pro-
perties of T-sand is examined. Figs.4-1(a) and (b) show the
effective stress ratio-shear strain-volumetric strain relation-
ships for T-sand samples which are sheared in drained triaxial
compression and extension stress conditions. These tests
were conducted under Oé = 196 kPa and Drc=fﬂ)% or 70 %.

Samples were formed by MSP method (RA method) in which a desired
relative density was achieved by adopting two combinations of
nozzle diameter (d) and height of fall (h) as shown in these
figures. As can be seen from these figures, the deformation-
strength properties are in agreement with each other irrespec-
tive of the differences in combination of d and h. This

fact could be also confirmed in the undrained conditions (See
Figs.4-2(a) and (b)). It must be emphasized that the repro-
ducibility of deformation-strength characteristics at the same
density is by far higher in MSP specimens than in the specimens
formed by rodding (RC), tapping (RD) and flask methods.

These results suggest that the fabric characteristics
of MSP specimens (RAV~specimens) are not altered by the height

of fall and the rate of sand discharge as far as sand particles
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pluviate freely through air.

It can be also seen from Fig.4-1(a) that volume decreases
during shear are more significant in the triaxial extension
stress condition than in the triaxial compression stress con-
dition. Similar tendency held valid in the triaxial tests
with other stress paths which were conducted under the condition
of p’ (=oé)= const. = 196 kPa and D, =55 % as shown in Fig.4-3,
These results indicate that the difference in the type of stress
application, i.e. increasing or decreasing stress, gives little
influence upon the significant difference between compression
and extension tests regarding the dilatancy performance.

When MSP specimens were subjected to triaxial compression
and extension stresses in undrained condition, similar results
to those described above were observed as shown in Figs.4-2(a)
and (b). From the observation of p”-g plot which represents
the characteristics of pore water pressure development with
the increase in shear stress, it can be found that a fairly
high pore water pressure develops in extension test than in
compression test. This tendency of the dilatancy almost
coincides with that in drained condition.

In extension test, axial stress is equal to the minor
principal stress, and the other two principal stresses are
equal to each other in magnitude and the major one, whereas
in compression test the intermediate principal stress is equal

Yo the minor one. Thus there exists the difference with
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respect to stress system during shear in both compression

and extension test. It would be expected, however, that

the difference of dilatancy performance between compression

and extension tests is not hecessarily due only to the differ-
ence of stress system during shear, but also to the fabric
anisotropy of specimens. As pointed out previously, when

the specimens are formed by depositing sand under the action

of gravitation, the specimen inherently acquires an anisotro-
pic fabric. That is, the specimen prepared by MSP method

in which sand particles are pluviated freely through air under
the action of gravitation has strongly preferred orientations
of particles in the vertical section of triaxial specimen and
almost random orientations in its horizontal section (See CHAP-
TER 3). Therefore, it would be considered that the difference
of deformation characteristics between the triaxial compression
and extension tests does not have nothing to do with the fabric
anisotropy of sand specimen. The anisotropic mechanical
behaviors of MSP specimen will be discussed in detail in the

following pages.
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4.2.2 Comparison of static triaxial test results on specimens
P

o)
repared by FM3P and other methods

Shown in Figs.4-4(a) and (b) are the typical comparison
of effective stress ratio-shear strain-volumetric strain rela-
tionships obtained from T-sand specimens which are prepared
according to MSP (RA), rodding (RC) and tapping (RD) methods.
These figures indicate that the difference in deformation
characteristics due to sample preparation method effects can
be apparently observed and that the variation in dilatancy per-
formance is more clear in the triaxial extension stress con-
dition than in the triaxial compression stress condition.

The difference of dilatancy characteristics between the triaxial
compression and extension tests is the largest in the specimens
formed by MSP (RA) method. It can be also recognized that

the difference of dilatancy characteristics between rodded and
MSP specimens is the greatest in both triaxial compression and
extension tests,

Table 4-1 gives the angle of shearing resistance @d and
the volumetric strain at the maximum volume contraction during
Shear € ymax obtained in these test series. It can be seen
from this table that @d values in both compression and extension
tests are affected to a certain degree by the sample preparation
method. In triaxial compression stress condition, it would

be pointed out that MSP specimen behaves as if it had a more
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Table 4-1 € max and @d

ression and extension tests on specimens having

obtained from drained triaxial comp-

relative density after consolidation at P, = 196 kPa
of 55 % prepared by MSP (RA), rodding (RC) and
tapping (RD) methods

Method of Compression Extension
Preparation € vmax (%) @d (deg.) € rmax (%) @d (deg.)
MSP (RA) 0.28 36.1 0.96 33.2
Rodding (RC) 0.34 34,3 0.30 36.8
Tapping (RD) 0.28 35.2 0.63 34,1
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stable fabric, since its specimen has a smaller €, , a higher

max
secant modulus and a larger o4 value than those of other speci-
mens. However, the mechanical behavior of MSP specimen in
triaxial extension stress condition can be characterized by
its larger € vmax’ lower secant modulus and smaller 4 value,
Such variations in deformation-strength characteristics
obtained from the present study seem to be attributed to the
difference of fabrics developed during sample preparation which
could be seen in CHAPTER 3. These facts were also confirmed
for the drained triaxial compression tests. For example,
the different deformation characteristics of specimens having
the same density but prepared by two different methods were
found in the drained triaxial compression tests by 0da (1972b),
who observed that the tapped specimen had a higher secant modulus
than the plunged one. He also showed that the tapped specimen
had a remarkable preferred orientation of long axis of particles
to the horizontal plane whereas the plunged specimen did not
and that this different mechanical behavior could be explained
by differences in the fabrics of specimens.
The results of undrained triaxial tests on the specimen
prepared by MSP (RA), rodding (RC) and tapping (RD) methods
are compared in Figs. 4-5(a) and (b). As can be seen from
the figures, sample preparation method influences clearly on
the undrained deformation characteristics. It seems apparent

that the tendency of these sample preparation method effects
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is almost identical toc that in drained condition. That is,
in both drained and undrained conditions it can be said that
the effect of sample preparation method on the dilatancy chara-
cteristics of sands becomes more stronger in the exfension
stress condition under which the direction of the major princi-
pal stress is horizontal, At the same time, it would be
considered that MSP method produces the specimens having the
most significant anisotropic fabric which is stiffer in the
vertical direction of pluviation than in the horizontal direc-
tion.

Shown in Figs.4-6(a) and (b) are the comparison of test
results between flask and MSP (RA) methods, In both drained
and undrained conditions, no significant difference of dilatancy
performance in the triaxial compression and extension tests
can be seen between the two methods and it does not seem that
there is such fundamental difference as would influence the
test result. This fact shows that there is no difference
in the fabric characteristic of the specimens made by such method
as pluviation through air under the action of gravitation.

From the experimental results mentioned above, it can
be pointed out that though the effects of anisotropic fabric
induced in making the sample on the static deformation-strength
properties are significant, variations in dilatancy performance

are more dramatic, especially in the triaxial extension tests.
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4£,2,% Compariscon of cyclic undrained triaxial test results on

i
specimens formed by MSF and cther methods

1t has been apparent that the influence of sample prepa-
ration method on the static dilatancy characteristics is import-
ant, notably in the triaxial extension test as mentioned above.
Cyclic undrained triaxial tests were performed in order to exa-
mihe how the difference of sample preparation method affects
the cyclic undrained strength,

Shown in Fig.4-7 is a typical result of statically cycled
triaxial test on the specimens prepared by MSF (RA) and rodding
(RC) methods, in which both specimens were isotropically con-
solidated to oé = 196 kPa and then triaxial compression and
extension with the same shear siress amplitude (g =55 kPa) was
repetitively applied. It should be remembered here that the
most significant difference in both the drained and undrained
deformation characteristics obtained from the static triaxial
tests due to sample preparation method effects is found when
SF and rodded specimens are compared.

Ls can be seen from this figure, the difference of
undrained effective stress paths during cyclic loading is
remarkable. The stress paths demonstrated in Fig.4-7 show
that the pore water pressure developed in the extensional side
of the first loading cycle is by far higher in MSP specimen

than in rodded specimen and that this tendency 1s preserved
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to a certain degree in the subsequent loading cycles. It is
worthy of note that a predominant development of pore water
pressure accompanied by a larger shear strain in the extensional
side such as observed above can lead to a smaller resistance

to liquefaction, Comparison of Figs.4-7 and 4-5(a) shows that
the liquefaction behavior of specimen prepared by the same method
is intimately related to the static dilatancy characteristics

of each specimen.

From these results and the previous considerations, it
can be said that not only static dilatancy characteristic but
also liquefaction behavior at given density are extremely sen-
sitive to the fabric characteristics of sand sample,

A typical comparison of cyclic undrained strength values
obtained from cyclic triaxial tests on the specimens having
Drc of 55 % prepared by three different methods is shown in
Fig.4-8 for the failure defined as initial liquefaction.

This figure shows that there is a remarkable variation in cyclic
undrained strength due to sample preparation method effects.

It can be also seen from the figure that cyclic undrained stren-
gth is the lowest for MSP specimen and the highest for rodded
specimen, although the scattering of data is relatively large

in rodded and tapped specimens. It should be noted that the
lowest cyclic undrained strength of MSP specimen is attributed
to its anisotropic fabric which induces a predominant develop-

e

ment of pore water pressure in the extensional side. It is
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clear that the significant variations in the static dilatancy
properties due to the differences in the fabric characteristics
of specimen, especially in the extensional side as shown in
Figs.4-4(a) and 4-5(a) contribute to a considerable degree to
the differences in the cyclic undrained strength values.

Recently, Silver et al. (1980) have examined the influence
of sand sample preparation methods on the cyclic undrained stren-
gth of simple shear and triaxial tests. Two different sample
preparation methods they adopted were wet tamping method suggested
by Ladd (1978) and pluviation through air method which is called
as flask method in the present study. They have found that
according to strength comparison based on the stress ratio defined
as the maximum cyclic shear stress divided by the effective mean
principal stress at consolidation, cyclic undrained triaxial
strength almost coincides with cyclic undrained simple shear
strength for loose to medium dense specimens formed by pluvia-
tion through air method, although cyclic undrained strength of
specimens prepared by wet tamping method was higher for tri-
axial tests than for simple shear tests. They have also pointed
out that two different sample preparation methods do not make
any difference on the cyclic undrained strength in the simple
shear test. These results seem to suggest that the lowest
value of undrained triaxial strength as obtained from MSP speci-
men corresponds to the liquefaction strength of in-situ horizon-

tal sand deposits which could be simulated by the cyclic undrained
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simple shear tests. It follows that the cyclic undrained
triaxial strength values of the rodded and tapped specimens
may give an over-estimate of the liquefaction strength in
horizontal sand deposits.

In any case, the estimation of the in-situ liquefaction
strength values from the cyclic undrained triaxial tests seems
to be possible by adopting a pertinent sample preparation method
in the laboratory. It is particularly expected that the tri-
axial tests on specimen prepared by pluviation of sand particles
such as MSP method will give to a certain degree a good indica-
tion of the static and cyclic deformation characteristics in

naturally deposited sands.
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4,3 Anisotropy in Static and Cyclic Mechanical Properties
of MSF Specimen

In order to simply examine the degree of mechanical
anisotropy of sand specimens prepared by three methods adopted
in this study, the isotropic consolidation and swelling tests
in which cell pressure is varied between 4.9 kPa and 588 kPa
were conducted. As shown in Fig.4-9, test results observed
during two cycles of consolidation and swelling are represented
as the relationship of volumetric strain EV and three times
axial strain 3€a.

It has been suggested by El-Sohby (1969) that such plot-
ting as this figure is useful for representing a simple demon-
stration of the degree of anisotropy. In the triaxial speci-
men with the isotropic fabrics, £, must be equal to 3€a .

On the other hand, in the triaxial specimen having such aniso-
tropic fabric as deformability is more significant in the hori-
zontal direction than in the vertical direction, e, must be
larger than 3€a.

As can be seen in Fig.4-9, in the specimens prepared by
MSP (RA) and tapping (RD) methods, e is slightly larger than
3€a in any loading stages. Although this fact seems to
support the intuitive idea that the behavior of the specimens
formed by these two methods is anisotropic; specimens are more
stiffer in the vertical direction than in the horizontal direc-

tion, it should be noted that the deviation from isotropic line
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(e

of the relationship of €, and 353 in both specimens. And

- 3€a) is small and there is no significant difference
also, in the specimens prepared by rodding (RC) method, the
deviation from isotropic line is negligible although experi-
mental results are more scattered than in the specimens pre-
pared by MSP method.

The comparison of test results on the specimens formed
by three different preparation methods shows that such a remarka-
ble difference as can be observed in the deformation character-
istics during shear tests does not appeared as to e, ~ BEa
relationship. It would be considered that variations in
mechanical behavior due to the fabric characteristics of speci-
men cannot be detected clearly at this type of plot.

In other words, it seems apparent that to demonstrate gquantita-
tively the anisotropic behavior in shear deformation by this

plotting is extremely difficult.

It is possible in the present study to evaluate the
dependency of mechanical properties of sand on the fabric aniso-
tropy, by directly comparing under the same stress system the
test results of RBV— and RBH—specimens which are formed by
MSP method (RB method).

Figs.4-10(a) and (b) show the effective stress ratio-
axial strain-volumetric strain relationships for RBV- and RBH'

specimens of T-sand which were sheared in drained triaxial
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compression and extension stress conditions. These tests

i

were conducted under oé 196 kFa and D__ =80 %. Test
results is not arranged based on the shear strain Y (BEg.(3-2))
but the axial strain €, for the following reason. It is
considered that the radial strain €. of RBV~specimen is almost
the same for all radial directions of the triaxial specimen,
but that of REH-specimen is different for different radial
directions. Therefore, the reasonable shear strain vy for
RpH-specimen could not be estimated by Eq.(3-2) (See Fig.3-11).
Remarkable differences in the deformation-strength chara-
cteristics of both specimens can be seen in each stress condi-
tion. That is, in the triaxial compression stress condition
under which the direction of the major principal stress is
vertical, the deformability and volume contractility during

shear of RBH-specimen are more significant than those of R,V-

B
specimen. On the other hand, the tendency reverse to what is
seen in the triaxial compression tests is observed in the tri-
axial extension stress condition with the major principal stress
direction being radial.

Inasmuch as each test condition for both specimens is
the same, the possible causes which may explain such changes
in the deformation-strength properties must be the difference
in the fabric characteristics (fabric anisotropy) due to the

difference of cutting direction of triaxial specimens. As

could be seen in Fig.3-15, the specimens made by pluviation of
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sand through air method such as FSP method had the inherently
anisotropic fabric due to the preferred orientations of particles
in their vertical section. It can be considered that such
fabric anisotropy may produce the anisotropic mechanical proper-
ties as observed in Fig.4-10 in which sand is more compressible
and less extensible in the parallel direction to the bedding
plane and conversely less compressible and more extensible in

the normal direction to the bedding plane.

Shown in Figs.4-11 and 4-12 are the typical time histories
obtained by the cyclic undrained triaxial tests performed under
nearly equal value of cyclic stress ratio for RBV- and RBH~spe—
cimens of T-sand. Comparisons of the time histories for both
specimens indicate that there exists a definite difference in
the cyclic deformation performance between RBV— and RBH—specimens,
That is, the predominant deformability is more significant in
the extensional side for RBV-speoimen and in the compressional
side for RBH—specimen, as the cyclic undrained loading proceeds.
Comparison of undrained effective stress paths shown in Figs.
4-12(a) and (b) also indicates that the pore water pressure
developed in the extensional side is by far higher in RBV-spe—
cimen than in RBH—specimen.

The remarkable difference in deformation performance
during cyclic loading such as observed above leads to a differ-

ence in the cyclic undrained triaxial strength. The relation-

125



9cli

CYCLIC AXIAL STRESS aQq (kPa)

100

5

)

AR LA LAAARA

- |T-SAND SPECIMEN PREPARED BY Rg METHOD| COMPRESSION

N
100 (a) EXTENSION -
C —
e

_]OE Drc: 80°, 7
- |Oc=98 kPa EXTENSION S
Fig.4-11(a) Time histories of cyclic axial stress, pore water pressure and

axial strain for RBV-specimen of T-sand



Let

100 =
- |T-SAND SPECIMEN PREPARED BY Rg METHOD| COMPRESSION -

CYCLIC AXIAL STRESS 40q (kPa)

AR RARAARARA
o WVTITERVEROTT ORIy
1oob(P) | EXTENSION -
]ZEA){FI;;LH—SsLZAc\iInE‘enTG(%) COMPRESSION ]
o = . ""“”v”vﬂuﬂuﬂuﬂuﬂu”Uﬂuﬂuﬂuﬂuﬂu

axial strain for RpH-specimen of T-sand




8¢l

I I I I

50

q (kPa)

vt Tl

Y S N T Y O O

o 8 T

I e

T-SAND SPECIMEN

PREPARED BY
Rg METHOD

RpV-specimen
O0d/20¢=0.254
Drc= 80 olo
0¢=98 kPa

| CO

MPRES-
SION

NN I TN DO S I N N

SHEAR STRESS,

50

I R R D A A B B I B

|

|

O N S N S N T

EXTENSION |

L L L L L L

EXTEN-
SION

1.t ¢t r +o o 1t

i

| IS AN F N |

N SO U TSN U SN SOV T A BN |

0

EFFECTIVE MEAN PRINCIPAL STRESS, P'(kPa)

Fig.4-12(a)

|
50

100

-10 -5

0
AXIAL STRAIN, Ea (%)

5

Time histories of undrained effective stress path and stress-strain relationship

for RBV—specimen of T-sand



621

T T I T T 1T T 1T T 1 T T T T T 1 11
sol (b) J [| T-SAND speCi-|| COMPRESSION |
B 1 || MEN PREPARED]| | | 4
) 1 [| BY RgMETHOD ’ ]
S T 1 | RgH—specimen .
a T 7 [| 0a/20c= 0.253 l |
; — -4 }| Dre=80 °lo ‘ -
- 1 r|oc=98kPa || -
w I 11— ; J/ 225 i
DR Y/ —4 F Wyl 222224 -
v 0= : : 2=
AN 1 [ / i
n 4 L .
o _ 4 L -
< - i -
w - - -]
T n
n - 4 -
50r EXTENSIONT [EXTENSION j
! ! 1 ! | 1 1 ! 1 1 L 1 I TN N T O T B B I T TR U N N N W
0 50 100 -10 ~ 0 5 10
EFFECTIVE MEAN PRINCIPAL STRESS, p'(kPa) AXIAL STRAIN, Ea (%)
Fig.4-12(b) Time histories of undrained effective stress path and stress-strain relationship
for R

BH—specimen of T-sand



ships between the cyclic stress ratio Od/ZOé and the number

of loading cycles N obtained from a series of cyclic undrained
triaxial tests on RBV— and RBH—specimens of T-sand are compared
in Figs.4-53(a) and (b). Fig.4-13(a) is arranged based on

the number of loading cycles at which the values of double
amplitude axial strain DA induced during cyclic loading are

1 %, 2 % and 5 % (N:‘NC), and Fig.4-13(b) is shown for the
failure defined as initial liquefaction (N::Nl). It can be
seen in these figures that there exists a significant difference
in cyclic undrained triaxial strength (cyclic strength) defined
as cyclic stress ratio value inducing the initial liguefaction
or 1 %, 2 % and 5 % double amplitude axial strains at any number
of loading cycles between both specimens, and such cyclic strength
values are always higher for RBH—specimen than for RBV—specimen.
It could be pointed out that such variations in the cyclic
undrained behaviors are almost identical to those in the static
deformation-strength properties mentioned above which are attri-
buted to the fabric anisotropy of specimen. Because it was
found in the preceding paragraph that if the specimens are
prepared by the same methods, the cyclic undrained behaviors

of sand specimens are intimately related to their static dila-
tancy characteristics.

From these experimental results on sand artificially
deposited, consequently, it can be said that not only static
stress-strain-dilatancy characteristics but also cyclic undrained
behaviors at given density are extremely dependent on the fabric

anisotropy of sand.
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4.4 Anisotropy in Mechanical Properties and Its Simula-
tion of Sands Sampled from Natural Deposits

4,4.1 Static deformation-strength properties of undis-
turbed sand

The significance of the anisotropy in mechanical beha-
viors of sand artificially deposited was explained in the
preceding paragraph. In order to examine whether or not
such anisotropic mechanical behaviors could exist in natural
sand deposifs, a series of static drained triaxial tests was
performed for UV- and UH-specimens of undisturbed I-sand
obtained by the block sampling. As mentioned previously
(CHAPTER 3), the undisturbed triaxial specimens were consoli-
dated isotropically to Oé of 98 kPa.

Figs.4-14(a) and (b) show the typical effective stress
ratio-axial strain-volumetric strain relationships for both
specimens cut from a block sample. Comparison of test results
for each stress condition indicates that the difference of the
static deformation-strength characteristics between both speci-
mens can be apparently observed. Because in-situ sampling
condition and laboratory sample treatments in the present study
are completely the same for both UV- and UH-specimens, the only
difference which exists between both specimens is that the

axial direction of UV-specimen is selected to be the vertical
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direction in natural sand deposits and that of UH-specimen

to be the horizontal direction in natural sand deposits.

The experimental facts indicate that UV-specimen is by far
more resistant to deformation when sheared under the triaxial
compression condition and conversely less resistant to deforma-
tion when sheared under the triaxial extension condition than
UH-specimen.

It can be recognized that such tendency of variations
in the deformation-strength behaviors of sand ‘'sampled from
natural deposits is very similar to that of dense T-sand pre-
pared by pluviation of sand through air method (See Figs.4-10
(a) and (b)). It is also considered that anisotropy in sta-
tic deformation-strength properties of undisturbed sand such
as observed above is attributed to the anisotropic fabric of
in-situ sand shown in Fig.3-15.

From these facts, it can be pointed out that the natu-
ral sand deposit examined in the present study is character-
ized by such anisotropic behaviors, in which sand is more
compressible and less extensible in the horizontal direction
than in the vertical direction, as those of artificially depo-
sited sand by the pluviation of sand through air method in the

laboratory.
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4,4,2 Compariscn of static deformation-strength proper-
ties between undisturbed and reconstituted specimens

In order to examine whether the anisotropic feature
of mechanical properties for undisturbed sand could be simu-
lated in the laboratory, static deformation-strength proper-
ties of I-sand specimens reconstituted to the same density as
that of undisturbed sand by the various preparation methods
were studied.

We can confirm in Fig.4-15 the facts hitherto
known that the differences in reconstitution methods of sand
sample have a considerable influence on the static deformation-
strength behavior, However, it is worthy of note in Fig.
4-15 that the deformation-strength properties of RBV— and RBH-
specimens made by RB method (MSP method), among the reconsti-
tution methods adopted in the present study, are similar to
those of UV- and UH-specimens, respectively.

In order to make a direct comparison between both beha-
viors for each stress condition, the effective stress ratio-
axial strain-volumetric strain relationships for RBV— and RBH—
specimens are depicted in Figs.4-14(a) and (b) with solid and
broken lines, respectively. It can be seen in Fig.4-14 that
there exists a good coincidence between RBV— and UV-specimens
and R

BH— and UH-specimens in each triaxial stress condition.

These facts indicate that a better reproduction of anisotropic
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triaxial shear behaviors in natural sand deposits is possible
by adopting the pluviation of sand through air method such as

MSP method (Ry

method) in the laboratory.

The only difference between RA and RB methods seems
whether or not the sand specimen is temporarily frozen during
its preparation process. Because it was indicated by pre-
liminary examinations (Miura et al., 1982a) that the cutting
process of the specimens from a frozen sand block had no signi-
ficant effects on the results of static triaxial compression
and extension tests. Accordingly, it is considered that
the comparison of RAV— and RBV—specimens enables to detect an
influence of the freeze-thaw sequence on the deformation-stren-
gth properties of sand. It can be confirmed, by comparing
the deformation-strength properties of RAV—specimen with those
of RBV-specimen in Figs.4-15(a) and (b), that the influence
of the freeze-thaw sequence on the stress-strain-dilatancy
characteristics of I-sand is only slight under the triaxial
compression stress condition, but could not be disregarded
especially in the dilatancy characteristics under the triaxial
extension stress condition. That is, the trend of volume
contraction during shear of sand specimen subjected previously
to the freeze-thaw sequence is significantly restrained in the
triaxial extension stress condition. Figs.4-16(a) and (b)
indicate that such influence of the freeze-thaw sequence can

be also observed in the dilatancy characteristics of T-sand.
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As described previously (CEAPTER 3), no measurable
volume change of sand due to the freeze-thaw sequence was
observed in this study. It was also confirmed by the
characterization of sand fabric that the fabric characteristicé
of RAV—specimen are almost similar to those of RBV-specimen.
However, the facts described above indicate that the freeze-
thaw sequence is able to make a delicate difference in the
dilatancy characteristics of sand specimen, in which the parti-
cles have strongly preferred orientations in its vertical sec-
tion, under the triaxial extension stress condition.

The influence of the freeze-thaw sequence will be fur-

ther discussed in the later paragraph.
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4,4,3 Cyclic undrained behaviors of undisturbed sand

Shown in Figs.4-17, 4-18, 4-19 and 4-20 are the com-
parisons of typical time histories of cyclic axial stress,
pore water pressure, axial strain, undrained effective stress
path and stress-strain relationship for UV- and UH-specimens
of K-sand and I-sand. The comparison between the cyclic
undrained behaviors of UV- and UH-specimens for both sands
indicates that there exists such a remarkable difference in
the pattern of axial strain and pore water pressure develop-
ment observed in T-sand (Figs.4-11 and 4-12). That is, the
axial strain induced by cyclic loading is more predominant in
the extensional side for UV-specimen and reversely in the com-
pressional side for UH-specimen. It may be seen in both
undisturbed sands that the pore water pressure development of
UH-specimen 1s by far higher in the compressional side than
of UV-specimen., From the considerations on the results of
static triaxial tests for undisturbed sand and for T-sand des-
cribed in the preceding paragraph, these variations in cyclic
undrained behaviors seem to be attributed to the existence of
fabric anisotropy in natural sand deposits shown in Figs.3-15
(c) and (4d).

It should be noted that K-sand which contains fine par-
ticles of around 3% % can be characterized by such anisotropic

cyclic behavior as that of I-sand and T-sand which do not
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involve any fine particles, This indicates that the aniso-
tropy of mechanical properties due to the fabric anisotropy
induced during depositing process exists not only in naturally
or artificially deposited clean sand, but also in naturally
deposited sand which contains fine particles to some extent.

Figs.4-21 and 4-22 show that the variation in cyclic
deformation performance such as observed above makes a remark-
able difference in the cyclic undrained triaxial strength.

As can be seen in Figs.4-21(a) and 4-22(a), the comparison
of cyclic stress ratio Od/ZGé which induces DA of 1 %, 2 %
and 5 % at the same number of loading cycles between both
specimens shows that in both K-sand and I-sand the values of

Od/ZOé of UH-specimen are higher than those of UV-specimen,
especially for smaller number of loading cycles.

These experimental results mean that the cyclic undrained
triaxial strength evaluated by UV-specimens whose axial direc-
tion is chosen to coincide with the in-situ vertical direction
becomes lower than that evaluated by UH-specimens whose axial
direction is chosen to coincide with the in-situ horizontal
direction. It can be also confirmed that these trends of
undisturbed K-sand and I-sands are very similar to those of
T-sand shown in Fig.4-13, On the other hand, for the cyclic
undrained triaxial strength defined as initial liquefaction,
such a remarkable difference as detected in T-sand (Fig.4-13

(b)) is not observed in both undisturbed sands, whereas UH-
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specimens seem produce slightly higher cyclic strength value
than UV-specimens as shown in Figs.4-21(b) and 4-22(b).

From these experimental results and the considerations
in the preceding paragraphs, it should be said that the cyclic
undrained triaxial behavior of the natural deposits depends
strongly on their anisotropic fabrics and its features are
very similar to those of specimen prepared by the method of

pluviation of sand through air such as MSP method.
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4,4.,4 Comparison of cyclic undrained behaviors between
undisturbed and reconstituted specimens

Because it can be apparently confirmed in the preceding
section that the changes in the cyclic undrained triaxial beha-
vior of sands sampled from the natural deposits show a similar
pattern to those of artificially deposited sand, the adop-
tion of a suitable reconstitution method in a laboratory is
expected to enable a reproduction of anisotropic feature of
cyclic undrained behavior for the undisturbed sand. In this
section, the above possibility is studied by examining the
cyclic undrained behaviors of K-sand and I-sand specimens
reconstituted by the various methods.

The cyclic stress ratio vs. the number of loading cycles
to initial liquefaction relationships for K-sand reconstituted
by rodding (RC) and tapping (RD) methods are shown comparing
with those for undisturbed K-sand in Fig.4-23. The specimens
reconstituted by RA and RB methods were not adopted for K-sand,
because the method of pluviation of sand through air could not
produce the uniform K-sand specimen with higher relative den-
sity (5;;==98 %) as explained in the preceding chapter. As
can be seen in Fig.4-23, the cyclic undrained triaxial stren-
gths of reconstituted K-sand are overall lower than those of
undisturbed K-sand. Although the cyclic undrained triaxial

strength value of Rc—specimen is relatively approximate to that
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of undisturbed K-sand, we should not discuss the adequacy of

R, method disregarding the fact that the time history patterns

(@]

of RC—specimens whose typical drawings are given in Figs.4-24
(a) and (b) differ remarkably from those of undisturbed sands.
These results seem indicate that RC and RD methods cannot pro-
duce K-sand specimen with the anisotropic fabric which may
induce the anisotropic cyclic behavior such as observed in
Figs.4-19 and 4-21,

Shown in Pig.4-25 are the cyclic stress ratio vs. the
number of loading cycles to initial liquefaction relationships
for I-sand reconstituted by RA’ RB and RC methods, comparing
with those for undisturbed I-sand. As described in the pre-
ceding paragraphs, the method of pluviation of sand through air
such as RA and RB methods can be easily applied to I-sand.

It is worthy of note that the cyclic undrained triaxial stren-
gth values of RBV— and RBH—specimens are almost the same as
those of UV- and UH~-specimens, respectively.

In order to examine in detail the deformation perform-
ances during cyclic undrained loading of I-sand specimens recon-

stituted by R, method, their time histories of cyclic axial

B
stress, pore water pressure, axial strain, undrained effective
stress path and stress-strain relationship are shown in Figs.
4-26 and 4-27. It can be seen that RBV-specimen is by far
more deformable in the extensional side and the deformation

of RBH—specimen is more predominant in the compressional side.
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It should be noted that the time history patterns of RBV—
and RBH-specimens are very similar to those of UV- and UH-
specimens, respectively, The cyclic stress ratio vs. the
number of loading cycles required to reach 1 %, 2 % and 5 %

double amplitude axial strains relationships for R,V- and

B
RBH—specimens are shown comparing with those for UV- and UH-
specimens in Figs.4-28(a) and (b). It can be also confirmed
in Figs.4-28(a) and (b) that the cyclic undrained triaxial
strengths of specimens reconstituted by RB method agree well
with ones of undisturbed I-sand specimens.

On the other hand, the cyclic undrained triaxial stren-
gth for RAV~specimen of I-sand is significantly lower than
UV-specimen as indicated in Fig.4-25, although the time his-
tory pattern for RAV—specimen, whose typical drawings are
given in Figs.4-29(a) and (b), is similar to that for UV-
specimen, And also, the deformation performance (Figs.4-30
(2) and (b)) and the cyclic undrained triaxial strength for
Rc~specimen are much different from those for undisturbed
I-sand specimen, as observed in K-sand.

Taking account of these experimental results of I-sand,
it would be expected that a better reproduction of the aniso-
tropic cyclic undrained behavior of undisturbed K-sand speci-
men is also possible, if the reconstitution method such as

pluviation of sand through air method could be applied to K-sand,
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4.4.5 Freeze-thaw sequence effects

Because the fabric characteristics of RAV—specimen
are almost the same as those of RBV—specimen as described
in the preceding paragraph, it may be considered that the
remarkable difference in the cyclic undrained triaxial strength
of RAV— and RBV-specimens of I-sand is mainly due to the
effects of the freeze-thaw sequence, The results of cyclic
undrained tests performed to examine the possible effects of
the freeze-thaw sequence on the cyclic undrained triaxial
strength of T-sand are shown in Figs.4-31(a) and (Db). As
observed in reconstituted I-sand, it can be alsoc confirmed
for T-sand that there exists a significant increase in the
cyclic undrained triaxial strength due to the effect of the
freeze-thaw sequence.

It should be remembered that the effects of the freeze-
thaw sequence on the static deformation-strength character-
istics of specimens with the preferred orientations of the
sand particles in their vertical section appeared in such a
way to restrain the trend of negative dilatancy (volume contrac-
tion) during shear under the triaxial extension stress condi-
tion. Such effects of the freeze-thaw seqguence mean that
if the sand specimen frozen previously is sheared under the
undrained triaxial extension condition, the development of

positive pore water pressure is restrained. From these
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experimental results and the facts that the cyclic undrained
behavior of sand is intimately related to the static dilatancy
characteristics, 1t is considered that the increase in the
cyclic undrained triaxial strength due to the effect of thé
freeze-thaw sequence could be explained gualitatively by
estimating the effects of the freeze-thaw sequence on the
static dilatancy characteristics of sand.

It can be noted that the effects of the freegze-thaw
sequence mentioned above are similar to those of overconsoli-
dation on the cyclic undrained strength of sand which have
shown by Ishihara and Takatsu (1979) and other researchers.
Therefore, it may be expected that some change in the micro-
fabrics of sand is induced by pseudo-overconsolidation effects
due to the freeze-thaw sequence. The experimental results
of the reconstituted sands described above indicate that the
cyclic undrained triaxial strength of undisturbed sands obtained
in the present study may not represent the perfectly true one
of the natural sand deposits. However, whether or not this
interpretation is true or whether another one is required
cannot be known until further research is done.

In any case, this study clarified that the natural
sands which could be hopefully sampled to a certain degree
by block sampling method by freezing possessed the strong
anisotropy in the mechanical properties due to their fabric

anisotropy, and that a better reproduction of the anisotropic
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static and cyclic deformation-strength characteristics of
the natural sand was possible by adopting in the laboratory
a sample preparation method (RB method) which might simulate

the in-situ block sampling procedure.
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CHAPTER 5 THREE-DIMENSIONAL STRESS-STRAIN RELATIONSHIP
FOR SAND WITH ANISOTROPIC FABRIC

5.7 Introduction

Recent geotechnical problems in practice such as bear-
ing capacity and liquefaction analysis of sandy grounds have
required a complete knowledge of the prefailure stress-strain-
dilatancy characteristics of sand. In order to estimate the
in-situ behavior of sands from laboratory test results, it is
essential to test them under exactlyithe same conditions as
exist in-situ. At the same time, it should be noted that
natural cohesionless soils possess the anisotropic mechanical
properties which may be attributed to the fabric characteris-
tics formed by the parallel alignments of particles induced
during depositing process as demonstrated previously.

A noteworthy fact presented in this investigation has been
that deformability of sand specimen is lower in the direction
of sand deposition (the in-situ vertical direction) than in
the direction perpendicular to it (the in-situ horizontal
direction) and thus deformation behavior of sand varies with
the direction even for the same combination of principal
stresses,

Although a theoretical investigation of a means to sys-
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tematize such complicated phenomena cof sands is important,
these anisotropic deformation characteristics cannot be modeled
by any existing theories (e.g., Lade and Duncan, 1975; Nishi
and Esashi, 1978) which assumed the sand specimen to be iso-
tropic in its mechanical properties.

Presented herein are a new three-dimensional mechani-
cal model for anisotropic sands derived with the help of the
concept of non-associated flow rule on the elasto-plasticity
and the verification with respect to the measured data of two
true triaxial tests which were performed by Yamada and Ishi-

hara (1979) and the present author.
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5.2 True Triaxial Test Apparatus and Material

Examination_of some basic postulations for the elasto-
plasticity and the‘verification of the derived general stress-
strain relationship are based on the data of the true triaxial
tests which were carried out by Yamada and Ishihara (1979) and
the present author.

In the test program of Yamada and Ishihara (1979), Fuji
river sand which is referred in this paper to as " F-sand " was
utilized. It consists of subrounded to subangular particles
in the size range of 0.074 moto 2.0 ™, The cubical tri-
axial shear test apparatus used by Yamada and Ishihara (1979)
is shown in Fig.5-1. The apparatus is capable of applying
three principal stresses O Gy, o, independently to specimens
of 100 %100 <100 ™ in size. The cubical triaxial cell was
formed by assembling six wall units face to face around the
spacing frame. EBach unit was equipped with a pressure cham-
ber comprising a flexible rubber on the front surface and a
rigid brass 1id on the back. Pressurized water controlled
by an air regulator was supplied to the pressure chambers to
transfer loads to the specimen. Each principal strain was
measured by monitoring the amount of water flowing into or out
of the pressure chamber by means of a volume change gauge.
When saturated specimen was tested under drained condition,

the volume change could also be measured by monitoring the
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amount of water flowing into or out of the specimen. In

the case of the undrained test, pore water pressure was mea-
sured with the use of an electric pressure transducer installed
in the drainage‘line.

In their true triaxial test on F-sand with relative
density after consolidation D.. of around 34 %, all of the
specimens were formed by pouring the saturated sand in a funnel-
shaped reservoir into the cubical chamber filled with de-aired
water., It could be considered that this sample preparation
method is relatively similar to tapping (RD) method described
previously. F-sand specimens were consolidated to an effec-
tive mean principal sitress P, of 98 kPa and were then subjected

to some shear stresses under the condition of p = D, = const,.

In the true triaxial test by the present author, the
true triaxial apparatus which was explained in CHAPTER 3 was
utilized, and T-sand was used. As described previously,
three principal stresses O oy, o, could be applied independ-
ently through hydraulic pressure (cell pressure), rubber pre-
ssure bag and rigid platen, respectively. T-sand specimen

with D of 53 % in this study were prepared by MSP <RA) method

c
which enables to simulate the feature of the fabric anisotropy

1

T+
i

=

APTER

ot
(@]
L

\N

in the natural sand deposits as demonstrated in

L

19¢ kPa.

O
)

All of T-sand specimens were consolidated to P,

Shear condition of T-sand is the same as that of F-sand.
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To avoild the effect of variation of initial specimen density
from the desired one, the variations in Drc of T-sand speci-
mens were limited to the extent within 2 %.

The differences in both true triaxial tests and in the
physical properties of both sands used are summarized in Table
5-1, In both tests, There are considerable differences with
respect to physical properties of sands, relative density,
consolidation pressure, sample preparation method and loading
system. Though the variations of deformation behaviors due
to these differences can be observed in both tests, it will
be clear in the later part of this chapter that both sand spe-
cimens produce the anisotropic mechanical properties which
are attributed to the fabric characteristics formed during

sample preparation.
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Table 5-1

Summary of true triaxial test conditions,

sample preparation methods

and physical properties of sands used by Yamada and Ishihara (1979 )
and the present author

True Specimen Loading Sand Sample P, D, €max DSO(mnﬂ
triaxial . . preparation G
dimens s st prep s
tests &ﬁgo systems used method (kPa) | (%) €min Uc
z F - ®
Yamada and l T |x r;zgr pluviation 1.03 0.40
) 1 10 pressure ]
Ishihara . )9 y bag sand and tapping 98 34 12.73
(1979) el z - under water 0.48 | 2.14
X 100ﬂ/_thﬂ (F-sand)
z x: hydraulic
Toyoura ;
. ressure 1
Present ] T v: grESSUre MSP 0- 992 0'2
! 90 " bag sand (Rp) 196 | 53 .65
author LY, rigid - : A 0.625| 1.36
%<30 _1ii platen —sand : ’
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Representation of Stress and Strain Parameters
and Test Scheme

According to observations of the fabric character-
istics of sand specimens, the method of pluviation of sand
through air such as MSP method seems to produce the sand
specimen with the fabric characterized by the orthotro-
pic property that the apparent long axis of the sand par-
ticles has strongly preferred orientations in the vertical
section, but almost completely random orientations in the
horizontal section. Consequently, we can consider the
vertical axis to be axis of symmetry for the orthotropic
sand specimens. It is convenient for the explanation of
these orthotropic sand specimens that the directions of
stress and strain are indicated relative to the principal
axes of the sand specimen. For this purpose, a Carte-
sian coordinate system in which the z-axis is chosen to
coincide with the bedding direction of the specimen is
employed as shown in Fig.5-2(a). Principal stresses and
principal strains are labeled according to the directions
in this coordinate system.

The three-dimensional stress point P ( OX, Oy’ o, )
shown in Figs.5-2(b) and (c) would be expressed by the nor-

mal and shear stresses on the octahedral stress plane, where

shear stress g and normal stress p are defined as follows:
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D =-%~( o ¥ o, too, ) (5-1)
1 1
q=“/—2:{(0X-0y)2+(oy—cz)2+<oz—ox)2}2 (5-2)

These stresses imply the effective stress, since the tests
are carried out under the drained condition. In the previ-
ous chapters, however, the effective stresses were designated
with a prime on the respective notations.

The increments in volumetric and shear strains are also
defined in conformity with the aforementioned stress parame-

ters as follows:

de
v

dEX + dey + dez (5-3)

b~

oy :{%-{(dgx-dgy)er(dgy-deZ)2+(d£Z—dEX)2} (5-4)

where deX, dey and dez are the principal strain increment
components in x-, y- and z-directions. Compressive strains

are positive guantities,
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In the case of symmetrical stress condition such as
applied in the conventional triaxial compression and exten-
sion tests on MSP specimen (i.e. RAV—specimen), v, q, de
and dy coincide with ones denoted by Egs.(3-1) and (3-2),
respectively.

The directions of shear stresses on the octahedral
stress plane are expressed by the angle © which 1is measured
clockwise from the oz—axis to the stress point P as shown

in Figs.5-2(b) and (c) and is calculated as follows:

tan 8 =

Y (5-5)
4 X y

The relative magnitude of the intermediate principal stress

is indicated by b-value, which is expressed as follows:

Gy - O3

where o;, 0, and o3 are the major, intermediate and minor
principal stresses, respectively. The b-value may vary
between O and 1.0, and it has the relation to the parameter
© as indicated in Fig.5-3. It would be considered from
the independency of b-value on the order of the magnitude of

principal stresses O oy and o, that b-value is a parameter
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Fig.5-3 Parameter © vs. b-value relationship in any stress
system. For the ranges of © between 0° and 60°,
60° and 120°, and 120° and 180°, b-balues are cal-
culated as follows:

b= (o, — o, )/(o, = o) (0°< 6 <60°)
b= (oz-— o )/(oy- o ) (60°< 6 < 120°)
b=(0 - o, )/(oy-— o, ) (120°< & < 180°
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which prescribes the stress system during shear,

The true triaxial tests in this study were performed
with constant values of 6 or b, i.e. shear stresses increase
monotonically along some stress path extending straight in
radial directions on the octahedral stress plane. The
stress path chosen were limited to the right-hand-side of
the octahedral stress plane, since the orthotropic sand spe-
cimen are considered to have isotropic properties in xy-plane.
Consequently, the deformation characteristics of sands in the
range of 6=0 to 180° are investigated in the stress paths
with an interval of 6= 15° for F-sand and 6= 30 for T-sand.

The discussion in this study is limited to the case
in which the bedding plane coincides with the direction of

the principal stresses.
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5.4 Klastorlastic Stress-Strain Relationship

Strain increments deij induced during consoclidation
and shear processes in the granular material such as sand
could be divided into elastic strain increments def. and

plastic strain increments degj as follows:

il

e | defj + dggj (1,5=1,2,3) (5-7)
in which deij is calculated by the generalized Hooke s law.
However, it is assumed under the shear condition of p= const.
employed in this study that defj produced in the shear process
can be ignored. Consequently, strain increments due to

the shear of sands could be estimated by the following flow

rule (Hill, 1950):

de.. = deP. = n
i 1] 30.

where f, g and h are yield, plastic potential and hardening
functions, respectively. It is assumed in this study that
the plastic strain increments caused by shear and consolida-
tion can be treated independently, whereas the plastic strain
increments due to consolidation can be evaluated in the same
form as Eq.(5-8). The formulation of yleld, plastic pcten-

ed in

<t

tial and hardening functions for sands will De presen

the following paragraphs.
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4,1 Yield and plastic potential functions

Application of a load increment to sand yielding at
a stress state induces the plastic deformation with work-har-
dening in the sand. In order to estimate these plastic
deformation of sand, it is essential to establish the yield
function which prescribes a closed surface or, in general,
the yield surface, built up in the principal stress space
by a combination of stresses. If plastic behavior of sand
subjected to a sequence of load-increment can be assumed to
be a succession of infinitely small yielding, the yield sur-
face can be determined experimentally. For example, the
experimental studies on these yielding properties by Pooroo-
shasb et al. (1966), Cole (1967), Barden et al. (1969), Tatsu-
oka and Ishihara (1974a) and Nishi and Esashi (1978) have
shown that the yield loci for the sands in the various shear
conditions are represented by straight lines or slightly
curved lines with the convex shape for p-axis in the p=-g
plane.

Because of the simplicity in the formation of stress-
strain relationship, it is assumed in the present study that
the yield locus for shear of sand in the general stress con-
ditions is straight lines in the p- g plane, i.e. constant
lines of effective stress ratio n as in the past study (Miura

et al., 1982b).
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In general, plastic strain increments depend upon
the current stress state and previous strain history. At
the same time, we can prescribe the directions of the prin-
cipal strain increments with the help of the fact that the
direction of the plastic strain increment is normal to the
plastic potential plane established in the stress space,
However, if we adopt the associated flow rule in which the
yield function (Eq.(5-9)) is identical to the plastic potential
function, the negative dilatancy (volume contraction) at the
initial shear stage particular to the granular mass could
not be explained.

Fig.5-4 shows the strain increments ( ay , dav )
measured under p=D,= const. (196 kPa) drained triaxial com-
pression tests (b=20C, 6==O°). Volumetric strain e, in Fig.
5-4 is only due to shear (dilatancy) because the effective
mean principal stress is kept constant. Assuming that the
yield surface represented in Fig.5-4 is identical with the
plastic potential, volume change must show only expansion
from starting of shear. Actual behavior is, however, differ-
ent from it, and the direction of plastic strain increments

changes inversely from early stage in shear up to failure
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state. This fact means that the granular materials such
as sands should be discussed based on the non-associated flow
rule,

Roscoe et al. (1963) derived the elastoplastic stress-
strain equation based on the associated flow rule and the
concepts of the critical state and the state boundary surface.
They also assumed in their developments that the dissipated

energy per unit volume of soil, when undergoing deformation

( ay , dsv ) at any state corresponding to a point on the
state boundary surface, is M-p-dy. That is,
p-de  + g-dy = M-p-dy (5-10)

where the left-hand side represents the dissipated energy
derived from the assumption in which the principal axes of
stress and plastic strain increment coincide, and M is the n
at critical state. Therefore, plastic strain increment

ratio is given as follows:

l Py ) =M = (5-11)

Figs.5-5(a) and (b) show the relationships between

stress ratio and plastic strain increment ratio for F- and
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Fig.5-5
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stress paths; (a) F-sand (After data of

Yamada and Ishihara (1979)), (b) T-sand
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T-sands. In both tests, there is the unique linear rela-
tionship in the various stress paths, and it would be suggested
that Eq.(5-10) or Eq.(5-11) is applicable for sand. However,
the both test data depict that the linear gradient and the
ordinate intercept are changed by ©-value.

From these experimental results on the anisotropic
sands under the general stress conditions, it is assumed that
the plastic strain increment ratio is given in the form of

the following equation:

IdEV]wd(m—n) (5-12)

in which Cd is the reciprocal of the linear gradient, and m

is the n at the maximum volume contraction point during shear.
Dependency of Cd and m on the stress system and the

fabric anisotropy is shown in Figs.5-6(a) and (b). It can

be seen from the figures that both of Cd and m depend only

on b-value, i.e. the stress system, but are independent of

fabric anisotropy. It should be also noted that the product

of Cd and m is always a constant not affected by the stress

system and fabric anisotropy. Formulation of these para-

meters to b-value may be difficult as shown in Fig.5-6, but

parameter m for the general stress conditions can be estimated

through the shear-effective normal stress ratio on the spatial
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mobilized plane by Matsuoka and Nakai (1977) at maximum volume
contraction R (= (T/ON»)at deV:O)' That is, the relationship

between m and R is as follows:

]
O
oy
w
~—
Oh—~

o

6m? - 2m3cos36
- | ] (5-13)

27 -9m? + 2m3cos38

where J1, J2 and J3 are the first, second and third effective
stress invariants, respectively. As can be seen in Pig.5-7,

m is linearly related to R in both sands as

R=(1—-—b)R. + bR (5-14)

in which RC and RE are the values of R corresponding to the
triaxial compression (e==o°) and the triaxial extension (€=
1800) conditions, respectively. Thus, it may be possible

by using the shear-effective normal stress ratio on the spa-
tial mobilized plane (Matsuoka and Nakai, 1977) that the values
of Cd and m at any stress system are evaluated from the measured
ones of the triaxial compression and extension tests.,

Relationship between stress ratic and plastic strain
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increment ratio generalized based on the above discussion
introduces the plastic potential function g under the gene-
ral stress conditions by the normality rule ( dgv/dy)( dp/dq )

=—1 as follows:

C

e=nt—4 (1% Ty (e x1) (5-15)
1 - Cd d

=1+ nlnp (Cg=1) (5-16)

Fig.5-8 shows schematically the plastic potential
function g represented by Eq.(5-15) or Eq.(5-16) in q-p
plane. When a sand is sheared under p=const. condition
after isotropic consolidation (pc), the volume contraction
occurs when N is smaller than m; i.e., O — 1 —2 in Fig,.5-8,
and the volume expansion occurs when n is larger than m; i.e.,
2—>3 in Fig.5-8, inducing the work-hardening. Therefore,
dilatancy property of sand showing the volume contraction
and volume expansion can be explained by means of such plastic
potential function.

Change in the plastic potential surface or in the direc-
tion of plastic strain increment due to the difference of the
shear stress system as represented by b-value can be evalu-
ated by Egs.(5-15) and (5-16). Fig.5-9 illustrates the

change in plastic potential surface due to the difference

-

e
A

b-value for ¥F-sand in v -a plane.
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5.4.2 Plastic strain work due to consolidation and

shear and its relation to hardening function

In this and the following paragraphs, the plastic
work, i.e. the dissipated energy within the sand element
done by consolidation or shear, will be explained quanti-
tatively, and it will be also presented that the plastic
strain work plays the important role in establishing the
hardening function for sands with anisotropic fabric under
the general stress conditions.

From the result of the isotropic consolidation-
swelling test on T-sand as shown in Fig.5-10, it can be
suggested that deformation behavior in consolidation of
sand would be characterized by the linear relationship
between ln€  and 1lnp. According to the elastoplastic

consideration on these behavior, elastic volumetric strain

increment dai and plastic volumetric strain increment dES
developed during consolidation are given, referring to
Fig.5-10(b), as follows:
1 ng
p p p
de® = kn [——O—] [—— ] (5-17)
Py Pq p
de? =k (1-n) [——— ] —_ (5-18)
v P
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where the exponents 1 and n represent the slope of the
consolidation and swelling curves, and k and p, are the
volumetric strain at p= Py and the pre-consolidation pre-
ssure, respectively. As explained in CHAPTER 4 (See Fig.
4-9), no measurable shear strain in the isotropic consoli-
dation-swelling test can be observed even for MSP specimen
which possesses the strong fabric anisotropy. Therefore,
the associated flow rule can be applied for the consolidation
process of sand.

Flow rule for the consolidation is not discussed in
detail. From these experimental results, however, yield
function fc, plastic potential function o and hardening
function hc for the isotropic consolidation of sand can be

denoted as follows:

(5-19)

y
o
i
oq
o
i
e
i

(5-20)

ju g
H
b
s
]
=]
|
|t

From Eq.(5-18), the plastic strain work increment
done by the isotropic consolidation dW% is obtained as

follows:
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(5-21)

H
=
[
i
o
p—
————
| S ——
[
joR
]

Conseguently, the plastic strain work done up to desired
consclidation pressure p, can be calculated by the follow-

ing expression.

c 1 - 1
wP:f qub = nk{pC] D (5-22)

On the other hand, the plastic strain work increment

due to shear aw® is generally given as follows:
p = + = + 5
aw OX.dEX4.Oy dgy o, de, pde +qdy (5-23)

Substitution of the principal strain increments which
can be obtained from Egs.(5-8), (5-9) and (5-15) or (5-16)
into Eq.(5-4) gives the hardening function for shear as

follows:

h= (=] (5-24)
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It has been experimentally shown by Frydman (1976) that this
hardening function can be represented as a unique function
of plastic strain work during shear, irrespective of the

consolidation pressure and the direction of shear stress,

(5-25)

where A 1s the h-value corresponding to WP = 1 kPa and expo-
nent B is the slope of the line in log-log plot. Figs.
5-11(a) and (b) show that hardening function h is a power
function of WP, and thus Eq.(5-25) is valid for P- and T-
sands. However, the test data of both sands depict that
parameter A and B change according to ©-value as shown in
Figs.5-12(a) and (b). As it can be seen in these figures
that parameter A and B vary lineraly with ©-value, the values
of A and B in any stress system can be determined from ones
of the conventional triaxial compression (9::00) and triaxial
extension (6= 180°) tests. From the fact that parameters
A and B depend strongly on 6-value, it can be pointed out
that hardening parameter or, in general, hardening function
is affected significantly by the fabric anisotropy of sand.
As indicated above, the establishment of the harden-
ing function which can describe the anisotropic deforma-
tion behaviors of sands seems to be the most direct attack

on the problem of fabric anisotropy of sands.
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5.4.% Hardening function for anisotropic sand under the

general stress conditions

The hardening function of Eq.(5-25) is extended to
take the occurrence of the anisotropic principal strains
in the three-dimensional stress condition into account,
based on the concept of compounded mobilized plane by Matsu-
oka (1974). Matsuoka’s theory is not only concise and but
also convenient for analyzing the strains under three differ-
ent stresses. Tatsuoka (1980) has also applied this theory
to derive the stress-strain relationship for anisotropic sands.

Fig.5-13 illustrates the conceptional view in which
each of the principal strain increments deX, dey and dEZ is
divided into three two-dimensional stress systems fixed with
respect to fabric of a sand element concerned. According
to the concept of compounded mobilized plane, each of the
principal strain increments is denoted by a summation of the
different strain increments in two two-dimensional stress

systems to which each of them belongs, i.e.,

1)

dei de... (or dei ) (5-26a)

14 )+ dgiki ( or de.

ji iik

H

dej dgjij (or dgjji ) 4+ dejjk (or dgjkj ) (5-26b)

dek = dekik (or dgkkw ) o+ dgkjk {or dgkkj ) (5-26¢c)
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where suffixes 1, J and k do not represent the indices of
tensor, but one out of x, y and z without duplication of uses.
FPirst suffix notation in the right-hand side of the above
equation denotes the directions of the principal strain
increments, Second and third suffixes denote the two-dimen-
sional stress systems to which each of divided principal strain
increments belongs, and they are taken according to the
magnitude of two principal stresses concerned. For example,
Eq.(5-26a) shows that principal strain increments dei can be
denoted by a summation of the principal strain increment
induced in the ij-stress system or ji-stress system ( dgiij
at o, 2 o; or dgiji at o >0, ) and the principal strain
increment induced in the ki-stress system or ik-stress system
(dejpy at 020, or dejyy at 05 >0, ).

It is assumed in this paper that the principal strain
increments divided in each of the two-dimensional stress
systems can be calculated under the general stress conditions

by selecting the hardening function corresponding to the mag-

nitude relation of two principal stresses concerned as follows:

ag

deiij = Dij hij —é—o—l af ( oizoj ) (5-27a)
og

QEiJl = tlJ b aoi af ( ojzzci) (5-27b)
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in which

g ] 9 J. - D
- L[l ZIP i (n-n) (5-28)
0,  3p \2n - )
| 0. - 0. |
L. = 1 J (5-29)
1) lo. -o0. | + o, -0, |
i ] i k

The plastic potential function g and the yield function f

of Eq.(5-27) are determined not only by two principal
stresses ( SH and Oj ) but also by another principal stress
Oy - Consequently, in order to estimate, for example, dgiij
for the two-dimensional stress system of 0 and CH , 1t is

necessary to evaluate the effects of Oy Dij

is newly introduc-
ed to consider the effects of third principal stress, and it can
be given easily by designating the stress system during shear
process. Moreover, hij or hji can be determined concretely
taking account of the fabric characteristics of sand and

the magnitude relation of two principal stresses in each of

the two-dimensional stress systems. Thus, the concept of
compounded mobilized plane proposed originally by Matsuoka

(1974) is applied to the present study with the modification
mentioned above.

If we express the hardening functions corresponding

to the triaxial compression (6=C°) and triaxial extension
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(6=180") conditions as h, and hg

oL respectively, the following

equations are given from Eq.(5-25).

Bo
c Ac(wp> (5-30)

jny
il

B'XT'
g = Ag (W) F (5-31)

g
i

where AC’ BC’ AE and BE can be obtained from the conventional
triaxial compression and extension tests.

As can be seen in Fig.5-13, in yz- and zx-planes which
have the definite anisotropic fabrics characterized by pre-
ferably parallel alignments of sand particles to horizontal
direction, hC or hE would be selected according to the magni-
tude relation of two principal stresses concerned. From
the aforementioned point of view on the sand specimen with
orthotropic fabric such as MSP specimen and Fig.5-13, xy-plane
(i.e., horizontal plane) can be assumed to be approximately
in the isotropic state with respect to its mechanical pro-
perty. Hardening function hG corresponding to 6= 90° should
be adopted in xy-plane regardless of the magnitude relation
of o and Oy” since we assume the hardening function to be
dependent mainly on the fabric anisotropy of sand specimen

as mentioned above,
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It is assumed in this paper that hG can be evaluated

by h, and h, as follows:

C

, B.+B

he )%= A ag(wP) @ @ (5-32)

i
At
v

h. = (h

G C

From the above explanations, the hardening functions for each
of the two-diemnsional stress systems can be represented,

referring to Fig.5-13, by the following expressions.

th = hyx = hg (5-33a)
hyz = h = hg (5-33b)
h, . = hzy = hg (5-33¢c)

After all, it follows that hardening function hi
corresponding to each of the principal strain increments
has been newly established by superposing the strain incre-
ments induced in each of the two-dimensional stress system

as follows:

ar (5-34)
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where h, is given by comparing above equation with Egs.(5-26)

and (5-27) by the following expression.

h. = D..h.. (or h.. )+ D

i ij i ji ik hki (or hik ) (5-35)

The concrete form of hardening function hi can be easily

determined by assigning ©-value, and hx, h_ and bz are repre-

y
sented for the stress system 0°¢6 <180° by the following

expressions.

h =D _h +D__h =D __h,+D__h
X Xy Tyx X2 32X xy G xz G . o
(0°<6<60)
h =D _h +D h =D h,+D _h ;
y vz gy yx yX yz C yx G
(5-36a)
h =D __h +D h_ =D _h.+D h,=h
z Z2X ZX zy 2y zx G zy C C,
N
h =D _h +D _h__=D__h,+D__h
P Xy "yX XZ 2X xy G xz G . .
(60 <8 <120)
h. =D _h +D _h =D _h,+D__h S
y vz Y% yX YX yz B yx G
(5-36b)
h =D __h +D h =D _h,+D_ _h,
Z ZX ' 2ZX 2y Y2 zx C zy B J
N
h =D __h +D_ _h _=D__h.,+D__ hg,
X Xy Tyx XZ X3 xy G Xz E . R
(120°<6<180)
h =1 =D h_ +D h >

D h +D _h o
y yz "yz yxX Tyx yz B yx G
(5-36¢)

Z szhxz{‘Dzyhyz zx E zy E K

in which ny, sz’ Dyz’ Dyx’ sz and Dzy are the parameters

related only to 6-value, and they can be denoted, referring
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to Eg.(5-29), as follows:

Xy

X%z

¥y

vz

ZX

| sin 6 |

| sin6 | + | sin( 8 - 120°) |

| sin( 8 - 120°) |

| sin(8-120°) | + | sin 6 |

| sin 6 |

| sin® | + | sin( 6 - 60°) |

| sin( 6 - 60°) |

| sin(8-60°) ]+ | sin® |

| sin( 8 -120°) |

| sin( 8 -60°) | +| sin( & - 120°)

| sin( 6 - 60") |

zy N

| sin( 6 -60°) | + | sin( 8 -120%)
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5.4.4 Derived three-dimensional drained stress-strain
relationship

Substitution of Egs.(5-9), (5-15) or (5-16) and (5-36)
into Eq.(5-34) gives the principal strain increments under
the three-dimensional drained stress conditions de , de
and dez. For example, each of the principal strain incre-
ments induced in the stress system 6C°< & ¢ 120° can be

expressed by the following equations.

sin 8 5. BcTBr 4
de_ = AcAp (W9 ) 7 T2+
X sin 8 + | sin(e—‘IQO")f{ C 'k }
|sin(6-120°) | B¢ .
« AL (WE) 3 (6-2407) +
sin 6 + | sin(6-120°)] ~C { 3eos 40
d
Cd (m —r1)}—ll (5-38a)
3p
i -60° P .Bg si
de = sin(# ) "y (WP B, in @
y sin 6 + sin(6-60°7) = sin 8 + sin(6-60°)
{ag 45 (WP) " }F [{ 3cos(8-120) +Cy (m-n)}-
d
an (5-381b)
3p
e anne B
e - |sin(6-120) | 4 (WP Cy
z sin(8-60°) + |sin(6-120°)] ©
. _60° B
fln(e 60°) i (WP E [ 3cos 8+
sin(6-60°) + |sin(6-120%)] &=
dn
C.,(m-n)}— (5-38c)
d }3}3
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The principal strain increments induced in the other stress
systems 0°< @ <60° and 120°¢ & <180° can be formulated in the
similar expressions as indicated above, but their representa-
tions are abbreviated. |

Parameters included in the proposed elastoplastic
work-hardening model can be determined easily from the conven-
tional triaxial compression and extension tests and the iso-
tropic consolidation-swelling test.

In the following paragraph, the verification with res-
pect to the measured data of the true triaxial tests performed
by Yamada and Ishihara (1979) and the present author will be

presented.
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N

.5 Comparison of Predicted with Observed Stress-Strain
REelationship

As explained previously, parameters which prescribe
the above stress-strain relationships under three different
principal stresses can be evaluated by the data of the con-
ventional triaxial compression and extension tests and the
isotropic consolidation-swelling test. Parameters determined
from these tests on F- and T-sands are summarized in Table
5-2. w? is given through the isotropic consolidation-swe-
1lling test, while W? for F-sand is estimated from the test
data of Tatsuoka (1972).

Figs.5-14(a) to (m) and Figs.5-15(a) to (g) show the
comparisons of the predicted and measured stress ratio vs.
principal strains relationships for F- and T-sand, respectively.
In these figures, the plots represent the observed values
obtained from the true triaxial tests and the solid curves
the stress-strain relationships derived in the preceding sec-
tions. The deformation characteristics of sands change
complicately due to the synthetic effects of the differences
of stress systems and the anisotropy of sand specimens.

As can be seen in these figures, the predicted stress ratio
vs. principal strains relationships explain well the measured
values under three different principal stresses.

In both tests, it should be noted that, in the stress
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Table 5-2 Model parameters for F- and T-sands (W? for F-sand is
determined from test data of Tatsuoka (1972) and other
parameters from Yamada and Ishihara (1979))
Sample m A B P
Cqm w2 (kPa)
name m mp AC AE BC BE I
F-sand 1.00 [ 1.42 1.14 2.75 3.15 0.75 0.65 0.003
T-sand 0.72 | 1.1 0.81 3,00 4.80 1.60 1.20 0.237
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Fig.5-14 Comparisons of measured and predicted relationships
between stress ratio and principal strains for F-
sand in the stress paths with 6=0° (a) and 6=15"
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Fig.5-14 Comparison of measured and predicted relationships
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for T-sand in the stress paths with 6=60° (c)
and 6 =90° (4)

234



Fig.5-15

T-sand a
=1 : - .
osi0ib=0] AN & |
Predicted Oi] A
0 4 0 Measured T .
XFEOG—v | .
(e) R
=20 -10 -0 1.0 2.0
E)()Ey’EZ (%1e)
i 1 1 1 1 T T ] T
+15 —
' 7 Z} |os ]
L ! .
T-sand T / G|
9=1 50) b=0.5 T X [ 0—2:/ y i :
D EZ :
o Ev 4
Predicted X 1
0 a oMeasured .
l l () .
! ! I | 1 1 1 I-
-20 -1.0 0 1.0 2.0

Ex,Ey,Ez (%)

Comparisons of measured and predicted relation-

ships between stress ratio and principal strains
for T-sand in the stress paths with 6=120° (e)

and 6=150° (f)

235



- 1 Z| 03 ]

: -7 G| 1
- T-sand T —, — 1
- 6=1805b=1.0 T XEO =y

L | &

n 7 \D\

Predict
- | © o Measur
|

-2.0 -1.0

Ex, EY7EZ (°/°)

Fig.5-15 Comparison of measured and predicted relation-
ships between stress ratio and principal strains
for T-sand with 6=180° (g)

236



conditions of 6=60° (triaxial extension tests shown in Fig.
5-14(e) and Fig.5-15(c)) and 6= 120° (triaxial compression
tests shown in Fig.5-14(i) and Fig.5-15(e)), there exists
significant difference of the principal strain values induced
in the directions with two equal principal stresses values.
That is, though the stress systems in these tests are Oy =
o, >0, (6=60") and oy> g, =0, (6=120"), the principal
strains are induced with the tendency in which Ey3>€z and
€X>>EZ , respectively. These shear behaviors in both tests
are due to the anisotropic mechanical properties of which sand
specimens prepared by tapping and pouring or pluviation of
sand method are more compressible in the x- and y-directions
than in the z-direction and more extensible in the z-direction
than in the x- and y-directions. It should be remembered
that these anisotropic shear behaviors have been also confirmed
for the in-situ natural sand deposits (See Figs.4-14(a) and
(b)). The proposed mechanical model could predict qualita-
tively well the observed tendency as above, whereas degree of
coincidence between predicted values and observed ones is
slightly unsatisfactory.

Figs.5-16(a) and (b) show the comparisons of the pre-
dicted and measured shear strain vs. stress ratio under the
stress conditions of b=0 for F- and T-sands, respectively.

On the other hand, the comparisons of the predicted and measured

volumetric strain vs. stress ratio are shown in Figs.5-17(a)
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and (b) in the same way as shown in the above figures.

As can be seen in these figures, this proposed model explains
well such observed anisotropic property as deformation chara-
cteristics of sands specified by the same b-value can be
never coincide by the effect of the inherent anisotropy of
sand specimen and the sand specimen is more deformable in the
tests with larger ©6-values., In the case of other stress
conditions for both sands, these facts can be also indicated
(Miura et al., 1983%a, b).

The relationships between ©-value and each of principal
strains, shear strain and volumetric strain at the maximum
volume contraction during shear process obtained from the tests
on F- and T-sands are compared with the predicted ones in Figs.
5-18 to 5-20, Although it can be seen in these figures that
the synthetic effects of the difference in stress system and
the fabric anisotropy of specimens exert in the deformability
of sands, predicted values by this model agree well with mea-
sured ones.

Figs.5-21(a) and (b) represent the comparisons of the
predicted and measured equi-shear strain lines and directions
of shear strain increment vectors projected on the octahedral
stress planes in the range of relatively small shear strains
for F- and T-sands. In these figures, the measured and
predicted directions of shear strain increment vectors are

exhibited by using arrows in the right-half- and left-half-sides
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of the octahedral stress plane, respectively. The shear
strain increment vectors shown in Fig.5-21 must be oriented
symmetrically with respect to the directions of 6= 60° and 120°,
if the sand specimen has the isotropic fabric. Because of
the fabric anisotropy of sand specimens, however, the shear
strain increment vectors observed in the tests deviate from
the corresponding stress paths and are always more oriented

in the clockwise direction. It may be considered from these
figures that the egqui-shear strain lines and the directions

of shear strain increment vectors calculated by the present
model reveal well the observed tendency.

Therefore, estimation is now possible on the drained
stress~-strain behaviors of the anisotropic specimen whose
fabric characteristics are very similar to those of the in-situ
natural sand deposits under the general stress conditions using
the data obtained from the conventional triaxial compression
and extension tests and the isotropic consolidation-swelling

test.
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5.6 Predicted Stress-Strain Behavior of Sand with

Isotropic Fabric

As explained in the preceding paragraphs, deformation-
strength behavior of sand is influenced strongly by the stress
system and fabric anisotropy. In order to make quantitatively
each of both influence factors clear, first of all, the deforma-
tion behavior of sand with the isotropic fabric must be examined.
However, the laboratory examination concerning this subject is
difficult to perform, since no entirely satisfactory method
for preparing the uniform and isotropic sand sample has yet
been developed. The proposed mechanical model could predict
the three-dimensional deformation behavior of the isotropic
sand, by substituting the isotropic hardening function hG (
corresponding to €=90") for the hardening functions in each
of three two-dimensional stress systems.

Figs.5-22(a) and (b) show the stress ratio vs. principal
strains relationships under the stress conditions of b=0 and 1
for F- and T-sands with the hypothetical isotropic fabric,
respectively. Since both sands have the isotropic fabric,
it is a natural course that there is no difference between
the strain components which occur in the directions with the
equal principal stresses.

Figs.5-23(a) and (b) represent the predicted volumetric

strain vs. stress ratio relationships for the isotropic F- and
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T-sands with b=0C, 0.5 and 1.0, Dilatancy behavior compa-
rison of both isotropic sands suggests that the volume con-
traction during shear is the largest for the triaxial compression
condition (b=0C) and the smallest for the triaxial extension
condition (b=1.0).

Shown in Fig.5-24 is the comparison of the shear strain
and volumetric strain induced at the maximum volume contraction
between the anisotropic and isotropic sands in any stress systems,
It is confirmed in the figure that the fabric anisotropy of sand
may produce the effects in which the strain occurrences are
restrained at the stress systems with smaller 6-values than
70°~90° and promoted at larger values than 70°~90°, Fig.5-24
also indicates that the influence of inherent anisotropy on the

deformation behavior is more remarkable in T-sand than in F-sand.
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CHAPTER © CONE PENETRATICON CHARACTERISTICS AND ITS CORRE-
LATION TO STATIC AND CYCLIC DEFORMATION-STRENGTH
BEHAVIORS OF ANISOTRCPIC SAND

6.1 Introduction

The data of sounding such as the standard penetration
test and the cone penetration test has been employed as a
convenient parameter to express the in-situ mechanical pro-
perties of sandy soils, despite its limitation as to lack of
rigid standardization. For example, an indirect method,
in which the angle of shearing resistance, deformability and
liguefaction potential of cohesionless soils under the in-situ
conditions are estimated through the value of relative density
from the data of the sounding performed in the fields, has been
universally adopted. As explained previously, the natural
in-situ sand deposits possess the anisotropic mechanical pro-
perties which may be attributed to the fabric anisotropy formed
by the parallel alignments of particles induced during deposit-
ing process. Therefore, these facts that the deformation-
strength characteristics of sands are controlled not necessarily
only by relative density but also by fabric anisotropy could
be by no means ignored in the field of geotechnical engineer-

ing and should be also considered in the estimation of the
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in-situ mechanical property from the data of sounding as the
standard penetration test and the cone penetration test.

The study in this chapter is aimed to make the correla-
tion between static cone penetration characteristics and mecha-
nical properties for sand with anisotropic fabrics clear, since
the static cone penetration test could be expected to detect
continuously the changes in mechanical properties with the depth
of sand grounds. Accordingly, in order to predict the in-situ
anisotropic mechanical properties from the data of the cone
penetration test, it is necessary to examine in detail whether
the cone penetration test can trace out the anisotropy with
respect to mechanical properties of sand or not.

Recently, the laboratory investigations of the effects
of various factors on the cone penetration resistance of sands
have been performed mainly by using the cone penetrometer.

For example, Durgunoglu and Mitchell (1975a, b) have shown
from the observation of failure mechanism in a sand deposit
due to cone penetration that the penetrometer base character-
istics influence on the cone penetration resistance values,
and they have derived a penetration resistance equation which
can take account of the penetrometer base characteristics.

Based on the experiments on the relations between cone
penetration resistance and effective overburden pressure for
sands with various relative densities, Schmertmann (1975) has
proposed a method in which the angle of shearing resistance

is estimated from the relative density evaluated by the cone
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penetration resistance values. He has also pointed out the
importance of the effects of overconsolidation on the cone
penetration resistance in cohesionless soil,

More recently, the direct relationships between the
results of static cone penetration tests in a2 calibration cham-
ber and triaxial mechanical properties for sands have been
examined by Chapman and Donald (1981) and Baldi et al. (1981,
1982).

Although the studies on the cone penetration resistance
of sands have been widely executed as above mentioned, test
data concerning the influence of fabric anisotropy on the cone
penetration characteristics of cohesionless soils are extremely
limited in number. In this chapter, the present author will
discuss the effects of fabric anisotropy on the cone penetration
characteristics and the correlation between the static and cyclic
deformation-strength properties and the cone penetration chara-
cteristics for triaxial sand specimens formed by various prepa-
ration methods. Above all, the measured cone penetration
resistances will be verified on the basis of the cavity expan-
sion theory for sand proposed by Vesic (1972), and it will be
indicated that anisotropic dilatancy characteristics due to

cone penetration must be considered in its theoretical analysis.
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6.2 Test Apparatus and Procedure

The testing equipment used in the present study belongs

to a quite conventional triaxial type with the specimen size

mm

o

of 70 ™ in diameter by 170 in height. In order to per-
form the static cone penetration tests on the specimens with
the same stress conditions as those of the static and cyclic
triaxial tests, a cone penetration system is incorporated into
the conventional triaxial device, as shown in Fig.6-1(a).
It would be considered that these improvements permit the
direct comparisons between the data of the static and cyclic
triaxial tests and the cone penetration tests, as both tests
are carried out on the specimens with the same fabric chara-
cteristics. Loading ram in this apparatus is of the double-
acting type in which the inner loading ram (A) and the outer
loading ram (B) are movable independently. That is, loading
ram (A) which is used for the cone penetration is fixed per-
fectly to loading ram (B), when performing the static and cyclic
triaxial tests. On the other hand, in the static cone pene-
tration test, the cone can be penetrated into the sand specimen
by applying the loads to loading ram (4A), while loading ram (B)
is fixed to the top cap.

Fig.6-1(b) shows the cone set in the loading cap.
The rubber O-rings fitted in the casing can intercept completely

the inside of loading cap from the sand specimens during the
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triaxial tests. Furthermore, the procedure with which the
casing isolated from the external atmosphere by rubber bellows
is filled with de-aired water and applied the same back press-
ure as that of specimen can prevent the stress release and the
variation of the degree of saturation in the sand specimens
during the cone penetration tests. The polished stainless
steel cone employed in this study has an apex angle of 90°,
as shown in Fig.6-1(c). Its diameter and sectional area are
5 ™M ang 19.6 mmi respectively. The diameter of penetration
rod is 4 ™, The shape and dimension of the cone mentioned
above were determined based on the assumption of the expansion
pattern of plastic zone due to cone penetration by Meyerhof
(1961) and the diameter of triaxial specimen (70 ™) employed
in the present study.

The discussion in this study is based on the test data
of T-sand specimens which are prepared according to the sample

preparation methods mentioned previously.

Static cone penetration test procedure

After each T-sand specimen was set up in the cell and
then the cell pressure was raised to 19.6 kPa, carbon dioxide
was percolated through the specimen for about 30 minutes.

The frozen specimen 1s allowed to melt under the confining
pressure of 19.6 kPa, before percolating the carbon dioxide.

Subsequently, de-aired water was permeated into the voids at
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a small differential head (4.9 kPa) so as to be free from the
disturbance of initial fabrics. Back pressure of 196 kPa
was, thereafter, applied for about one hour to insure the
saturation of specimen. By this procedure, Skempton’s B-value
of greater than 0.98 was obtained in all specimens, Cell
pressure was increased up to a desired value to give the iso-
tropic stress condition. After consolidating for two hours,
the cone penetration tests were performed, while the value of
back pressure was maintained constant. These tests were
carried out under the effective consolidation pressure Ué (=jpc):
196 kPa unless otherwise specified.

A series of static cone penetration tests on T-sand
specimens with the relative densities after consolidation Drc
over the range from about 50 % to 100 % was conducted under
the drained conditions at low penetration rate such as 2.8 mm
per minute. Accordingly, no developments of the pore water
pressure in the specimens due to cone penetration can be observed
during the tests. The cone was penetrated continuously to

the penetration depth of 100 mm

which is defined in this study
as the distance from the top of specimen. The penetration
force and the amount of drainage from the specimen were measured
at intervals of the penetration depth of 5 mm Based on these
measurements, the cone penetration resistance q. and the volume

change due to cone penetration AV were calculated.

The procedure for the static and cyclic triaxial tests
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is the same as that explained in CHAPTER 3. A series of
drained triaxial compression and extension tests was performed
under the constant effective consolidation pressure ( oé (=;%)
= 196 kPa) for T-sand specimens with the values of DrC over
the range from about 50 % to 100 %. In cyclic undrained
triaxial tests, Drc after isotropic consolidation at Oé = 196
kPa was mainly selected as 55 %. To avoid the effect of
variation of initial specimen density from the desired one,
the variations in DrC of all specimens were limited to the

extent within 3 %,
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£.3 Effect of Fabric Characteristics on Cone Penetration

Resistance

Figs.6-2(a) to (d) show the typical results of the cone
penetration resistance 9, Vs. penetration depth Dp relation-
ships for sand specimens prepared by the various methods.
RD(H)—specimen in Fig.6-2(d), whose preparation method was
not explained in CHAPTER 3, was cut from the frozen sand depo-
sit in the container for RB method (See Fig.3%-6), so as to
gain the coincidence of the axial direction of specimen with
the horizontal direction of the sand container. This sand
deposit was made according to RD (tapping) method in which
oven-dried T-sand was poured into the sand container in several
layers with tapping its side wall, and the subsequent procedures
were the same as those of RB method.

The experimental results indicated in Fig.6-2 seem to
support an intuitive concept popularly accepted in which the
higher the density of sand is, the larger the values
of cone penetration resistance. The obviously smaller pene-
tration resistance values are observed in the initial stages
of penetration. This is due to the incomplete formation of
plastic zone around the cone. It can bé seen in these fig-
ures that the complete formation of plastic zone around the
cone which is achieved at a penetration depth gives the true

penetration resistance value under the present shear condition.
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Test results indicate that the values of measured cone pene-

mm all become the constant values

tration resistance at DPEEBO
excepting the tapped specimens, as shown in Figs.6-2(a) to (d).
Accordingly, it would be reasonable that the mean value of the
penetration resistances measured at the penetration depths

over the range from 50 M t6 100 ™ is considered as the cone
penetration resistance for the sand specimens. This mean

value will be denoted hereafter as (qc)m.

The variations in the cone penetration resistance values

mm mm

within the range of D_=50 to 100

D
RD-specimens formed by tapping method than in the specimens

are more significant in

prepared by the pluviation through air method (MSP method), as
shown in Fig.6-2(d). It can be considered that this is attri-
buted to the non-uniformity introduced initially in RD—specimens,
irrespective of giving the extreme care in the sample prepara-
tions. This fact seems to exhibit that the cone employed in
the present study can detect sensitively the non-uniformity
with respect to the density existing in RD—speoimens and that
the other specimens which are prepared by pluviating the sand
particles possess the very homogeneous fabrics. A1l of the
measured penetration resistances for RD—specimens with non-
uniformity will be, for comparison of test data with others,
discussed based on (qc)m as a temporary standard.

Shown in Fig.6-3 is the relationship between the mean

cone penetration resistance (qc)m and the relative density
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after consolidation DrC for four kinds of specimens prepared

by pluviating the sand particles (IMSP method). It can be
seen in the figure that there is no differences in the values
of (qc)m at the same density between R,V- and RpV-specimens,
and that (qc)m VS, DrC relationships for both specimens are
represented by a straight line at least within DrC of about

50 % to 100 %. This observation indicates that it is not
necessary in the discussions on the cone penetration resistance
to consider whether the specimens has been frozen during its
preparation or not.

It should be noted in Fig.6-3 that (qc)m vs. D, rela-
tionships which can be represented approximately by the para-
1lel straight lines for all specimens excepting RB45—specimens
depend strongly on the fabric characteristics of the specimens.

The marked differences in (qc)m between RAV— (or RBV—) and R_H-

B
specimens could be observed, and the comparisons of test data
of both specimens with the same relative densities show that
(qc)m of RpH-specimens are remarkably lower values than those
of RBV— (or RAV—) specimens. We should remember that pluvia-
tion of sand through air method such as MSP method induces the
preferred alignment of long axes of particles nearly parallel
to a bedding plane. As explained previously, there exists

in both specimens the fabric characterized by the anisotropic

property that the apparent long axis of the sand particles has

strong preferred orientations in the vertical section for
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RyV- (or RAV—) specimens and in the horigzontal section for
RBH—speoimens.

It can be considered from the above explanation that
the differences in penetration resistance values are attributed
to the anisotropic fabric of sands which is stiffer in the ver-

tical direction than in the horizontal direction for R, V- (or

B
RAV~) specimens and vice versa for RBH-specimens. The aniso-
tropic characteristics in the cone penetration mentioned above
are almost identical to those observed in the conventional tri-
axial and cyclic undrained tests which were explained in the
preceding chapters.

The cone penetration tests on RB45—specimens show that
the relationship between (qc)m and D cannot be expressed as
the simple straight line as that for RBV- and RBH~specimens,

As can be seen in Fig.6-3, (qc)m of RB45—specimens are equal
to or some larger values than those of RBV— (or RAV—) specimens

in Drc<<70 %, but become gradually close on the values of R H-

B
specimens according to the increase of the relative density.
RB45—specimens which should possess the intermediate property
with respect to fabric characteristics between RBV— and RBH-

specimens depict not necessarily the intermediate values of

the cone penetration resistance between both specimens. It
would be supposed that this is caused by the fact that the pa-

ttern of re-arrangement of sand particles due to cone penetra-

tion in Rp45-specimens does not occur as regularly as R, V- (or
) D B
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RAV—) and Rpi-specimens do, but change according to the density,

Fig.6-4 shows (qc)m vs. D  relationships for Ry~ and

rc
RD(H)~specimens prepared by tapping (RD) method. The linear

relationships between (qc)m and Dr for the tapped specimens

c
are different from those for the pluviated specimens mentioned
above, although it could be expected that the fabric character-
istics of the tapped specimens are very similar to those of the
pluviated specimens. The comparisons of the penetration
resistances at the same relative densities indicate that (qc)m

of RD—specimens are always lower values than those of R, V- (or

B
RAV—) specimens and that (qc)m are always higher values for
RD(H)—specimens than those for RpH-specimens. That is, it
can be seen in Fig.6-4 that the difference of (qc)m between RD-
and RD(H)~specimens at the same relative density is smaller
than that between RpV- (or RAV~) and RpH-specimens, These
experimental facts infer that the fabric anisotropy of the pluvi-
ated specimens (lMSP) is more intensive than that of the tapped
specimens (RD).

In summary, it can be pointed out that the cone penetra-

tion resistance is controlled not necessarily only by density,

but also depends strongly on the fabric characteristics of sands.
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6.4 Correlation between Cone Penetration Resistance and
Angle of Shearing Resistance

Shown in Figs.6-5(a) and (b) are the relationships
between the angle of shearing resistance @d and the relative
density after consolidation DrC obtained from the drained tri-
axial compression tests on the specimens prepared by the various
methods. Fig.6-5 indicates that the freeze-thaw sequence had
no significant effects on ¢d and that @d may changes remarkably
according to the difference in the fabric characteristics of
sand specimens, as can be seen in the relationship between (qc)m
and D_ (Figs.6-3 and 6-4). We can point out that the depend-
ency of o values on the relative density and the fabric aniso-
tropy of sand specimens is all similar to that of (qc)m.

Fig.6-6 shows the o4 VS. (qc)m relationship for the above
six kinds of sand specimens obtained from Figs.6-3 to 6-5.

It should be noted that the relationship between @d and (qc)m
can be denoted by a unique straight line irrespective of the
fabric characteristics of sand specimens. It is a fact of
absorbing interest that ¢4 vs. (qc)m relationship of Rp45-speci-
mens for which <qc)m and ®d values did not change linearly

with Drc can be also represented by this unique straight line.
In the present state, the relative density or void ratio can
never express the variation in mechanical properties due to

the difference of fabric characteristics of sands. Accord~
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ingly, it 1s noteworthy to pursue the direct relationship
between the cone penetration resistance and angle of shearing
resistance.

The correlation between ¢, and (q_)  obtained in this
study indicates that it is possible to estimate directly the
angle of shearing resistance of sand with any fabric character-

istics from the value of cone penetration resistance.
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6.5 Dilatancy Characteristics during Cone Penetration

The cone penetration tests in the present study were
conducted under the perfectly drained condition. By measur-
ing the volume changes in the specimens, consequently, the
dilatancy phenomena due to the cone penetration can be examined
in detail. Shown in Figs.6-7(a) and (b) are the typical beha-
viors of the volume change AV due to penetrating the cone into
RAV— and RD~specimens with the relative densities over the range
from about 5C % to 100 %. AV denotes the net amount of
volume contraction or volume expansion of specimens which is
calculated by subtracting the beforehand calibrated volume of
the point of cone and penetration rod from the total volume
change of specimens measured in the burette. AV presumes
volume contraction as positive. It can be seen in the figures
that the volume change due to cone penetration has a tendency
to vary remarkably with the density of sand specimens, but is
produced at a constant ratio in not less than a penetration
depth. These experimental results seem to correspond with
the fact that the cone penetration resistance values become
constant in not less than a penetration depth as shown in Fig.
6-2.

The volume changes during the cone penetration could be
assumed to be divided into the volume contractions due to inc-

rease of mean principal stress and the volume expansions due to
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dilatancy incduced by shear in the plastic zone formed around
the cone. As can be seen in Fig.6-7, the volume expansions
occur in the dense sand specimens. This indicates that the
volume changes due to cone penetration.would be attributed
mainly to the dilatancy induced by shear, although we cannot
give in the present a clear distinction between them. What
the dilatancy behaviors during cone penetration may change
significantly with the differences of the relative density is
the natural results in the same manner as the fact in which the
dilatancy characteristics in the conventional shear tests depend
strongly on the relative density.

Fig.6-8 shows the comparison of volume change ratio with

respect to penetration depth d(AV)/de at ng 50 ™ yg, D, for

R,V- and Rp-specimens. d(AV)/de vs. D relationships for

both specimens can be denoted by the straight lines, but both
straight lines do not coincide with each other. Pig.6-8 also
indicates that the tendency of volume expansion due to cone
penetration is more significant for RD—specimens than for RAV—
specimens.,. OUn the other hand, (qc)m and ¢d obtained from

the triaxial compression tests for RAV-specimens are higher
values at the same relative densities than those for RD-specimens,
as can be seen in Figs.6-4 and 6-5. These results do not
support an intuitive concept in which the sand specimens having

more significant positive dilatancy at failure may possess

larger values of (qc)m and ¢4, because the dilatancy behaviors
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during the cone penetration are intimately related to these
of the triaxial extension tests as discussed in the following
paragraph. Fig.©-8 means that the dilatancy behavicrs during
cone penetration may be affected appreciably by the fabric
characteristics of sand specimens. Such effects of the fabric
characteristics on the dilatancy due to penetrating the cone
into the sands are very similar to those observed in the tri-
axial compression and extension tests as described previously.
It could be considered from these facts that the varia-
tions of the cone penetration resistance values clarified in the
preceding paragraphs do not have nothing to do with those of
dilatancy behaviors due to the differences of fabric character-

istics.
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0.6 Comparison of Dilatancy Characteristics between Corne

FPenetration and Triaxial Tests

A shear failure is considered to cccur succesively in
the zone of plastic flow near the cone which is formed by
penetrating the cone into the sand. This idea permits
that the volume changes measured in the cone penetration tests
can be assumed as those induced in the zones of plastic flow
of the sand specimens, Accordingly, it follows that the
outer zones of plastic flow continue to retain the fabrics
after completion of consolidation during the cone penetration
tests. The zones of plastic flow are newly formed in the
lower portion of sand specimen, as the cone penetration pro-
ceeds. It is assumed in the present study that the subse-
quent cone penetration does not vary the shape of the plastic
zone which is formed at a penetration depth. Therefore, the
increments of plastic zone due to an additional cone penetra-
tion de could be dencted as the product of the sectional area
surrounded by the plastic zone and de. OCn the other hand,
the increments of volume change induced in the plastic zone
of sand specimen, when undergoing the penetration of cone (de),
are evaluated as d(AV). By using the volume change ratio
d(AV)/dDD defined in the preceding paragraphs, consequently,
the volumetric strain (EV)C which is induced in the zones of

plastic flow due to the penetration of cone can be expressed
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as follows:

(e ). = . <100 (%) (6-1)

where Amax denotes the maximum sectional area of the plastic
zone as shown in Fig.6-9.

In order to determine the value of Am concretely,

ax
the shape of two-dimensional plastic zone proposed by Meyerhof
(1961) is adopted in the present study. That is, the sectional
area Amax is calculated on the basis of the solid which is formed
by a revolution of the two-dimensional plastic zone round the
axis of cone penetration as shown in Fig.6-9. The values of
Amax in Eq.(6-1) which vary depending on the roughness of the

cone surface can be given by the following expressions.

2

rq2 | exp {(%£+“%4~a) tan ¢ } tan ¢ ( for smooth
Apax = + 1 surface )

4 2 *sina - cos (Z-kg ) (6-2)

Ul 2,

md? EXP{(‘§4‘®4-Q) tan ¢ } cos ¢ ( for rough
Amax = + surface )

4 sina (6-3)
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in which d, @ and ¢ denote the diameter of cone, semi-apex

angle of cone tip and angle of shearing resistance, respectively

M and 45°,

The values of d and a in the present_study are 5
respectively. Taking account of tﬁe fact that the cone
penetration tests are performed under the drained conditions
and that there exists the unique correlation between (qc)m and
gy 03 obtained from the drained triaxial tests is substituted
for ¢ in Eqs.(6-2) and (6-3). (sv)c at any relative densi-
ties can be calculated through the relationships between
d(AV)/de and D  shown in Fig.6-8 and between ¢4 and D__ shown
in Fig.6-5 based on Egs.(6-1) and (6-2) (or (6-3)).

Shown in Figs.6-10(a) and (b) are the relationships
between (EV)C and D for R,V- and Ry-specimens. The volume-

tric strain at failure (ev)f vs. D__ relationships obtained

rce
from a series of triaxial compression and extension tests on
RAV~ and RD—specimens are also represented in both figures.

It can be seen in the figures that, for Drc over the range from
about 50 % to 10C %, the volumetric strains due to cone penetra-
tion are closer to the volumetric strains at failure in the
triaxial extension tests than those in the triaxial compression
tests. It can be also recognized that the relative densities
at which the volumetric strains transfer from positive to nega-
tive values almost coincide in both specimens.

These facts indicate that the dilatancy behaviors during

the cone penetration are closely connected with those of the
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triaxial extension tests, However, the reason why there
exists such correlations irrespective of the fabric chara-
cteristics of sand must be experimentally or theoretically

investigated in future.
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6.7 Correlation between Cone Penetration Resistance and
Cyclic Undrained Strength

The correlation between the cone penetration resistance
and the cyclic undrained triaxial strength for the specimens
with the different fabrics is examined in this section.

Fig.6-11 shows a typical comparison of cyclic undrained
strength values obtained from the cyclic triaxial tests on

three kinds of specimens with Dr of 55 % prepared by pluviat-

c
ing the sand particles (MSP method) for the failure defined as
initial liquefac¥tion. This figure makes clear that the

cyclic undrained triaxial strength are significantly affected

by the fabric characteristics of sand specimens as can be seen
in CHAPTER 4. Although we can say that not only static cone
penetration characteristics but also liguefaction behavior are
extremely sensitive to the fabrics of sand, it should be noted
that the magnitude relation of cyclic stress ratio (od/Zoé)
observed in these specimens differs from that of (qc)m at the
same relative density (See Fig.6-3). Furthermore, the pre-
vious considerations in the present paper (CHAPTER 4) have shown
that the cyclic undrained triaxial strength of RD—specimens
which have lower (qc)m than those of R,V- (or RBV—) specimens

as shown in Fig.6-4 is higher than that of R,V-specimens.

From these facts, we cannot draw a unique relationship between

the mean cone penetration resistance measured in the axial
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direction of the triaxial specimens and the cyclic undrained
triaxial strength.

It has been also indicated in CHAPTER 4 that the varia-
tions of the cyclic undrained triaxial strength Vélues due to
the differences of the fabric characteristics are attributed
to a considerable degree to those of the dilatancy properties
of the extensional sides. Consequently, one may conceive to
know about the horizontal cone penetration resistance whose
direction coincide with that of the major principal stress in
the triaxial extension test. For this purpose, a Cartesian
coordinate system in which the z-axis is chosen to coincide
with the vertical direction of sand specimens is employed for
designating schematically the relation between the direction
of cone penetration and the fabric characteristics of RBV—,
RB45— and RBH~specimens, as shown in Fig.6-12, The all values
of cone penetration resistance obtained in the present experi-
ments are measured as those in the z-direction of the specimens.
However, it could be considered that the cone penetration resis-
tances in the x- and y-directions are substituted by those in
z-direction, because the cone penetration tests are performed
under the isotropic stress conditions. By denoting (qc)Z (=
(qc)m) in the z-directions of RyzV-, Rpd45- and RpH-specimens as
(qC)V, (qc)45 and (qC)H, respectively, the values of (qc)x and
(qc)y in the radial directions for each specimen can be repre-

sented as those shown in Figs.6-12(a), (b) and (c). Rp45- and
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RBH-specimens do not seem to be characterized by the orthotro-
pic fabrics that the apparent long axis of the sand particles
has preferred orientations in the horizontal section, but almost
completely random orientations in the vertical section as can

be seen in RBV—specimens. In the present study, it is assumed
that the cone penetration resistance in the radial direction
(qc)r can be denoted tentatively by the average values of (qc)X
and (qc)y. Consequently, (qC)r for RgV-, Rp45- and RgH-speci-
mens are (qC)H, {(qc)45 + (qC)H}/Z and {(qc)V + (qC)H}/Z, res-
pectively.

Shown in Fig.6-13 is the relationship between the cone
penetration resistance in the radial direction (qc)r and the
cyclic stress ratio required to the initial liquefaction at
any number of cycles (Od/zgé)l' (a,), of the sand specimens
with D of 55 % is given from the relationships between (qC)m
and D, shown in Fig.6-3. The values of (04/207), in the
figure indicate the cyclic stress ratio causing the initial
liquefaction at the number of cycles N1= 5, 10, 20, 30 and 50
and are calculated from Fig.6-11, As can be seen in the
figure, there exists the unique relationship between (qc)r
and (04/207), regardless of the number of cycles. This
shows that the cyclic undrained triaxial strength is estimated
to a certain degree by the cone penetration resistance in the
radial direction irrespective of the fabric characteristics of

sand specimens, This unique correlation seems to be attributed
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to the fact that the liquefaction behavior is related intimately
to the dilatancy characteristics of the triaxial extension tests
in which the major principal stress is in the radial direction.
In summary, it can be said from the facts mentioned

above that the relationship between the vertical cone penetra-
tion resistance values observed in the conventional cone pene-
tration tests and the liquefaction strength is strongly depend-
ent on the fabric characteristics of sand specimens and should
not be given by taking no account of the fabric anisotropy of

sand deposits.
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6.8 Prediction of Anisotropic Cone Penetration Resistance
by Cavity Expansion Theory

6.8.1 Cavity expansion theory

The static cone penetration resistance and the bearing
capacity of foundations have been analyzed by considering the
soils as the rigid-plastic material. As is commonly known,
these analyses disregard the deformation of soils due to pene-
tration of the cone, footing or pile. As mentioned in the
preceding sections, however, the cone penetration resistance
depends remarkably not only on the fabric characteristics but
also on the dilatancy properties.

Vesic (1972) has developed a theory for bearing capacity
which can take account of the deformability of sand within the
plastic zone formed according to the expansion of cavity.

In his theory, the ultimate cavity expansion pressure 28 at
which the cavity expands until the state of limiting equili-

brium is expressed as follows:
p, = cF_+ o F (6-4)
where FC and Fq are the dimensionless cavity expansion factors

and ¢ and oq denote the cohesion and initial isotropic effective

stress prior to cavity expansion in the entire soil mass.
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The cavity expansion factors FC and FQ depend not only on

the angle of shearing resistance ¢ but also on the volumetric
strain A within the plastic zone. The preliminary examina-
tions on the factors influéncing the shear strength of sand
in CHAPTER 3 have shown that there is a remarkable reduction
of the angle of shearing resistance ®d with the increase of the
effective confining pressure (See Fig.3-16). Accordingly,
it is considered that this phenomenon should not be neglected
in the analysis of the static cone penetration resistance.
Baligh (1976) has also evaluated the ultimate cavity
pressure, taking the failure envelope curvature as well as the
compressiblity of the sand into account. The development of
his theory is based on the following equations for the curva-

ture of the Mohr-Coulomb envelope.

1 o
T = o{ tan ¢, + tan B P§T§-log8;-)} (6-5)

in which ¢o and B are the constant angles defining the failure
envelope and oo is an arbitrary reference stress. T and ©
are the shear and normal stresses on the failure plane at
failure. If the cavity expands spherically in the sands,

the cone penetration resistance can be expressed, taking account

of the failure envelope curvature (Eq.(6-5)), as follows (Vesic,
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6.8.2 Predicted anisotropic cone penetration resistance

For the estimation of the cone penetration resistance
based on Eq.(6-6),‘the volumetric strain 4 within the plastic
zone must be evaluated. In order to calculate 4, Vesic (1372)
has proposed an experimental relationship which is formulated
by a series of drained triaxial compression tests under the
different effective confining stresses and the isotropic con-

solidation test. This relationship is expressed as follows:
o_\m 0_\n
q q
A:Co(f —1)"‘-—‘—‘ +C1+C2f = <6~7)
n p L

where the parameters CO and m are determined by the isotropic
consolidation test and 01, C2 and n are the parameters obtained
from the drained triaxial compression tests. The factors fm
and fn are obtained concretely from the parameters ¢, m and n.

D denotes the unit mean principal stress which is needed to

make the expression dimensionally correct. Substitution of

FC and Fq which can be determined from A estimated by Eq.(6-7)
and ¢ into Eq.(6-4) gives the ultimate cavity expansion pressure
Py Therefore, the cone penetration resistance q, can be

calculated by Eq.(6-6). It should be noted that the depend-

ency of the angle of shearing resistance ¢ in Egs.(6-4), (6-6)
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and (6-7) on the effective confining pressure is evaluated
according to Eq.(6-5).

Table 6-1 shows the parameters required to predict the
cone penetration resistance value which are obtained by the
tests on RAV—specimens with Drc of 55 %. The values of cone
penetration resistances under the effective confining stresses
of 49 kPa to 392 kPa predicted based on these parameters are
compared with the measured ones of RAV— and RBH-speoimens in
Fig.6-14, V1—line denotes the predicted values for RAV-spe—
cimens., It can be seen in the figure that V1—line gives the
over-prediction of a, (= (qc)m) irrespective of the magnitude
of o]. This is due to the fact that if we adopt the para-
meters C, and 02 obtained from the drained triaxial compression
tests, then the value of A always becomes negative. Vesic
(1972) has recommended that the assumption of which A = 0, i.e.
the sands within the plastic zone are imcompressible is used
for the case of A<O0, As can be seen in Fig.6-8, however,
the volume contraction during the cone penetration occurs in
the R,V-specimens with D__ of 55 %. Consequently, it would
be considered that the assumption of which A =0 cannot support
the experimental facts of the looser sand specimens.

It should be remembered that the characteristics of
volumetric strains due to cone penetration are closely connected

with those at failure in the drained triaxial extension tests,

as shown in Fig.6-10(a).
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Table 6-1 Parameters used in the theory of cavity expansion for anisotropic sands
with D... of 55 % (Values of C{, Cé and n” are determined from the drained
triaxial extension test)

for oo=’lkPa for p=1kPa

0 . , ,

(deog) (dig) Co m C1 C2 n C1 Cs n

471 .1 B.QA 0.000125 0.670 ~0.445 0.424 0.0067 -0.360 0.356 0.0067
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The cone penetration resistance values predicted by
using the parameters C{, Cé and n” obtained from the drained
triaxial extension tests on RAV—specimens instead of the para-
meters C,, 02 and n are represented as V2—1ine in Fig.6-14,
It is noteworthy that V2—1ine explains well the measured values
of RAV-specimens under the various effective confining stresses.
This indicates that the dilatancy characteristics in the triaxial
extension stress conditions must be introduced in the parameters
for RAV—specimens having the anisotropic properties characterized
by which the deformability is extremely lower in the vertical
direction than in the horizontal direction.

The difference in the fabric characteristics between
RAV— and RBH—specimens seems to be that the preferred alignment
of apparent long axes of sand particles is parallel either to
the horigontal direction or to the vertical direction.
Accordingly, it could be expected that the characteristics of
volume changes within the plastic zone exhibit the same tendency
in both specimens, if the cavity expands spherically in the sands.
In order to calculate A for RBH~specimens, consequently, it is
admitted to use the parameters of RAV—specimens given in Table
6-1. By assuming the variations in the angle of shearing
resistance ¢d due to fabric anisotropy shown in Fig.6-5(a), the
cone penetration resistance values of RBH—specimens are predicted
as shown in Fig.6-14, The predicted values of RBH—specimens

are represented as H,-line obtained from the parameters Cqy
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C, and n and Hy-line from the parameters C{, Cé and n”. As
can be seen in Fig.6-14, the predicted values denoted by Hz—line
agree well with measured ones irrespective of the magnitude of
effective confining stress Oé, It can be also pointed out
that the prediction in the present study explains well such
observed characteristics as the cone penetration resistance
values depend remarkably on the fabric anisotropy and on the
effective confining stress.

The analysis of the static cone penetration resistance
by the cavity expansion theory should take account of the com-
pressibility and its dependency on the fabric anisotropy within

the plastic zone in the sands.
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CHAPTER 7 CONCLUSIONS

On the basis of the limited experimental data and
theoretical considerations described so far, the following

conclusions may be drawn.

The results of the study on sand sample preparation
method for laboratory testing in CHAPTER 2 are summarized
as follows:

(1) A sand sample preparation method using multiple sieve
pluviation apparatus developed in the present study (MSP method)
can give a wide range of specimen density by controlling the
height of fall and the nozzle diameter. But the nozzle dia-
meter is the primary variable controlling density. The repro-
ducibility and uniformity of sample made by this simple prepa-
ration method was confirmed in several aspects.

(2) A very high density, higher than the maximum density
determined by the proposed method of JSSMFE for uniformly

graded sands, can be easily achieved by MSP method.

From the study for fabric characterization of undisturbed
and reconstituted sand samples in CHAPTER 3, it may be concluded
that;

(1) The variations in fabric characteristics due to the
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differences of sand sample preparation method are clearly
observed.

(2) The sand specimen made by FSF method has strongly pre-
ferred orientations of particles in the vertical section of
specimen and almost random orientations in its horizontal
section, i.e. the fabric of MSFE (RAV— or RBV—) specimen is of
the orthotropic type with a vertical axis of rotational symmetry
and horizontal planes of isotropy.

(3) The fabric of undisturbed sands sampled from the natural
in-situ deposits is significantly anisotropic, and its character-

istic shows a very similar pattern to that of MSP specimen.

The results of the study on static and cyclic stress-
strain-strength behaviors of reconstituted and undisturbed sands
in CHAPTER 4 are summarized as follows:

(1) The anisotropic mechanical properties of MSP specimens
are not altered by the height of fall and the rate of sand dis-
charge as far as sand particles are pluviated freely through éir.

(2) The static stress-strain-dilatancy characteristics of the
undisturbed sand obtained by block sampling at natural sand depo-
sits are remarkably anisotropic; the triaxial specimen whose
axial direction is selected to be the vertical direction in
in-situ sand deposits is less compressible and more extensible
than that with the axial direction perpendicular to ift.

(3) The results of a series of cyclic undrained triaxial tests
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on two kinds of undisturbed sand also indicate that natural
in-situ sand deposits display a significantly anisotropic time
history pattern. These anisotropic cyclic deformation per-
formance make a remarkable difference in the cyclic undrained
triaxial strength value.

(4) It is considered that the remarkable anisotropy in mecha-
nical properties of undisturbed sands is attributed mainly to
the fabric anisotropy which existed in-situ. In particular,
the feature of anisotropic mechanical properties of two naturally
deposited sands observed in this study is very similar to that
of artificial anisotropic sand specimen made by the method of
pluviation of sand through air such as MSP method.

(5) The feature of anisotropic static and cyclic deformation-
strength properties of relatively clean sand sampled from natural
deposits could be reproduced by a suitable sample preparation
method (RB method) which may simulate the block sample procedure
used in this study in the laboratory.

(6) It can be said that sand freezing technique used in the
present block sampling is an available means to obtain the undis-
turbed sand samples which retain to a certain degree both the
in-situ anisotropic fabric and sampled density. In order to
assess the true static and cyclic deformation-strength proper-
ties of in-situ sand grounds, however, it seems necessary that

a more detailed research is performed in this respect.
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The results of the study for predicting three-dimensional
stress-strain behavior of sand with inherently anisotropic fabric
(orthotropic type) in CHAPTER 5 are summarized as follows:

(1) The relationship between stress ratio and plastic strain
increment ratio depend only on the stress system, but are not
affected by the inherent anisotropy of sands. Based on these
facts, the siress system-dependent plastic potential function
can be formulated for the general stress conditions,

(2) From the fact that the influence of the fabric anisotropy
of sand specimens on the relationships between plastic work and
hardening function under shear process is observed clearly, the
hardening function which can explain the anisotropic occurrence
of strain due to fabric anisotropy is derived for three-dimen-
sional stress conditions based on the concept of compounded
mobilized plane.

(3) Flastoplastic stress-strain relationship for sand with
orthotropic fabric under three different principal stresses is
derived by using the yield, plastic potential and hardening
functions whose formulation are based on the experimental data.
Parameters required to predict the three-dimensional stress-strain
behaviors can be evaluated easily from the conventional triaxial
compression and extension tests and isotropic conscolidation-swell-
ing test.

(4) Anisotropic stress-strain-dilatancy behaviors of two kinds

of locse sands under the three-~dimensional stress conditions can
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be precicted well by the proposed elastoplastic work-hardening

model.

The results of the study for cone penetration character-
istics and its correlation to static and cyclic deformation-
strength behaviors of anisotropic sand in CHAPTER 6 are summari-
zed as follows:

(1) The cone penetration resistance value is controlled not
necessarily only by density, but also depends remarkably on the
fabric characteristics of sands. And also the non-uniformity
with respect to the density existing in the sand specimens is
reflected in the observed cone penetration resistance.

(2) The relationship between the angle of shearing resistance
obtained from the triaxial compression test and the cone penetra-
tion resistance value can be denoted by a unique straight line
which is not influenced by the fabric anisotropy and density of
sand.

(%) The dilatancy characteristics due to cone penetration
change significantly with the differences of relative density
and fabric characteristics of sand specimens and are closely
connected with those at failure of the triaxial extension test.
The variations in the cone penetration resistance values do not
nave nothing to do with those in dilatancy behaviors due to the
differences of fabric characteristics.,

(4) The cyclic undrained triaxial strength cannot be estimated
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directly from the vertical cone penetration resistance value
measured in the conventional cone penetration tests, And yet
there exists the unique relationship between the cone penetra-
tion resistance in the radial direction and the cyclic undrained
triaxial strength irrespective of the number of cycles and the
fabric anisotropy of sand specimens.,

(5) Cone penetration resistance values under any effective
confining stresses predicted by the cavity expansion theory
agree well with measured ones of sand specimens with the fabric
anisotropy. However, not only the compressibility but also
its dependency on the fabric anisotropy of sands should be con-

sidered in the theoretical analysis.

309



ACKNOWLEDGEMENT

The author would like to exXpress his sincere gratitude
to Professor Shosuke Tok; of Hokkaido University for his continual
guidance and encouragement given throughout the present study and
a critical reading of the manuscript. The author also wishes to
acknowledge his indebtedness to Professor Shigeru Kitago and
Associate Professor Toshiyuki Mitachi of Hokkaido University
for their kind advice and valuable suggestion during the course
of this work.

The author would like to emphasize that the present study
has been supported by many colleagues in the Soil Mechanics and
Foundation Engineering Laboratories of Hokkaido University.

In this respect he wishes to extend his gratitude to Messrs.
Akira Kamada, Hirokatsu Saga, Hideki Asami, Naomi Ine and Fusao
Tanizewa for their discussion and support. The author is also
grateful to Messrs. Hiroshi Shimokura, Akira Terayama, Muneo Sato,
Yoshitaka Hachiya, Akira Sasaki, Fumiaki Sasaki, Minashi HNarita,
Nagamasa Nagata, Takeshi Nakagaki and Kinya Miura who conducted
the major part of the experiments in the present study. He

is indebted especially to Mr. Yutaka Kudo for his preparation

of the figures.

The author is also indebted to Professor Kenji Ishihara
and Assistant Professor Yasuc Yamada of Tokyo University for
their kind discussion and the offer of their published experi-

mental data.

310



1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

REFERENCES

Arthur, J.R.F. (1971): " New techniques to measure new para-
meters," Proc., Roscoe temorial Symposium, Cambridge Univer-
sity, pp.34C-346,

Arthur, J.R.F. and Fenzies, B.K. (1972): " Inherent aniso-
tropy in a sand," Geotechnique, Vol.22, No.1, pp.115-128.

Baldi, G., Bellotti, R., Ghionna, V., Jamiolkowski, M. and
Pasqualini, E. (1981): " Cone resistance of a dry medium
sand," Proc., 10th ICSMFE, Vol.2, pp.427-432.

Baldi, G., Bellotti, R., Ghionna, V., Jamiolkowski, M. and
Pasqualini, E. (1982): " Design parameters for sands from

CPT," Proc., 2nd European Symp. on Penetration Testing,
pPp.425-432.

Baligh, M.M. (1976): " Cavity expansion in sands with curved
envelopes," Proc., ASCE, Vol.102, No.GT11, pp.1131-1146.

Barden, L. and Khayatt, A.J. (1966): " Incremental strain
rate ratios and strength of sand in the triaxial test,"
Geotechnique, Vol.16, No.4, pp.338-357.

Barden, L., Ismail, H. and Tong, P. (1969): " Plane strain
deformation of granular material at low and high pressures,"
Geotechnique, Vol.19, No.4, pp.441-452,

Bishop, A.W. and Eldin, A.K. Gamal. (1953): " The effect of
stress history on the relation between ¢ and porosity in
sand," Proc., 3rd ICSMFE, Vol.%1, pp.100-105.

Bishop, A.W. (1966): " The strength of soils as engineer-
ing materials," Geotechnique, Vol.16, No.2, pp.91-130.

Chan, C.X. and Mulilis, J.P. (1976): " Pneumatic sinusoidal
loading system," Proc., ASCE, Vol.1CZ2, No.GT3, pp.277-282.

Chaney, R. and Mulilis, J.P. (1978): " Suggested method for
soil specimen remolding by wet-raining," Geotechnical Testing

311



12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

Journal, ASTM, Vol.1, Ko.Z, pp.1(7-1C8,
H ] b L ndlin

Chapman, G.A. and Donald, I1.X. (1981): "Interpretation of
static penetration tests in sand," Proc., 10th ICSMFE, Vol.2,
pp.455-458,

Cole, E.R.L. (1967): " The behaviour of soils in fhe simple
shear apparatus," Ph. D. Thesis, University of Cambridge.

Committee of JSSMFE on the Test lMethod of Relative Density
of Sand (1979): " Maximum-minimum density test method of
sand," Procedures for Testing Soils, 2nd Revised Edition,
JSSMFE, Part 2, Chapter 9, pp.172-188 (in Japanese).

Curray, J.R. (1956): " The analysis of two-dimensional orien-
tation data," Journal of Geology, Vol.64, pp.117-131,

e

De Beer, E.E. (1965): " Influence of the mean normal stress
on the shearing strength of sand," Proc., 6th ICSMFE, Vol.1,
pp. 165-169.

Drucker, D.C., Gibson, R.E. and Henkel, D.J. (1957): " Soil
mechanics and work-hardening theories of plasticity," Trans-
actions, ASCE, Vol.122, pp.338-346.

Durgunoglu, H.T. and Mitchell, J.K. (1975a): " Static pene-
tration resistance of soils : 1-Analysis," Proc., ASCE Spe-
cialty Conf. on In Situ lMeasurement of Soil Properties, Vol.?,
pp.151-171,

Durgunoglu, H.T. and Mitchell, J.K. (1975b): " Static pene-
tration resistance of soils : 2-Evaluation of theory and

implications for practice," Proc., ASCE Specialty Conf. on
In Situ Measurement of Soil Properties, Vol.1l, pp.172-189.

El-Sohby, M.A. (1969): " Deformation of sands under constant
stress ratios," Proc., 7th ICSMFE, Vol.1, pp.111-119,

El-Sohby, M.A. and Andrawes, K.Z. (1972): " Deformation chara-
cteristics of granular materials under hydrostatic compress-
ion," Canadian Geotechnical Journal, Vol.9, No.4, pp.338-35C.

312



22)

23)

24)

25)

26)

27)

29)

3C)

31)

Finn, W.U.L., Eransby, P.L. and Pickering, D.J. (197C):
nonee

LEffect of strain history on liquefaction of sand,'" Proc.,
ASCE, Vol.96, No.SM6, pp.1917-1934,

Finn, W.D.L., Pickering, D.J. and Bransby, P.L. (1971):
" Sand liquefaction in triaxial and simple shear tests,"
Proc., ASCE, Vol.97, No.SM4, pp.6339-659.

Frydman, S. (1976): " The strain hardening behaviour of par-
ticulate media," Canadian Geotechnical Journal, Vol.13, No.?3,
pp.311=-323.

Green, G.E. and Bishop, A.W. (1969): " A note on the drained
strength of sand under generalized strain conditions,"”
Geotechnique, Vol.19, No.1, pp.144-149,

Green, G.E. (1971): " Strength and deformation of sand mea-
sured in an independent stress controll cell," Proc., Roscoe
Memorial Symposium, Cambridge University, pp.285-323.

Green, G.E. and Reades, D.W. (1975): " Boundary conditions,
anisotropy and sample shape effects on the stress-strain
behaviour of sand in triaxial compression and plane strain,"
Geotechnique, Vol.25, No.2, pp.33%3-356,

Haruyama, M. (1981): " Anisotropic deformation-strength chara-
cteristics of an assembly of spherical particles under three
dimensional stresses," Soils and Foundations, Vol.21, No.4,
pp.41-55,

Hill, R. (1950): " The mathematical theory of plasticity,"

Oxford Univ, Press, London,

Horn, H.K. and Deere, D.U, (1962): " Frictional characteris-
tics of minerals," Geotechnique, Vol.12, No.3, pp.319-335,

Ichihara, M. and Matsuzawa, H. (1970): " Experiments on shear-
ing characteristics of dry sand under plane strain condition
and axial symmetric strain condition," Proc., JSCE, No.173,

pp.47-59(in Japanese).

313



%2) Ishivashi, I. and Scherif, i.4i. (1974): " Scil liquefaction
by torsional simple shear device," Froc., ASCE, Vol.100,
No.GT&, pp.8&871-888.

%33) Ishihara, K. and Li, S. (1972): " Liguefaction of saturated

sand in triaxial torsion shear test," Soils and Foundations,
Vol.12, No.2, pp.19-39.

34) Ishihara, K. and OUkada, S. (1978): " Effects of stress his-
tory on cyclic behavior of sand," Soils and Foundations,
Vol.18, No.4, pp.31-45,

35) Ishihara, K., Silver, M.L. and Kitagawa, H. (1978): " Cyclic
strengths of undisturbed sands obtained by large diameter
sampling," Soils and Foundations, Vol.18, No.4, pp.61-76.

36) Ishihara, K. and Takatsu, H. (1979): " Effects of overcon-
solidation and KO conditions on the liquefaction character-
istics of sands," Soils and Foundations, Vol.19, No.4, pp.59-68.

37) Kjellman, W. (193%6): " Report on an apparatus for consummate
investigation of the mechanical properties of soils," Proc.,
1st ICSMFE, Vol.2, pp.16-2C.

%8) Ko, H.Y. and Scott, R.F. (1967): " A new soil testing appara-
tus," Geotechnique, Vol.17, No.1, pp.40C-57.

%9) Kokusho, T. (198C): " Cyclic triaxial test of dynamic soil
properties for wide strain range," Soils and Foundations,
V0l.20, No.2, pp.45-6C.

40) Kolbuszewski, J.J, (1948): " An experimental study of the

maximum and minimum porcsities of sands," Proc., 2nd ICSMFE,
Vol.1, pp.158-165.

41) Kovacs, W.D., Evans, J.C. and Griffith, A.H. (1977): " Towards
a more standardized SPT," Proc., 9th ICSMFE, Vol.2, pp.26S-
276.

42) Ladd, R.S. (1974): " Specimen preparation and liguefaction

of sands," Proc., ASCE, Vo0l.100, No.GT1C, pp.1180-1184,

314



e
M
p—

44)

45)

46)

47)

48)

49)

5C)

51)

ladd, R.S. (1978): " Preparing test specimens using under-
compaction," Geotechnical Testing Journal, AST¥, Vol.1,
No.1, pp.16-23,

Lade, P.V. and Duncan, J.M. (1973): " Cubical triaxial tests
on cohesionless soil," Proc., ASCE, Vo0l.99, No.SM1C, pp.793-
812,

Lade, P.V. and Duncan, J.M. (1975): " Elastoplastic stress-
strain theory for cohesionless soil," Proc., ASCE, Vol.1C1,
No.GT10, pp.1037-1053.

Lambe, T.W. and Whitman, R.V. (1969): " Soil Mechanics,"
John Wiely & Sons, New York.

Lee, K.L. and Seed, H.B. (1967): " Drained strength character-
istics of sands," Proc., ASCE, Vol.93, No.SM6, pp.117-141.

Marcuson, W.F.II, and Bieganousky, W.A. (1977): " Laboratory
standard penetration tests on fine sands," Proc., ASCE,
Vol.103, No.GT6, pp.565-588.

Marsal, R.J. (1967): " Large scale testing on rockfill materi-
als," Proc., ASCE, Vo0l.93, No.SM2, pp.27-43.

Matsuoka, H. (1974): " Stress-strain relationships of sands
based on the mobilized plane," Soils and Foundations, Vol.14,
No.2, pp.47-61.

Matsuoka, H. and Nakai, T. (1977): " Stress-strain relation-
ship of soil based on the "SMP"," Proc., Specialty Session 9,
9th ICSMFE, pp.153-162.

Fatsuoka, H. and Nakai, T. and Ishigzaki, H. (198C): " A stress-
strain relationship for anisotropic soils based on compounded
mobilized planes," Proc., JSCE, No.300, pp.57-67(in Japanese).

Meyerhof, G.G. (1961): " The ultimate bearing capacity of
wedge-shaped foundations," Proc., 5th ICSMFE, Vol.Z2, pp.105-109.

Mikasa, M. (1964): " Classification table of the engineering
property of soil and its significance," Tsuchi-to-Kiso, JSSMFE,

315



Vol.12, No.4, pp.17-24 (in Japanese).

1
N
~—

FMiura, 5., Toki, S. and Narita, I. (1980): Dependency of
dilatancy characteristics of saturated sand on stress path,"”
Proc., 35th Annual Feeting of JSCE, pp.29-3C (in Japanese).

56) NMiura, S., Toki, S. and lMiura, K. (1982a): " Change in defor-
mation-strength characteristics of sand due to sampling and
freezing," Proc., 17th Annual Meeting of JSSMFE, pp.325-328
(in Japanese).

57) Miura, S., Toki, S. and Ine, N. (1982b): " An elastoplastic
stress-strain relationship for sand subjected to cyclic
loading," Bulletin of the Faculty of Engineering, Hokkaido

University, ¥o.i11, pp.13-23 (in Japanese).

58) Miura, S., Toki, S. and Miura, K. (1983a): " Modeling of dra-
ined shear characteristics of anisotropic sands under three-
dimensional stress system," Proc., 18th Annual Meeting of
JSSKFE, pp.343-346 (in Japanese).

59) Miura, S., Toki, S. and Miura, K. (1983b): " An elastoplastic
model for anisotropic sands under different three principal
stresses," Bulletin of the Faculty of Engineering, Hokkaido
University, No.116, pp.1-13 (in Japanese).

60) Miura, S. (1983): " A procedure for reaching 100% saturation
of triaxial specimen (C02 method)," Tsuchi-to-Kiso, JSSMFE,
Vol.31, No.7, pp.59-6C (in Japanese).

61) Miyamori, T. (1976): " Deformation and strength of a sand
in three-~-dimensional stress state," Proc., JSCE, No.255,
pp.81-91 (in Japanese).

62) Mulilis, J.P., Chan, C.K. and Seed, H.B. (1975): " The effects
of method of sample preparation on the cyclic stress-strain
behavior of sands, " Report No.EERC 75-18, Univ, of California.

63%) Nash, K.L. (1953): " The shearing resistance of a fine closely

graded sand," Proc., 3rd ICSMFE, Vol.1l, pp.160-164.

316



64) Nishi, K. and Esashi, Y. (1978): " Stress-strain relation-
ships of sand based on elasto-plasticity theory," Proc.,
JSCE, No.280, pp.111-122,

65) Ochiai, H. and Lade, P.V. (1983): " Three-dimensional behavior
of sand with anisotropic fabric," Proc., ASCE, Vol.109, No.GT1C,
pp.1313-1328,

66) Cda, M. (1972a): " Initial fabrics and their relations to
mechanical properties of granular material,” Soils and Founda-
tions, Vol.12, No.1, pp.17-36,

67) Oda, M. (1972b): " The mechanism of fabric changes during
compressional deformation of sand," Soils and Foundations,
Vol.12, No.2, pp.1-18.

68) Oda, M. (1977): " Co-ordination number and its relation to
shear strength of granular material," Soils and Foundations,
Vol.17, No.2, pp.29-42.

69) Oda, M., Koishikawa, I. and Higuchi, T. (1978): " Experimental
study of anisotropic shear strength of sand by plane strain
test," Soils and Foundations, Vol.18, No.1, pp.25-38.

70) ©da, M. and Koishikawa, I. (1978): " Strength anisotropy of
sand ground and its significance in soil engineering," Proc.,
JSCE, YNo.273, pp.111-120 (in Japanese).

71) Cda, M. (1978): " Fundamental properties of granular materials
and their significance in soil engineering," Tsuchi-to-Kiso,
JSSMFE, Vol.26, No.8, pp.63-70 (in Japanese).

72) Peacock, W.H. and Seed, H.B. (1968): " Sand liquefaction
under cyclic loading simple shear conditions," Proc., ASCE,
Vol.94, No.SM3, pp.689-708,

73) Poorooshasb, H.B., Holubec, I. and Scherbourne, A.N. (1966):
" Yielding and flow of sand in triaxial compression, Part I,"
Canadian Geotechnical Journal, Vol.3, No.4, pp.179-19C.

74) Poorooshasb, H.B. (1971): " Deformation of sand in triaxial

317



75)

76)

77)

78)

80)

81)

82)

83)

84)

compression," Froc., 4th Asian Regional Conf., on SHFE, Vol.1,

pPp.63-66.

Raju, V.S. and Sadasivan, S.K. (1974): " NMembrane penetration
in triaxial tests on sands," Proc., ASCE, Vol.100, No.GT4,
pp.482-489,

Roscoe, K.H., Schofield, A.N. and Thurairajah, A. (1963):
" Yielding of clays in states wetter than critical," Geotech-
nique, Vol.13, No.3%, pp.211-240,

Roscoe, K.H. and Burland, J.B. (1968): " On the generalized
stress-strain behaviour of wet clay," Engineering Plasticity,
Cambridge Univ. Press, pp.535-609.

Rowe, P.W. (1962): " The stress-dilatancy relation for static
equilibrium of an assembly of particles in contact," Proc.,
Roy. Soc. A., Vol.269, pp.500-527.

Schmertmann, J.H. (1975): " Measurement of insitu shear
strength," Proc., ASCE Specialty Conf. on In Situ Measurement
of Soil Properties, Vol.I, pp.57-138,

Schofield, A.N. and Wroth, C.P. (1968): " Critical State Soil

Mechanics," McGraw-Hill, London.

Seed, H.B. (1979): " Soil ligquefaction and cyclic mobility
evaluation for level ground during earthguakes," Proc., ASCE,
Vol.105, No.GT2, pp.2C1-255.

Seed, H.B., Singh, S. and Chan, C.K. (1982): " Considerations
in undisturbed sampling of sands," Proc., ASCE, Vol.108,
No.GT2, pp.265-283,

Silver, I.L., Tatsuoka, F., Phukunhaphan, A. and Avramidis,
A.S. (198C): " Cyclic undrained strength of sand by triaxial
test and simple shear test," Proc., 7th World Conf. on Earth-
quake Engineering, Vol.3, pp.281-288,

Singh, S., Seed, H.BE. and Chan, C.K. (1982): " Undisturbed
sampling of saturated sands by freezing," Proc., ASCE, Vol.108,

318



No.GT2, pp.247-264.

(08}
I
~

Sture, S. and Desai, C.S. (1979): " Pluid cushion truly
triaxial or multiaxial testing device," Geotechnical Testing
Journal, Vol.2, No.1, pp.2C.33.

86) Sutherland, H.B. and Mesdary, M.S. (1969): " The influence
of the intermediate principal stress on the strength of sand,"”
Proc., 7th ICSMFE, Vol.1, pp.391-399.

87) Tatsuoka, ¥. (1972): " A fundamental study on the deforma-
tion of a sand by triaxial tests," Dr. Thesis, University of

Tokyo (in Japanese).

88) Tatsuoka, F., and Ishihara, K. (1974a): " Yielding of sand in
triaxial compression," Soils and Foundations, Vol.14, No.Z,
Pp.63-76.

89) Tatsuoka, F. and Ishihara,XK. (1974b) : " Drained deformation
of sand under cyclic stresses reversing direction," Soils and
Foundations, Vol.14, No.3, pp.51-65.

90) Tatsuoka, F., Iwasaki, T., Tokida, K., Yasuda, S., Hirose, M.,
Imai, T. and Kon-no, M. (1978): " A method for estimating
undrained cyclic strength of sandy soils using standard pene-
tration resistances," Soils and Foundations, Vol.18, No.3,
pp.43-58.

91) Tatsuoka, F. (198C): " Stress-strain behavior of an idealized
anisotropic granular material," Soils and Foundations, Vol.Z2C,
NO.B, pp~75"9oo

92) Tatsuoka, F., Iwasaki, T., Tokida, K. and Kon-no, M. (1981):
" Cyclic undrained triaxial strength of sampled sand affected
by confining pressure," Soils and Foundations, Vol.21, No.Z,
pp.115-120.

9%) Tatsuoka, F., Muramatsu, M. and Sasaki, T. (1982): " Cyclic
undrained stress-strain behavior of dense sands by torsional
simple shear test," Soils and Foundationd, Vol.22, No.Z2,
pp.55-70.

319



95)

96)

97)

98)

99)

100)

101)

102)

Tohno, I. (1977): " Fethods to evaluate quality of undis-
turbed samples of sands," Proc., Specialty Session 2 on Soil
Sampling, 9th ICSHFE, pp.29-35.

Toki, S. and Kitago, S. (1974): " Effects of repeated loading
on deformation behavior of dry sand," Jour. of JSSMFE, Vol.14,
%o.1, pp.95-103 (in Japanese).

Toki, S., Miura, S., Kamada, A,, Shimokura, H. and Hachiya, Y.
(1978): " Influence of stress history on liquefaction chara-
cteristics of saturated sand," Technical Report, JSSMFE,
Hokkaidc Branch, No.18, pp.151-160 (in Japanese).

Toki, S. and Miura, S. (1979): " Sand sample preparation
method for laboratory test," Proc., 24th Symposium on Soil
Mechanics, JSSMFE, pp.173-180 (in Japanese).

Toki, S., Miura, S. and Tanizawa, F. (1981): " A few considera-
tion on relative density and mechanical properties of sand,"
Proc., Symposium on Relative Density and Engineering Property
of Sand, JSSMFE, pp.79-86 (in Japanese).

Toki, S., Miura, S. and Tanizawa, F. (1982): " Laboratory
study on the correlation between mechanical properties and
static cone penetration characteristics of sand," Bulletin of
the Faculty of Engineering, Hokkaido University, No.111,

pp.1-12 (in Japanese).

Toki, S., Miura, S. and Nakagaki, T. (1983): " Cyclic undrained
behavior of undisturbed sands," Technical Report, JSSMFE,
Hokkaido Branch, No.23, pp.43-52 (in Japanese).

Tschebotarioff, G.P. and Welch, J.D. (1948): " Lateral earth
pressures and friction between soil minerals," Proc., 2nd
ICSMFE, Vol.7, pp.135-138,

Veismanis, A. (1974): " Laboratory investigation of electrical
friction-cone penetrometers in sand," Proc., European Symp. on
Penetration Testing, Vol.2:2, pp.407-419.

320



10%) Vesic, A.S. and Clough, G.W. (1968): " Behavior of granular

terials under high stresses," Froc., ASCE, Vo0l.94, No.3M3,
1

104) Vesic, A.S. (1972): " Expansion of cavities in finite soil
mass," Proc., ASCE, Vol.98, No.SNM3, pp.265-29C.

105) Vesic, A.S. (1977): " Design of pile foundations, " National
Cooperative Highway Research Program. Report 42, Transporta-

tion Research Board, Washington.

106) Walberg, F.C. (1978): " Freezing and cyclic triaxial behavior
of sands," Proc., ASCE, Vol.1C4, No.GT5, pp.667-671.

1C7) Yamada, Y. and Ishihara, K. (1979): " Anisotropic deforma-
tion characteristics of sand under three dimensional stress
conditions," Soils and Foundations, Vol.19, No.2, pp.79-94.

108) Yamada, Y. and Ishihara, XK. (1981): " Undrained deformation
characteristics of loose sand under three-dimensional stress
conditions," Soils and Foundations, Vol.21, No.1, pp.97-1CT7.

109) Yoshimi, Y. and Oh-oka, H. (1973): " A ring torsion apparatus
for simple shear tests," Proc., 8th ICSMFE, Vol.1, pp.501-5C6.

110) Yoshimi, Y., Hatanaka, M. and Ch-oka, H. (1978): " Undisturbed
sampling of saturated sands by freezing," Soils and Founda-
tions, Vo0l.18, No.3, Pp.>9-73.

111) Yoshimi, Y. and Tokimatsu, K. (1983): " SPT practice survey
and comparative tests," Soils and Foundations, Vol.23, No.3,
pp. 1C5-111,

321




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Japan Color 2001 Coated)
  /PDFXOutputConditionIdentifier (JC200103)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [1190.551 841.890]
>> setpagedevice


