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\ .ABSTRACT

An understanding of the relationship between low-amplitude shear wave

velocity and state of stress is necessary for correctly measuring and properly -

utilizing seismic shear waves in geotechnical engineering. Theoretically, the

mean effective stress has been shown to be the stress state controlling shear

wave velocity in an isotropic, homogeneous, particulate medium. Mean

effective stress has been assumed to be the stress state controlling

anisotropic, particulate material even though several researchers have shown

discrepancies with this assumption. Therefore, a 7-ft cubical sample of dry

sand was constructed in a large-scale triaxial device. Instrumentation was
embedded in the sample during construction so that shear waves could be A
excited and monitored within the sand while loaded under true triaxial p..

conditions. Extensive seismic tests were conducted under isotropic, biaxial

and triaxial confinements in order to compare measured shear wave velocities

with previous research and to investigate the influence of anisotropic stress

state on velocity.

The behavior of shear waves under isotropic loading agrees with the 1
results of previous investigations and indicates the importance of mean

effective stress in estimating shear wave velocity. -M eless, --the

shortcomings of the 4mean-effective-stress" method are clearly demonstrated in ."

the biaxial and triaxial test series. A "three-indivldual-stressei method is i
shown to be a more correct model for predicting the variation of shear wave

velocity under anisotropic stress conditions, as well as being a more sound

approach based on stress-strain laws

Due to structural anisotropy the sand sample behaves as a

cross-anisotropic material under isotropic confinement. When the axis of

symmetry of applied stresses coincides with the axes of symmetry for

structural anisotropy, the cross-anisotropic model can still be used to

represent the sand sample. This model requires five elastic constants which

can be measured using compression and shear waves propagating along principal

stress and inclined directions. Determination of the five elastic constants

is presented, along with the results of measurements of oblique compression

wave velocities from a companion study (Lee and Stokoe, 1986). Finally, ii
applications of this study to: in situ measurement of the coefficient of

earth pressure at rest, understanding the distinction between measured wave

velocities in crosshole and downhole seismic tests, and evaluation of dynamic

shear moduli from laboratory tests are presented. 7
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Seismic shear wave velocities are often used to estimate small-strain I
shear moduli in the laboratory and in the field. These shear moduli can then

be used to evaluate directly soil-structure interaction problems such as

machine foundations or they can be used as reference levels for large-strain

problems such as earthquake shaking and blast loading. An understanding of

the relationship between shear wave velocity and state of stress is necessary

for correctly measuring and properly utilizing shear moduli in such problems.

Knowledge of the effects of stress level, overconsolidation ratio, period of

confinement and ratio of major-to-minor principal stresses on shear wave

velocity is important. N

In most geotechnical engineering studies involving measurement of

dynamic soil properties, the soil is assumed to be isotropic and the

isotropic (or equivalent isotropic) state of stress is assumed to control.

Therefore, measurement of one shear wave velocity and one compression wave

velocity is assumed sufficient to characterize the material. Poisson's ratio

is estimated once these wave velocities are measured. Laboratory tests such

as the traditional resonant column, cyclic triaxial and cyclic simple shear

tests are conducted under this supposition. Data reduction in geophysical

surveys such as from reflection, refraction, crosshole, and downhole surveys

are almost always treated with the same hypothesis.

However, natural soils exhibit more complicated characteristics than .00

that assumed for an isotropic material because of structural and/or

stress-induced anisotropy. The behavior of compression and shear waves in an

anisotropic material can be quite different from that in an isotropic

material. Additionally, more sophisticated constitutive models have to be

employed to fit measured behavior. Fortunately, many natural soils seem to

be reasonably well approximated by a cross-anisotropic model which can be

handled quite economically in both analytical and experimental work.

To study the effects of state of stress and anisotropy on seismic

measurements, crosshole and downhole tests were emulated in a large-scale

triaxial device in the laboratory. Compression (P) and shear (S) wave

velocities of a sand specimen were measured along principal stress directions

., ' '%F
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under isotropic and anisotropic conditions. These measurements permit

calculation -of four of the five elastic constants needed in a

cross-anisotropic model. The fifth elastic constant necessary in this model

was also measured with inclined P-waves. The measurements of P-wave

velocities are presented by Chu et al (1984) and Lee and Stokoe (1986). This
study concentrates on investigating the behavior of the S-waves.

One important characteristic of seismic waves when employed for in situ

testing is that the waves sample a large zone of undisturbed soil as compared

to other field measurements and almost all laboratory measurements.

Therefore, the results of wave velocities measured in situ reflect the gross

properties of the zone through which they propagate. However, the

understanding presented herein is necessary if these seismic waves are to be

used and analyzed properly.

1.2 ORGANIZATION

This study attempts to form a bridge between measurements of

low-amplitude body wave velocities in engineering practice and velocities .

predicted from analytical studies. Basic principles of seismic waves in ? .

elastic media are presented in Chapter Two. The propagation of elastic body

waves in anisotropic material are emphasized. The design of the true

triaxial device and the construction of the sand sample in the device are

detailed in Chapter Three. The testing program of the states of stress at

which wave propagation tests were conducted are presented in Chapter Four

along with a discussion of the engineering properties of the sand.

The effect of isotropic confinement on shear wave velocity for shear

waves propagated along principal stress directions is presented in Chapter %

Five. Propagation velocities of shear waves along principal directions under

biaxial confinement are presented in Chapter Six. The effects of triaxial

confining pressures on shear wave velocity is discussed in Chapter Seven.

Finally, shear waves propagated along the top-bottom principal axis in the

triaxial device, which is in the direction of the force of gravity, with

particle motions not in another principal direction were treated as oblique

shear waves in this study. The behavior of oblique shear waves is briefly

presented in Chapter Eight.

A cross-anisotropic model is examined in Chapter Nine and is shown to be

the best model for the sand tested. Determination of the five elastic

-.. .. . ....
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constants necessary in this model as well as Young's moduli and Poisson's

ratios are discussed. Chapter Nine also includes a discussion of the three

wave fronts of body wave surfaces that exist in a cross-anisotropic material;

two shear wave surfaces and one compression wave surface, as compared with

only two wave fronts in an isotropic medium.

Applications of this study are presented in Chapter Ten to illustrate

the use of seismic waves for measurement of the coefficient of earth pressure

at rest (K0) in situ, understanding the distinction between measured

velocities in the crosshole and downhole seismic tests, and estimation of

elastic stiffnesses for use in earthquake engineering analyses. An improved

understanding o' the elastic shear modulus measured with resonant column

tests on natural soil is also discussed.

Finally, a brief summary and conclusions along with recommendations for

future work are presented in Chapter Eleven.

1.3 OBJECTIVES

One objective of this study is to define the relationship between

low-amplitude shear wave velocities and effective principal stresses. In the

last two decades, mean effective confining stress has been used as the key

stress component influencing shear wave velocity over a wide variation in

strains ranging from very small strains (less than 0.001%) to quite large NZ

strains (more than 10%). This stress component may be adequate at large

strains, but it is still questionable at small strains. One reason for

questioning its use is that only a few tests of S-wave velocity under biaxial

and triaxial confinements have been performed. A large number of shear wave

velocity measurements under biaxial and triaxial states of stress were

successfully performed as discussed in Chapters Six and Seven.

Another objective is to evaluate material models used to characterize --

natural soil deposits. According to structural and stress-induced anisotropy

uncovered in this research, a cross-anisotropic model as well as measurement

of the five associated constants are recommended in Chapter Nine. Moreover,

the spread-out wave fronts of body waves in natural deposits of soil, which

are more correctly modeled as cross-anisotropic materials rather than

isotropic materials, were detected and presented herein.

Finally, the third objective of this study is to illustrate some areas

where this research can be applied. When properly applied and interpreted,

0
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seismic wave velocities can be used to estimate in situ anisotropy and state

of stress. In addition, these field measurements can form a critical link in

translating laboratory measurements to field behavior. Several of these

points are discussed in Chapter Ten.
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CHAPTER TWO

REVIEW OF LITERATURE

2.1 INTRODUCTION

For the past two decades, mean effective confining pressure, cot has U
been considered to be the major factor affecting the low-amplitude shear wave .
velocity of sand. (For the purposes of this research, low-amplitude strains

are considered to be shearing strains which do not exceed about 0.001

percent.) The effects of structural anisotropy and stress-induced anisotropy

were generally ignored. The aim of this research is to study shear wave

velocities in the soil skeleton under anisotropic loadings. With the _

companion research on compression wave velocities (Lee and Stokoe, 1986), a

cross-anisotropic model for level soil deposits is investigated as well '.

Theoretical models and past research related to the scope of this study for

both compression and shear waves are presented in the following sections.

2.2 WAVE NOTION IN AN ISOTROPIC FULL SPACE

The equations of motion for stress waves in an isotropic full space have

been treated in detail by many authors (Timoshenko and Goodier, 1951; Ewing,

Jardetzky, and Press, 1957; Kolsky, 1963; and others), and therefore only

essential results are presented. The solution of the equations of motion 'Ii
yield two types of waves, compression and shear waves. These waves are

called body waves because they travel throughout the body of the full space. I1

Compression waves are also referred to as P-waves, primary waves,

irrotational waves or dilatational waves while shear waves are also referred 1
to as S-waves, distortional waves, equivoluminal waves or secondary waves.

Compression waves are those body waves which exhibit pure volume change.

As such, compression waves exhibit a pushpull motion in which particle

motions are excited parallel to the direction of wave propagation as shown in U
Fig. 2.1a. Compression waves propagate with a velocity which can be "-1

expressed as: S

VP = [(A+2G)/p)lI 2  (2.1)

where V is the compression wave velocity, A and G are Lame's constants (G is
p

also called the shear modulus or modulus of rigidity), and p is the mass

5 L
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density of the soil. The unit weight of soil divided by the acceleration of

gravity is defined as the mass density of the soil.

Shear waves are those body waves which exhibit pure rotational motion.

Therefore, shear waves excite particle motion perpendicular to the direction

of wave propagation. There are two special cases of shear waves: (1) a shear

wave so polarized that particle motion is contained in a vertical plane is

designated as an SV-wave as shown in Fig. 2.1b, and (2) a shear was so

polarized that particle motion is solely in the horizontal plane which is

called an SH-wave (Dobrin, 1976). Shear waves propagate with a velocity, Vs'

which can be expressed as:

V = [G/p]1/2  (2.2)

The feature of directionality of particle motion of shear waves has been

used by many researchers to study shear waves. For instance, Jolly (1956)

used polarized sources to control the direction of particle motion and to

identify SH- and SV-waves through reversible wave signals in geophysical

surveys. Schwarz and Musser (1972), Tanimoto and Kurzeme (1973), Mooney

(1974), Ballard (1976), Stokoe and Hoar (1977), and Auld (1977) employed this

characteristic to identify S-waves in geotechnical engineering studies.

Ballard, Stokoe, and McLemore (1983) recommend a source with controlled

directionality for identifying the S-wave in their proposed ASTM (American

Society for Testing and Materials) standard test method for crosshole seismic

testing.

2.2.1 SHEAR AND CONSTRAINED NODULI "-

By measuring shear and compression wave velocities in an isotropic full

space, seismit tests provide a direct means of evaluating shear and

constrained moduli, G and M, respectively, from:

G = p V2  (2.3) 'Ss

V2 ".
M = p V (2.4)

p P ,*1[5
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2.2.2 YOUNG'S NDOULUS AND POISSON'S RATIO

For an isotropic full space, Poisson's ratio can be calculated once VP

and Vs have been measured as follows:

2(25
= [1-(Vp/Vs)2/2]/[1-(Vp/Vs 2  (2.5)

where v is Poisson's ratio. Young's modulus, E, can then be calculated from:

E = 2G (l+v) (2.6)

Equations 2.5 and 2.6 have been used to estimate Young's :odulus and I

Poisson's ratio of media in geotechnical engineering (Mooney, 1974; Hardin,

1978, Abbiss, 1981; and Nazarian and Stokoe, 1983), rock engineering (Podio,

Gregory and Gray, 1968; and Hamilton, 1979), and geophysical prospecting

(Davis, 1980; and Hamilton, 1979). Results of such calculations for soils

tested in this study are presented and discussed in Chapters Nine and Ten.

2.2.3 PREVIOUS THEORETICAL STUDIES LI

Evaluation of the behavior of body waves propagating in porous material

comprised of equal-sized spheres loaded with normal forces is customarily

based on Hertz theory (Hertz, 1881; see also Timoshenko and Goodier, 1951).

The material of the spheres is assumed to be homogeneous and isotropic with

known values for the elastic constants. The contact deformation can, then,

be estimated in terms of elastic constants and contact pressures. %
Consequently, the elastic constants of the whole porous material are related

to the fundamental constants of the spheres. Gassmann (1951) derived the 3%

formula for compression wave velocity through a hexagonal packing of spheres

as:

V p = 800 {[2wEspg2/[(l-vsp2)2n2 pspI/6 . D1/6  (2.7)

where ESP, vsp, and p are Young's modulus, Poisson's ratio, and mass

density of the individual spheres, respectively, n is the porosity of the

packed medium, g is the acceleration of gravity and D is the depth of burial.

By adopting the theories from Cattaneo (1938), Mindlin (1949), Mindlin

and Dereslewicz (1953) along with Hertz theory, Duffy and Mindlin (1957)

..



9

derived the differential stress-strain relations for a face-centered cub 4c

array with both normal and tangential forces in the contact area. In the

principal stress-direction, x or (1,0,0) direction, they derived the equation

for Young's modulus of the medium as:

2(8-7vsp 3G Sp2a ]1/3E(10O 8_2s, (2.8)

sp 2(1vsp)

where Gsp is the shear modulus of the spheres and 3. is the gross hydrostatic

confining pressure (typically called the mean effective confining pressure in

geotechnical engineering). J
If the linear dimensions of the cross section of a bar are sufficiently

small in comparison with the wavelength, the compression wave velocity in a

slender bar can be written ag:

Vc =E/p] (2.9)

From Eqs. 2.8 and 2.9, it can be seen that the variation of compression wave

velocity in a bar composed of spheres is proportional to the one sixth power

of pressure, i.e.,

Vc = a C 1/6  (2.10)

where C is the constant of the equation in functions of p, vsp' and G sp. By

comparing Eqs. 2.7 through 2.10, one can see that the mean effective

confining pressure has been shown theoretically to be one of the main factors

affecting compression wave velocity. It is interesting to note that Eq. 2.8 I
is based on the static stress-strain relationship.

Another approach is to treat the porous material macroscopically as

having a homogeneous, Isotropic, and elastic frame. For such material which

is saturated, stress-strain relations can be derived for the medium in terms

of elastic constants of the frame and fluid. Three solutions for wave

velocities are obtained; two for P-wave velocities and one for S-wave

velocities. The higher value of P-wave velocity is referred to as the

velocity of the fluid, or wave of the first kind, while the lower value is

called the velocity of the frame or wave of the second kind (Kosten and

Zwikken, 1949; Morse, 1952; Brandt, 1955; and Biot, 1956). The relationship

* .. ' - . -b S
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between P-wave velocity and mean effective confining pressure has also been

found to vary with a power of 1/6 for the wave of the second kind, while the

velocity of the wave of the first kind is rather independent of the applied

confining pressure.

Biot (1956) also derived the relationship between shear wave velocity
and confining pressure. He found the slope of the relationship to be the ',

same as that of the compression wave velocity relationship, i.e., shear wave

velocity varies with about the 1/6 power of the hydrostatic confining

pressure.

2.2.4 PREVIOUS EXPERIMENTAL STUDIES OF P-WAVE VELOCITY

Wave propagation tests with a rod composed of dry granular particles

were conducted by Duffy and Mindlin (1957), as shown by Fig. 2.2. I
Compression wave velocity was found to vary with the 1/6 power of pressure

down to about 10 psi (68.9 kPa), and about the 1/4 power of pressure below 10

psi (68.9 kPa). Duffy and Mindlin attributed the change of slope to the poor

initial contact between particles at low confining pressures.

Richart (1962) pointed out that, based on experimental results presented

by many researchers, the slopes of the compression wave velocity to confining

pressure relationship on a log-log scale range between 1/6 and 1/2. Data

from in situ up-hole tests (Smoots and Stickel, 1962), and resonant column
tests (Hardin, 1961; and Wilson and Miller, 1962) have also shown that the
exponent of the power of confining pressure may vary over a range from 0.16

to 0.40, as shown in Fig. 2.3. The results of pulse tests with large

specimens (Schmertmann, 1978; Kopperman, et al, 1982; and Chu, et al, 1984)

have also shown a range in the value of the slope from 0.14 to 0.24. All of

these results are summarized in Table 2.1.

One additional point of note is that specimens used in these

experimental tests may not be an isotropic medium, especially in large

samples, even under isotropic confinement. Accordingly, some of the

researchers concluded that structural anisotropy existed in the samples.

However, the theory for an isotropic full space presented in the earlier

equations does not take into account this anisotropy, and one must exercise

care in using the equations as noted in Section 2.2.3. :3
A,"'1
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Table 2.1 - Summary of Values of the Slope of the log V - log a
p 0

Relationship+ in Dry Sand Under Isotropic Confinement

Reference Slope Confining Pressure Remark++

Matsukawa and Hunter (1956) 0.20 40-400 psf 1

Duffy and Mindlin (1957) 0.17 >700 psf 1
0.25 <700 psf

Shannon, et al (1959) 0.25 >600 psf 1

Hardin (1961) 0.23-0.31V 400-8000 psf 1

0.23-0.40VV 400-8000 psf _ __

Smoots and Stickel (1962) 0.16-0.28 >600 psf 1

Wilson and Miller (1962) 0.20-0.25 >600 psf 1

Hardin and Richart (1963) 0.27-0.35 <2000 psf 1
0.23-0.25 >2000 psf 0

Schmertmann (1978) 0.20-0.23* 720-2880 psf 2 -'.'-,
0.14-0.18**

Kopperman, et al (1983) 0.20* 1440-5760 psf 3
0.23-0.24** 1440-5760 psf

Chu, et al (1984) 0.17* 1440-5760 psf 3
0.22-0.23**

Lee and Stokoe (1986) 0.21* 2160-4320 psf
0.22** 2160-4320 psf 3

+ Relationship is: Vp = C1am'
in vertical plane of sand sample, i.e., VpA

**Vp in horizontal plane of sand sample, i.e., VPI

++1 Resonant Column Test
++2 Pulse Test (Cylindrical Chamber)
+*3 Pulse Test (Large-Scale Triaxial Device)
V Dry Sand
VV Saturated Sand

.~ ....-...%
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2.2.5 PREVIOUS EXPERIMENTAL STUDIES OF S-IAVE VELOCITY
By substituting Eqs. 2.10 and 2.6 into Eq. 2.2, the relationship between

shear wave velocity and confining pressure also exhibits a 1/6 power as:

_1

Sc1/6 (2.11)• V2 0 .

where C2 is the constant in a function of vsp' Gsp9 and p. Hardin (1961)

investigated Eq. 2.11 by performing a comprehensive study of shear wave

velocity of dry and saturated Ottawa sand specimens with the resonant column

method. Hardin found that, to fit Eq. 2.11, the values of the power of

confining pressure for dry sand ranged from 0.23 to 0.32. Furthermore, a
curved line instead of a straight one more correctly fit the log Vs - log -0

relationship. A value of confining pressure of 2000 psf was adopted as the

break point in the relationship (Hardin and Richart, 1963), and two straight

lines were then used to fit the data. For dry sand, the curve above 2000 psf

had 0.238 for the average slope compared with 0.293 for the average slope

below 2000 psf. "i

Based on much work with resonant column tests (Hardin, 1962; Gardner,

1964; and Drnevich, Hall, and Richart, 1967), Hardin and Black (1966 and

1968) concluded that the smallstrain shear modulus of soil is independent of
the deviatoric component of the initial static state of stress and depends

only on the mean effective confining pressure for both clay and sand. The .

slope value, 1/2, was adopted for either angular grains or rounded grains for

a above or equal to 2000 psf, while 3/5 was used for rounded grains with

below 2000 psf.

A summary of test results for shear wave velocities determined under IN

isotropic confining pressures is given in Table 2.2. Additional recent work,

which has focused on the effect of isotropic confining pressure on Vs and G

in resonant column tests, agrees with Hardin and Black in that shear wave .'5,

velocity and shear modulus estimated with powers of 0.25 and 0.50,

respectively, of the mean effective confining pressure are sufficiently

accurate for practical purposes (Hardin and Drnevich, 1972; Hardin, 1978;

Iwasaki, Tatsuoka, and Takagi, 1978 and 1979; Tatsuoka, Iwasaki, Yoshida, 4
Fukushima, and Sudo, 1979; Tatsuoka, Iwasaki, Fukushima, and Sudo, 1979; and

Uchida, Sawada, and Hasegawa, 1980). However, slightly lower values for the

power of -a have come from most large-scale specimens tested with the pulse
0

J5..
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Table 2.2 - Summary of Values of the Slope of the log Vs - log a 0

Relationship+ in Dry Sand Under Isotropic Confinement

Reference Slope Confining Pressure Remark++

Hardin (1961) 0.23-0.32 300-10,000 psf 1
Hardin (1962) 0.25 2000-9800 psf 1

z0.25 15-2000 psf "_"

Wilson and Miller (1962) 0.15-0.20 700-12,000 psf 1

Hardin and Richart (1963) 0.23-0.25 >2000 psf 1
0.27-0.31 <2000 psf

Gardner (1964) 0.25 <1000 psi 1
0.17 1000-5000 psi _ _

Lawrence (1965) 0.25-0.33 2880-14,400 psf 2

Hardin and Drnevich (1972) 0.25 1

Schmertmann (1978) 0.20-0.29* 720-2880 psf 3
0.16-0.20*

Iwasaki, et al (1978) 0.25 511-4088 psf 1

Tatsuoka, et al (1979) 0.25 511-4088 psf 1

Roesler (1979) 0.25-0.26 1044-3600 psf 4

Knox, et al (1982) 0.18* 1440-5760 psf 5
0.19-0.22*0 ""'_

This Report 0.18* 1440-5760 psf 5
0.20"*

+ Relationship is: V s  C a nm

* propagation in vertical plane, i.e., VSA

propagation In horizontal plane, i.e., VSI.

+1 Resonant Column Test ..
+2 Pulse Test (Small Cylindrical Sample)
++3 Pulse Test (Cylindrical Chamber)
++4 Pulse Test (Medium Cubical Sample)
++5 Pulse Test (Large-Scale Triaxial Device)

1'

L
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method (Schmertmann, 1978; Roesler, 1929; Knox, et al , 1982; and Lee andI

Stokoe, 1985). These lower values (about 1/6 to 1/5) are closer to the

theoretical value and are discussed in detail in Chapter Nine.

2.3 WAVE NOTION IN AN ANISOTROPIC FULL SPACEI'
An anisotropic full space is considered herein to be a linear elastic

full space which may be either a homogeneous material under anisotropic
loading or an anisotropic medium under isotropic loading. As such, the

elastic properties of the material vary with direction. Therefore the

anisotropy of the material must be considered. The number of static

constants needed to describe the material can be as many as 36 for a

completely anisotropic system. Due to energy considerations, the

stress-strain relationship is symmetrical, and the 36 constants reduce to 21 -

independent coefficients. For elastic symmetry in three planes, (i.e., an

orthotropic medium), there are only nine independent constants (Desai and

Christian, 1977). In geotechnical engineering, the most common model forI

level soil conditions is a cross-anisotropic (or transversely isotropic)
model which has one axis of symmetry and requires five independent constants
(Love, 1927). The relationship for a material having the z-axis (vertical

axis) as the axis of symmetry can be expressed in matrix form as: -

x C11 C12C 13  0 x

y C12 C11C 13  0

-r C1  C1  C3  0 0 0 (212

0y 00 0 C4  0 0 ~ Yz

zx 0 0 0 0DC 44  0 YZxI Txy 000 C 66 j xy
where C 11 is the constrained modulus in the x- and y-directions, C 33 is the
constrained modulus in the z-direction, C44 is the shear modulus for yz- and

xplanes, C66 is the shear modulus for the xy-plane, and C66 = (C1 C12)/2.

The normal stresses ar x y n z h ha tessad Z Tyzx rxy;
the normal strains are cX91 Ey9 E ; the shear strains are yz' , z and jy

Tefive independent constants are C11, 31C4 61an 1.Teeoe

the constrained modulus and shear modulus, which had only one value each in

% %V % 9%" N '. %~V % 40*~V*. ~ % % %~ N % 7
l -e

~ .J~.&. .D~. ~ t
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the case of isotropic material, now each have two values for a

cross-anisotropic medium. The equivalent symbols used in Cartesian
coordinates for this study are shown in Fig. 2.4. a

2.3.1 THEORY FOR CROSS-ANISOTROPIC MEDIU.,

The simplest anisotropic material exhibits, at a minimum,

cross-anisotropic (transversely isotropic) behavior. This behavior may be psi

caused by several reasons such as stress-induced anisotropy or structural .

anisotropy. Dahlen (1972a and 1972b) extended the work of Blot (1940 and

1965) to take into account the effect of anisotropic stress state on the 0%.p

velocity of body waves in an otherwise isotropic material. This type of

anisotropy is referred to as stress-induced anisotropy. Backus (1965)

investigated the opposite situation; that is, where the anisotropic behavior
% "%q

is due to structural anisotropy under an isotropic initial stress condition. .I

Structural anisotropy is also called inherent anisotropy, which may be caused

by inclusions (Melia and Carlson, 1984), microcracks inside materials

(Eshelby, 1957; Tocher, 1957; Birch, 1960; Matsushima, 1960; and Nur, 1971),

interparticle contact orientation (Parkin et al, 1968; and Oda, 1972), or the

stress history of the medium (Saada, Bianchini and Shook, 1978; and Hardin,

1983). Additionally, laminated media have been shown to be cross-anisotropic

(transversely isotropic) materials by many investigators when the thicknesses

of the layers are smaller than a wavelength (Postma, 1955; White and Angona,

1955; Helbig, 1958; Backus, 1962; Berryman, 1979; and Ross, Sierakowski and

Sun, 1980).

By applying a plane wave in the xz-plane, White (1965) derived three

equations for body wave velocities in terms of the five constants of a N
transversely isotropic medium as:

Vshe (C66sinB
2+C44cose

2 )/p)l/2 (2.13)

Vsv,e {(C11sine 
2+C33cose

2 +C44-)/(2p)1/2 (2.14)

Vpe = (C11sine2+C 33cose2+C44+A)/(2p)) 1/2  (2.15)

whr A=[U sie- ~24( C)2in6Ce21/2where f= {[(C 11-C44)sine2-(C33-C44)cose]2 +4(C13+C44)2stne~cose2 } / ,

and

e = the angle between the direction of propagation of the plane
wave and the axis of symmetry (z-axis) as shown in Fig. 2.5.

......-.
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SH-waves propagate as plane shear waves at any angle (e) with the z-axis with w
a velocity Vsh,e" Particle motions associated with SH-waves are always

purely horizontal, hence, perpendicular to the xz-plane for plane waves in

the xz-plane. Particle motions of SV-waves are perpendicular to the

direction of wave propagation and, for plane waves in the xz-plane, are ii
contained in the xz-plane. SV-waves propagate with a velocity Vsv,e in this

case. For compression waves, the directions of wave propagation and particle

motion coincide, and these waves propagate with velocity V.

The magnitudes of the three wave velocities (P, SV and SH) depend on the

angle e as follows: When e 0 degrees, plane waves propagate in the

z-direction with velocities:

Vp,0 = (33/PI  2.16)

Vsh,O = [C44/P]1/2  (2.17)

VsvO 1/2  (2.18)

When wave propagation is in the x-direction, i.e. 8 = 90 degrees, the values

of velocity are: 
,J

[c11/p 1/2 "-Vp,90 = (2.19)

1'1
vhg = (2.20)
Vsh,9 0 = C66/P] / 2 (.0

sv,90 LC4 4/P
1  (2.21)

The velocities of body waves propagating along principal directions

(Eqs. 2.16 through 2.21) can then be expressed as Vxx, Vyy, and Vzz for

P-waves, and Vxy, Vyx, Vxz, Vyz, Vzx, and Vzy for S-waves. The first

subscript of the velocity term denotes the direction of wave propagation

while the second subscript denotes the direction of particle motion. For a

material with the z-axls as the axis of symmetry (as is the sample tested in

this study), the relationship between wave velocities is as follows:

V :V V (.2
p,90 xx yy (2.22)

•I''

. ... - - -v . . . , • ,o.
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V = Vz (2.23)

Vsh,90 = V (2.24)

VshO = z = zy2.25)

Vsv,90 Vxz = yz  (2.26)

VsvO V V (2.27)

where V =Vy=Vz=V Hence, the nine possible waves (three P-waves and six

S-waves) result in four different wave velocities. For convenience in this

study, the following four symbols will sometimes be used to denote the wave

velocities along the principal directions (for the sample which would be

idealized as havfng the z-axis as the axis of symmetry):

Vpl=Vx = Vyy (2.28)

VpA = z (2.29)V V =V (2.30)

VSI = xy Vyx (2.30)

V =V =V V (2.31)SA xz yz zx zy

where the first subscript is used to denote the type of wave, and the second

subscript "I" is used to denote the Isotropic plane and "A" is used to denote

the anisotropic plane in which wave propagation and particle motion are

contained. For body waves not propagating along principal directions, wave

velocities will still be denoted as Vsh,e, Vsve, and Vp,.

Figure 2.5 illustrates these waves for a cross-anisotropic material

having the z-axis as the axis of symmetry.

2.3.2 YOUNG'S MODULUS AND POISSON'S RATIO

For a cross-anisotropic medium, the stress-strain relation can be

written following Hook's formulation as:

".S

- . .. ..
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S l / E1 l2/ E 11  "1 3 / E 3 3  o x

y = -v12/E11  lI/Ell -v 3/E33  Oy (2.32)

z -v31/Ell v3 1/Ell l/E33  z

in which

v31/E l v1 3 /E3 3  (2.33) ".-

In the above equations, Ell is Young's modulus in the x- (or 1-) direction

and is the same as E22. E33 is Young's modulus in the z- (or 3-) direction.

Poisson's ratio in the plane of isotropy, v12  is simply the ratio of the

negative strain in the x- (or 1-) direction to the positive strain in y- (or

2-) direction when normal stress is applied along the y-direction. Similar

definitions are also used for Poisson's ratios v and v31  For convenience

in this report, the following notations are used:

E= vl 2/E11  (2.34)

vA/EA = v13/E33  (2.35) - .
A A."

Therefore, v31 can be calculated from Eqs. 2.33 and 2.35, and Eq. 2.32 can be

simplified as following: 4 -

x /E vI/EI vA/EA x

y -vI/E I  /E l  "VA/EA  oy

EZ -VA/EA -VA/EA l/EA Oz

where E, (z Ell) is Young's modulus in the Isotropic plane (horizontal plane

or xy-plane in this study), EA (= E33) is Young's modulus in the anisotropic

plane (any vertical plane in this study), v, (= vll) is Poisson's ratio in

the isotropic plane, and VA( v13) is Poisson's ratio in the anisotropic

plane.

.. '.'..:............................................,.......:.......-:.............-.. .....-...-..-..-............................... 
.........
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From the generalized stress-strain law (Eq. 2.12), c (= c ) and Ez are:

x  O(C 1 C33 - C13
2) - oy1C 12C33 - C13

2)

+ zC 12C13 - 11C13)]/ICI (2.37)

z [x(C12C13 " C13Cl1) - °y(CllC13 " C13C12)
+ zC11 2 -c 12 2 )]/ICI (2.38)

Icr 1 C12  C13]

ICI= 12  C11  C13
C13 C13  C33

By comparing Eq. 2.36 and 2.37, it follows that:

E1 I CII(C 11C33 - C13 2) (2.39)Y

and

V = (C12C33 - C13 
2 )/(Cl1C33 - C13 

2 ) (2.40)

From Eqs. 2.36 and 2.38, it follows that

EA =C/(C 11  - C122 ) (2.41)

and

VA 1(C1 C13 - C12C13)/(Cll2 - C12
2) (2.42)

Obviously, two values of Young's moduli and three values of Poisson's

ratios (Eqs. 2.33-2.35) exist in a cross-anisotropic medium rather than only

one of each for an isotropic material. Values of Young's modulus and

Poisson's ratio are discussed in Chapter Nine.

2.3.3 C13 AND ITS LIMITATION 5-
Since there are five independent constants in a transversely Isotropic

material, there are at least five measurements necessary for evaluation of 4,.

these constants. Wave velocities along principal axes give four constants,

Cll, C33, C44, and C66 (See Eqs. 2.16 through 2.21). Either a compression or
66

AP I

• .w .. " < , - $ # . " % " ". .' '. '.. ' ", : , w. ', '., ' " " . • • " . " , . . ., • . . . , . . . . . . . . . . . . . . . ' , 71-'
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shear wave inclined to the axis of symmetry can be used to calculate C13

(Eqs. 2.14 and-2.15). A value of C13 calculated by either Eq. 2.14 or 2.15
will be sound in theory as opposed to one determined by an empirical equation.

such as the one suggested by Drnevich (1974) (C13 = (C11 + C33 )/2 - 2

C66). Nye (1957) pointed out that a relation of C13 with the other constants

has been derived by Ferrar (1941) as:

C13 < [(C11 + C12)C33/2]11 2  (2.43)

The value calculated by the right side of Eq. 2.43 can be used as an upper

limit for C13, which is done throughout this report.

2.3.4 VELOCITY SURFACE AND WAVE SURFACE

In discussions of body waves, the terms velocity surface and wave

surface often arise. The velocity surface is defined as the wave front

resulting from the wave normal. The wave surface is defined as the wave

front constructed from energy flow. '

When a plane wave moves through an isotropic medium, the wave normal

always coincides with the direction of energy flow (also called ray path) as

shown in Fig. 2.6a. So, the velocity surface is also the wave surface.

However, for a plane wave propagating through an anisotropic medium, the wave

normal is in the direction along which the plane wave propagates whereas the

energy flow moves along a different direction if the wave normal is not in

any one of the principal directions. Therefore, the wave surface may be
¥'...

different from the velocity surface (Wooster, 1938; and Joos, 1958).
A difference between the directions of ray and wave normals has been

found through research on crystals (Love, 1927 and Nye, 1957). All

statements for-wave velocities mentioned in discussing Eqs. 2.16 through 2.31

have referred to the wave normal. The wave velocity (i.e. the velocity of

the wave normal) is proportional to the magnitude of U in Fig. 2.6, while

the ray velocity (i.e. the velocity of the energy flow) is proportional to

the magnitude of UF. An analytical treatment of wave velocity to ray

velocity by Joos (1934) and Postma (1955) has shown:

Ray Velocity Wave Velocity/cos* (2.44)

. ......... "................. ...... •....... .. , ... ' -. ..



25

WAVE NORMAL

RAY

RAY VELOCITY =

WAVE VELOCITY

I

WAVE SURFACE

(a) ISOTROPIC FULL SPACE

... .1

WAVE NORMAL

RAY -P
RAY VELOCITY =

WAVE VELOCITY
Cos'I-

WAVE SURFACE

(b) ANISOTROPIC FULL SPACE

Fiq. 2.6 - Directions of Ray and Wave Normal on the Wave Surface from
a Point Source at the Origin in Isotropic and Anisotropic
Full Spaces
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where * is the angle between the directions of the ray and wave normals.

Through the.measured ray velocities, the velocity surface and the wave

surface can, therefore, be constructed with Eq. 2.44. In some conditions, -

the combination of the five constants for a cross-anisotropic medium may
cause a cusp in the wave surface for the SV-wave. Figure 2.7 is the first .l
observation which resulted in a cusp in shale reported by Jolly (1956). The
velocities of SV-waves in the vertical direction is about the same as that

" for P-waves. Such behavior results in a near-vertical cusp of the SV-wave.

. Levin (1978), Helbig (1979 and 1983), and Byon (1984) extended this concept

to more complex geophysical prospecting work, such as cross-anisotropic media

with inclined layers. 6

* 2.3.5 PREVIOUS EXPERIMENTAL STUDIES OF P-WAVE VELOCITY

From the results of extensive studies on in situ velocities of seismic

waves in sedimentary formations, Faust (1953) suggested an equation for rock

as:

V = C L(D (2.45) -i

. where V is in fps, L is a parameter of "lithology" in ohm-ft, D is depth in
p

*ft, and C is a constant with an average value of about 2000. From

observations in western Canada, Acheson (1963) formulated an equation similar

to Eq. 2.45 as:

Vp = C D ; 8 < n < 20 (2.46)

in which V is in fps, and D is depth in feet. Many other researchers have -.
p

also noticed the importance of depth on V (Hamilton, 1970; Hamilton, 1971a
p

and 1971b; Hamilton, Bachman, Curray and Moore, 1977; Hamilton, 1976 and

1979; and Bachman, 1983). Nevertheless, detailed studies of compression wave

Kopperman, et al.

Kopperman et al (1982) and Chu, et al (1984) conducted a complete series

of tests on the effect of both biaxial and triaxial states of stress on
compression wave velocity for waves propagating along principal stress
directions. Sand samples were used which were tested in a large-scale

% %
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cubical device measuring 7 ft (2.1 m) on each side. An equation for

compression wave velocity along principal axes for all states of stress,

(i.e., isotropi , biaxial, or triaxial conditions), was suggested as:

P 1 oa (2.47)

where Vp is the P-wave velocity in principal directions in fps, C1 is a

constant with values of 327, 292, and 317 for the x-, y-, and z-directions,

respectively, -a is the effective stress in the direction of wave propagationa
in psf, and ma is the dimensionless exponent. The values of the exponent for

the log Vp-log oa" log Vp-log cop and log Vp-log D relationships from the
p ' p o'p

above research are summarized in Table 2.3. Results from Lawrence (1963)

with uniaxial pressure in a confined sample and from Schmertmann (1978) with a

biaxial confinement in a chamber specimen have been re-analyzed in this

study, and the results are also listed in Table 2.3. Compression wave

velocity is a function of effective stress in the direction of wave

propagation as shown in the table. A discussion of these results is I
presented by Lee and Stokoe (1986).

2.3.6 PREVIOUS STUDIES OF S-WAVE VELOCITY

Before one can discuss the effect of stress state on shear wave I
velocity, a notation set must be developed so that the stress components in

the directions of shear wave motions can be described. Following standard

mechanics nomenclature, -a is the major effective principal stress, a2 is the

intermediate effective principal stress, and 03 is the minor effective

principal stress for an anisotropically confined system. The principal

stress ratios, K13 and K23, can then be defined as: 1

adK 13  0 1/33 (2.48) >and

K23 = 02/3 (2.49)

The values of K13 and K23 range from 1 to 2.67 in this study. Also, a stress

level, b, is defined as:

b = (Ol-O3)/(Ol-O3)f (2.50)']

" % .
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Table 2.3 - Summary of Values of the Slope of the P-Wave Velocity-
Confining Pressure Relationship for Dry Sand Under
Anisotropic Confinement

Reference ma* MM Remark+

Faust (1953) 1/6 1

Acheson (1963) 1/20 - 1/8 --- 1

Lawrence (1963) 0.20-0.25 --- 2

Schmertmann (1978) 0.19 0.23 3o

_____________ 0.19 0.22 3___

Kopperman, et al (1982) 0.20-0.24 0.23-0.24 4a
0.20 0.20 4oa

Chu, et al (1984) 0.21-0.22 0.22-0.23 4o
0.19 0.20 4co

Lew and Campbell (1985)++ 0.288-0.305 ---

V= C 8ama with V in fps and a in psf
P 1la P VP
V = C18 mm; with Vp in fps and 8o in pfs

**not applicable
c parameter for Vpi

oo parameter for VpA

++ Depth (D) < 110 ft
+ 1. in situ measurement
+2. Pulse Test (one-dimensional compression wave test in laterally

constrained specimen)
+ 3. Pulse Test (Cylindrical Chamber)
+ 4. Pulse Test (Large-Scale Triaxial Device)

% P
I%
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where (O-o3)f is the stress difference of major and minor principal stresses

at failure. Other symbols used to relate the stress components to wave
behavior are (from Knox, et al, 1982):

a effective principal stress in the direction of wave propagation,

ab = effective principal stress in the direction of particle motion, and

ac = effective principal stress in the out-of-plane direction which is

perpendicular to the plane that includes a and b

As discussed in Section 2.2 and Fig.2.1, the directions of -a and a are

perpendicular for S-waves. For P-waves, -a and -b are in the same direction.

The resonant column method has been employed in the laboratory to study

whether or not the mean effective confining pressure (3o) is the best
parameter to estimate shear wave velocities and shear moduli. Although some

scattering of data has been noticed, most researchers accept o as an
0

appropriate parameter (Hardin, 1961; Hardin and Richart, 1963; Hardin and

Black, 1966 and 1968; Iwasaki, et al 1978; Kuribayashi, et al 1974; Tatsuoka,

et al 1979; Uchida, et al 1980; and Bianchini and Saada, 1981). The maximum

shear modulus for sand under triaxial confinement suggested by Hardin (1978)

is:

Gmax = [(C - OCRk)/(0.3 + 0.7 e2) Pal"NmoNm (2.51)

where: Gmax = shear modulus in desired units,

C = dimensionless constant,

OCR = overconsolidation ratio,

K = factor related to soil plasticity,

P = atmospheric pressure in same units as Gmax,

e = void ratio,

0o = mean effective principal stress in same units as Gmax, and

Nm = slope of log G - log a relationship.
m 0

Figure 2.8, from Kuribayashi, et al (1975) in which resonant column

tests were used, shows that the variation of maximum shear modulus with

increasing stress level (they used the term stress ratio) under constant mean

effective stress. A permanent change in deformation exists once the stress

ratio exceeds some value like 1.2 in their sample. Lawrence (1965) also

concluded that 3o is one of the major parameters for estimating shear wave

velocity from his results in pulse tests with a rod specimen (see Fig. 2.9).

% %-P
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Schmertmann (1978) used the effective octahedral stress, ao' to evaluate

shear wave velocities, as well.

The above conclusion implies that the mean effective confining pressure

is also applicable to a stress-induced anisotropic medium and that body wave

velocities will be the same in all directions in this material. However, %
just the opposite characteristic for wave velocities has been shown for

anisotropic media in Sections 2.3.1 and 2.3.4.

In 1979, Roesler used stationary stochastic signals to measure shear

wave velocities in a triaxial cube which measured 30 cm on a side. He

concluded that only stress components in the directions of wave propagation

and particle motion affect shear wave velocity along principal stress

directions. Equation 2.52 was, consequently, suggested by Roesler (with the

notation used in this report) as:

v = na -bnb- -nc (2.52)s a Ob cc

where na=0.149, nb=0.107, nc=O. This equation is referred to as the

"two-individual-stresses" method hereafter (because nc = 0).

Pulse tests conducted in a large-scale triaxial device measuring 7 ft

(2.1 m) on a side under biaxial and triaxial confinements were presented by

Knox et al (1982). Their data were re-analyzed in this study with the

following results:

- 0.09 - 0.09 - 0.01 :
VS 201 a  y Gc (2.53)

VSA : 156 Oa0.11 - 0.11 - -0.00 (2.54) V.

VSA = 5 a ab cc(.4

in which V s and VSA are the S-wave velocities for isotropic and anisotropic

plane in fps, respectively, and -a' b' and cc are the effective stresses in

fps. Values in Eq. 2.53 are the values for the best-fit curves for the two

shear waves in the isotropic plane (Vxy and Vyx), and values in Eq. 2.54 are

the best-fit curves for the four shear wave velocities in the anisotropic

planes (Vxz , Vyz, Vz, and Vz). The equations demonstrate the structural

anisotropy in the sand sample used.

An "average-stress" method has been proposed by Knox, et al (1982) and

discussed by Allen and Stokoe (1982) (see Fig. 2.10) in which:

-ON•
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V =C [(-a +a- 2)lt (2.55)

where nt is the slope for the log Vs log (-a+b)/2] relationship. Yu and

Richart (1984) employed the resonant column method to test the dry sand under

biaxial loading and extended their data to the range of large shearing

strains. The "average-stress" method was preferred in their report as shown

in Fig. 2.11. For convenience in comparisons, the equation for shear modulus

in their report was transformed to one for shear wave velocity as:

V= C P a0 .25 [(oa+ob)/2] 25(1-0.32K 13 .7 )0.5 (2.56)

According to Hook's law, however, the stress component in the out-of-plane

direction (- ) should be considered for a more precise value of shear wavec
velocity. The shortcomings of the "mean-effective-stress" method and the

"average-stress" method is discussed in Chapter Seven along with the

"three-individual-stresses" method. For a practical standpoint, Stokoe et al

(1985b) agreed with the "two-individual-stresses" method as a result of tests

in the large-scale triaxial device.

The anisotropy of rock has long been recognized by researchers (Adams

and Williamson, 1923; Tocher, 1957; Brace, 1960; and Podio, 1968). Because

confining pressures used in rock testing typically exceed those used in soil
testing by orders of magnitude, most stress-induced anisotropy has been .121
attributed to the closure of microcracks (Nur, 1971; Nur and Simmon, 1969).

Therefore, test results on rock are not be compared herein with results from

soil tests.

Shear wave velocity has also been related to depth (D) or effective I
overburden pressure (3v) in geophysics. Toki (1969) developed the following

theoretical relation between shear wave velocity VS, porosity n, and

effective overburden pressure a as:

V ,2.0.'5

s A(n max- n)v 0 5  (2.57)

where V is in fps, and a is in psi. The constant, A, is equal to 5.7xi0-
s v

as determined by ultrasonic pulse tests performed in a triaxial compression I
device. Hamilton (1971) collected in situ information from on-land and

offshore S-wave velocity studies. With twenty-nine selected in situ

% %*
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measurements of shear wave velocity, Hamilton (1971 and 1979) suggested an

equation for Vs from a regression analysis as:

Vs  128 D0.28 (2.58)

where D is depth in ft, and V5 is in fps. Ohta and Goto (1978) considered !iI
geologic age, depth, soil type, and standard penetration resistance as

factors for developing an equation for shear wave velocity. For sand,

assuming Vs only a function of depth, they suggested:

Vs = 232.5 D0 .308  (2.59)

where Vs is in fps, and D is in ft. Equation 2.60 was suggested by Fumal

(1978) for sand with the same units as in Eq. 2.59: • *

V5 = 471 D0 2 0  (2.60)

Sykora and Stokoe (1983) presented two equations relating in situ shear wave

velocity to both total and effective overburden pressure (av and ov ,

respectively) for sands as:

0.30%

V 790 av0 "30  (2.60)

Vs -2 0.36 (2.61) "s v

0.36.

= 720 a- (2.61)

where Vs is in fps, and av and -v are in tsf and less than or equal to 10.0 'I.

tsf (10.0 Kg/cm2 ).

It should be noted that the overburden pressure is usually the major

principal stress in normally consolidated soils and the state of stress is

not isotropic. In addition, the density of soil is usually increasing with :,,,

depth, i.e., the void ratio decreases as depth increases. Consequently, the

exponent in the V5 - D relationship from in situ measurement may be larger

than that predicted from laboratory measurements. This point is demonstrated

by noting that values of the exponent of the effective overburden pressure

(0.25 to 0.36) determined from in situ seismic surveys are slightly higher

'F ,1
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than those values determined from the summation of na, nb, and nc (0.17 to

0.25) from most laboratory tests.

A summary of previous work on sand under anisotropic stress conditions

is listed in Table 2.4. Test results in this study are presented and

discussed in Chapters Six and Seven.

2.4 SUMMARY

The theory of wave motion in an isotropic space yields one compression

wave velocity and one shear wave velocity. Once these wave velocities are i
measured, values of dynamic constrained modulus (M), shear modulus (G),

Young's modulus (E), and Poisson's ratio (v) can then be determined. 6

However, for nearly all level soil deposits, either inherent or
stress-induced anisotropy exists. This anisotropy results in (at least) two

compression wave velocities and two shear wave velocities present for wave

measurements along principal stress directions. The material model which

best describes this condition is known as a cross-anisotropic model. The

four wave velocities are related to four of the five independent constants

required to describe a crossanisotropic model, i.e., Cll, C33 , C44, and C66 .

Therefore, any simple equation relating shear modulus or shear wave velocity S

to the mean effective stress, like Eq. 2.51, cannot reflect the anisotropy of

the material. The intent of this study is to develop a rational equation U
relating anisotropic stress state and shear wave velocity.

Stress-induced anisotropy may cause an isotropic medium to behave as a

cross-anisotropic material. This is one of the main reasons for the

discrepancy between measured values of Vs and values predicted by the 4
"mean-effective-stress" method as shown in Sections 2.3.5 and 2.3.6. As

such, a "three-individual-stresses" method is employed in this study as
compared to the "mean-effective-stress" method or the "average-stress" method

as discussed in Chapter Seven.

The fifth constant, C13, of the cross-anisotropic medium theoretically
can be estimated from velocities of either oblique P-waves or oblique

S-waves. Oblique P- and S-wave velocities are a function of the angle "

between the axis of symmetry and the direction of the wave normal as

discussed in Section 2.3.1. (A mathematical limitation for C13 may be used

for checking the measured value of C13.) Three wave fronts, one for the

P-wave and two for S-waves, exist in a cross-anisotropic material. The

I
0
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Table 2.4- Summary of Values of the Slope of the S-Wave Veoct
Confining Pressure Relationships for Dry Sand Under
Ani sotropi c Cofnement.-

Reference na* nb* nc* nnl** nt*** nd Remarkva

Lawrence (1965)+ 0.06- 0.08- ---- 0.25 ---- ---- 2
______________ 0.16 0.17 ___ ______

Hardin and Black 0.11- 0.13- --- 0.25 - - --- 1
(1966)+ 0.13 0.14 _____ __ ______

Toki (1969) ---- -- -- -- ---- 0.25 3a

Hamilton (1971) ---- ---- --- -- -- 0.28 1

Kuribayashl,
et al (1975) ---- ---- --- 0.25 ---- ---- 1

___ ___ __ and_ __ ___ __to

(1978) -- --- ---- ---- ---- 0.308 3b

Campbell and Duke ---- ---- ---- ---- ---- 0.386 3d
(1976) ---- ---- ---- ---- ---- 0.3581 3e

Fumal (1978) ---- ---- ---- ---- ---- 0.20 3c

Iwasaki, et al1

Schmertmann 0.09- ----------- 0.47----

(1978) 0.12 ---- ---- 0.19 ---- ---- 4

Tatsuoka, et al

Roesler
(1979) 0.149 0.107 0 ---- ---- ---- 5

Uchida, et al

Knox, et al 0.10 0.09 0.01 0.20- 0.18 -------- 6o
(1982) 0.12 0.11 1 ---- 0.24 0.24 ---- 6o

(see notes on next page)
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Table 2.4 (cant.) -Summary of Values of the Slope of the S-Wave
Confining-Pressure Relationships for Dry Sand
Under Anisotropic Confinement.

Reference na* nb * nc * nm** nt*** nd Remarkv

Allen and _________

Stokoe (1982) 0.12 0.11 --- 0.24 0.24 --- 1

Sykora and Stokoe -- ----- -- 0.30 3a

(1983) ---- ---- ---- ---- ---- 0.36 3b

Yu and Richart 0.12- 0.11-
(1984) 0.14 0.14 ---- ----- 0.25 --

Stokoe, et al 0.10 0.10 0 ---- 0.20 ---- 6o
(1985) 0.09 0.09 0 ---- 0.18 --- 6oc

Stokoe and NI _ __ _'

(1985) 0.11 0.11 --- 0.22 ---- ---- 1

Lew and Campbell 0.28-
(1985) 0.40 ---- ---- ---- ---- 0.30 3b

7 1: Resonant Column Test *Vs 2 a na b a c

V 2: Pulse Test (Small Cylindrical Sample) **V = C2  nm

V 3: In-Situ Test *** = (a+8b nt

17 4: Pulse Test (Cylindrical Chamber) a.......... V5 = C nd

7 5: Pulse Test (Medium Cubical Sample) b ......... V5  C ;ov

7 6: Pulse Test (Large-Scale Triaxial Device) c ......... V = CDd

c parameter for V 51  d ......... Equation c for
oo parameter for VSA recent alluvium

+ data or slopes, na and nb, e ......... Equation c for
reduced in this study older alluvium

not applicable

:% ~
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shapes of the wave~ fronts are based on the combination of the five elastic .

constants. Anisotropy also causes the wave surface to differ from the
velocity surface, and a cusp may appear in the wave surface of SV-wave in -

some conditions. A schematic representation of the variation of wave fronts T

and the cusp in the SV-wave front are shown in Chapter Nine.

.1

% 15
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CHAPTER THREE

EXPERIMENTAL EQUIPMENT

3.1 EXPERIMENTAL TECHNIQUE CONSIDERATIONS

Extensive work has been done in the field of dynamic testing of

materials. McSkimin (1961), Richart (1975), and Woods (1978) have reviewed

the methods developed for the laboratory and field testing. Basically, two

types of methods, pulsed and steady-state-vibrations, can be used to

determine propagation velocities of body waves or Rayleigh waves.

A steady-state-vibration test can be either a slow cyclic test or one at

a resonant frequency. The stiffness of the specimen in the cyclic test is

calculated from the relationship between applied stress and measured strain;

while the stiffness in the resonant test is usually obtained from a wave

equation with the appropriate boundary conditions. The most common types of

steady-state-vibration tests used in the laboratory to measure the dynamic

behavior of soils are: (1) cyclic triaxial tests with stress control

(Murahama and Shibata, 1960; and Seed and Lee, 1966), or with strain control

(Taylor and Hughes, 1965; and Thiers and Seed, 1969), (2) cyclic simple shear

tests with the Norwegian Geotechnical Institute's (NGI) device (Kjellman,

1951) or the Cambridge University apparatus (Roscoe, 1953), (3) cyclic

torsional shear tests (Hardin and Drnevich, 1972; and Yoshimi and Oh-Oka,

1973), and (4) resonant column tests with isotropic confinement (Ishimoto and

lida, 1936; Hardin, 1961; and Drnevich, 1972), or with anisotropic

confinement (Hardin and Music, 1965; and Allen and Stokoe, 1982).

In laboratory pulse tests, the time (or time delay) for a disturbance at

one point within a sample to travel to a detecting sensor at a second point

is used to estimate wave velocity. Specimen stiffness is then calculated

from the velocity (Hughes and Cross, 1951; and Wyllie, Gregory, and Gardner,

1956). Paterson (1956) and Lawrence (1963) used piezoelectric crystals or

ceramics to generate and detect disturbances in a traditional triaxial cell.

Schmertmann (1978) generated pulsed P- and S-waves by striking a rod with a

ball and with a scissor-type wave generator in a test chamber. A DC motor

exciter buried in a 30 cm x 30 cm x 30 cm cubical sample was used to generate I
S-waves by Roesler (1979). Knox, et al (1982) constructed a large-scale

triaxial device in which cubical samples measuring 7 ft (2.1 m) on a side
were loaded in true triaxial states of stress. Pulsed P- and S-waves were

successfully measured by the accelerometers buried inside the cubical sample.

43 ,
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A critical-angle method was employed by Jeffreys (1926), Aremberg (1948), and

Gregory (1967) for generating pure shear waves, and by Van Stevenink (1967),

and Gregory 3nd Podio (1970) for exciting either compression or shear waves

in rock tests.

For in situ tests, the steady-state-vibration technique has been used to

measure the transmission of Rayleigh waves at soil sites (Fry, 1963 and

1965). The phase difference between two peaks of wave motion are used to

calculate the surface wave velocity. However, this technique has seen

limited use because of the expense and size of the source needed to sample

depths greater than about 50 ft (5 m).

Numerous pulsed testing techniques are utilized in field testing. One

or more boreholes are necessary depending on the methods such as (1)

refraction prospecting (Gardner, 1939; and Richart, et al 1970), (2)

reflection surveying (Dix, 1955), (3) crosshole tests (Stokoe and Woods,

1972; Stokoe and Hoar, 1978a; and Ballard, et al 1983), (4) downhole tests

(Jolly, 1956; and Hoar and Stokoe, 1978), (5) uphole tests (Meissner, 1961;

and Kovalex and Molotova, 1960), (6) in-hole tests or sonic logging (Carroll, 1
1966; and Ogura, 1979), (7) bottom-hole tests (Stokoe, et al 1978; Arnold,

1981; and Olson and Stokoe, 1983), and (8) the "Spectral-Analysis-of-Surface-

Waves" (or SASW) method (Heisey, 1982; and Stokoe and Nazarian, 1983).

Steady-state-vibration methods are used to generate small-strain waves

in field testing and either small- or large-strain vibrations in laboratory

testing. The pulsed methods are usually used to excite small-strain

vibrations in both laboratory and field testing. Recently, two methods,

called the in situ impulse test and the cylindrical in situ test (CIST), were

employed to conduct large-strain in situ pulsed testing (Troncoso, 1975; k1
Wilson, et al 1978; Air Force Weapons Laboratory, 1977; and Bratton and

Higgins, 1978).

The threefold purpose of this study is to examine: (1) the effect of

stress state on shear wave velocities, (2) the influence of structural

anisotropy on shear wave velocities, and (3) the importance of items (1) and

(2) in in situ testing. To perform such research, it is necessary to have a

true triaxial device with which polarized seismic waves can be generated. U
The device should accommodate a large specimen so that the structural

composition of deposited soil can be reflected and so that seismic tests can

be conducted in a manner similar to field seismic testing. Some true

!.e.-.S
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triaxial devices have been used to investigate the constitutive laws of soil

(Kjellman, 1936; Ko and Scott, 1967; and Lade and Duncan, 1973).

Nonetheless, all of these devices use small samples (less than 4 in. (10 cm)

on a side), and the tests are conducted only statically or very slowly

cyclically (30 seconds in a period). Both isotropic and biaxial resonant

column apparatus measure only the secant shear modulus rather than tangent

shear modulus. The large-scale triaxial testing devices developed by Stokoe,

et al (1980) is the best apparatus for this research. The principal stresses

can be controlled individually to obtain isotropic, biaxial, or triaxial

confinement conditions. A careful arrangement of sensors (see Section 3.3.1)

allows crosshole tests to be simulated in this device. The excitation ports

can be used to generate polarized waves which is very important in

identifying the initial arrival of the shear wave (Jolly, 1956; Ballard and

Leach, 1969; and Stokoe and Hoar, 1978b).

3.2 LARGE-SCALE TRIAXIAL DEVICE

3.2.1 STRUCTURE OF THE DEVICE

A large-scale triaxial device (LSTD) was designed and constructed during

1980 and 1981 under the sponsorship of a grant from the United States Air

Force Office of Scientific Research (AFOSR) (Kopperman et al, 1982). The r .

triaxial testing device is a reinforced steel box with interior dimensions of

7 ft (2.1 m) on a side. A sketch of the device is shown in Fig. 3.1, and a

picture of the device is shown in Fig. 3.3. Figure 3.2 shows the equipment

associated with the device for: (1) placing sand into the device, (2) %

pressurizing the sand mass to the desired stress state, (3) generating

compression or shear waves in the sand mass, (4) monitoring and digitally

recording these waveforms, and (5) monitoring stress and strain throughout

the sand sample during testing.

Axes perpendicular to the walls of the device represent principal stress

directions. Membranes (water pressure bags) were used to apply independent

pressures in each of the three principal directions. Each membrane has two -'.

ports to fill up or drain the water. The membranes were placed on top and on 4
,4 .

two adjacent sides (north and west sides) of the device. (The other three

walls of the device had no membranes because excitation ports existed in

these walls.)

p ,, ;+ .. -+,~y + -,, , + .,. ,I +,+,- ,% +• . ., , , .- ,. % +- .:r+ + %. r%,, ._ ,,,,.+%:4 W 4%+ '.+, .
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accelerometer

!I1t0 f t 2 in.

Sand -

Fig. e3.1 romCtAae smtrcViwo

Sand-

qA

___fl~i II

Fig. 3.2 -Schematic Diagram of Large-Scale Triaxial
Device and Associated Systems
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kU

Fig. 3.3 -Side View of Large-Scale Triaxial Device
(with Shannon H.H. Lee standinq beside it)

Fiq. 3.4 -Panel Board Used to Pressurize Membranes
in Large-Scale Triaxial Device

~~. ~ % .A~~~~~~~~~ 
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When the membranes are full of water, air pressure from the building air

supply is used to pressurize the membranes. The air pressure is monitored

using air regulators together with a 12-in (30.5 cm) diameter, Heise type CM

pressure gauge (accurate to within ±0.1 percent of the full-scale reading).

A picture of the control panel is shown in Fig. 3.4 and a schematic drawing

of the pressurizing system is shown in Fig. 3.5.

3.2.2 RAINER USED TO PLACE SAND

To place sand into the LSTD in a more uniform state, a new raining

device was designed and constructed. The rainer is simply a plywood box

about 7.25 ft (2.18 m) long, 1.75 ft (0.53 m) wide and 1.5 ft (0.45 m) deep

which can be rolled back and forth across the top of the device. Four rows

of 0.75-in. (1.91-cm) diameter holes and four trap doors have been

constructed as shown in Fig. 3.6. A steel frame, welded with two 3.42-ft

(1.04-m) long angle iron (L 3 x 3) which are fixed with four heavy-duty

castors, was used to support the box while moving along rails on a wooden

collar around the LSTD as shown in Fig. 3.7. A level-arm system controls the

flow rate of sand through the trap doors as illustrated in Fig. 3.8. A

0.25-in. x 0.25-in. (6.4 mm x 6.4 mm) wire mesh screen was hung below the

rainer to act as a dispersing screen to help make the placing of sand

particles as random a process as possible. Foreign materials like grass and I

gravel are also kept from becoming part of the sand sample by the screen.

A uniform sand sample was obtained by controlling the drop height of the

sand particles (Kilbuszewski, 1948; and Beiganousky and Marcusson, 1976).

This was accomplished with the same wooden collar made by Knox and Kopperman.

However, the collar was reinforced with angle iron (L 2 x 2) along the four

vertical edges (see Fig. 3.7). The height of the collar is 3 ft (0.9 m).

Hence, the drop height of the sand ranged from 9.5 ft (2.9 m) at the start of

raining to 2.5 ft (0.76 m) at the conclusion.

With the new rainer, the density of the sand specimen increased by about

6 percent relative to the earlier test (see Section 4.2), and the specimen

was more uniform with a maximum variation in density of less than 6.3

percent.
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-44I

Legend: 1. Steel framework of the new rainer
2. Rail along which rainer travels
3. Angle irons (L2x2) along the corners

of the wooden collar
4. Wooden collar
5. Castor of rainer

Fig. 3.7 -View of New Rainer Loaded with Sand and
Ready for Raining Process

oI%

Fig. 3.8 -Raining Sand into the LSTD Using New Rainer

%i..
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3.2.3 EXCITATION PORTS

To generate body waves in the sand, excitation ports were constructed on

three sides of the LSTD (south, east and bottom). A typical port is shown in

Fig. 3.9. Compression waves were generated by striking the top surface of -

the anvil. Shear waves were generated by either horizontally or vertically

striking the anvil shaft. The striking locations are shown in Fig. 3.9b. A

clamping tool was added to each excitation port as shown in Fig. 3.9 so that

the anvil would be firmly fixed to the external frame in the wall of the LSTD

during construction of the sample in order that the anvil would be kept

properly aligned and a sand leakage would be prevented. A completed port

during sample construction is shown in Fig. 3.10. Once the sample was

constructed, the clamping tool was removed, and body waves were generated by F.7
striking the anvil as illustrated in Fig. 3.11 for an SV-wave.

Strain gages mounted to the thin plate of the external frame of the <I,

excitation port (at locations "a" and "b" in Fig. 3.9) were used to adjust

the contact pressure of the anvil. These strain gages (type EA-06-500BL-350)

and associated installation aids were made by the Micro-Measurements Division
of the Measurements group of Rayleigh, North Carolina. The strain gages were I
arranged as a potentiometer circuit with temperature compensation (Dolly and

Riley, 1978). The relation between strain and resistance change for these

gages is:

= (l/F) • (tR/R) (3.1)

where:

E = strain in microstrains (10-6 cm/cm),
F = gage factor,
0R = change in resistance in ohms, and

R gage resistance in ohms.

A strain indicator was used to read off the resulting strains. Silicone

rubber was placed over the gages to protect them from environmental moisture

and dirt. The strain gages were calibrated in terms of pressure with the

calibration set-up shown in Fig. 3.12. Final calibration curves for two

ports are shown in Fig. 3.13 and 3.14. The reading for 40 psi (metric) was

obtained by linear extrapolation since only a 300-lb (136.4 kg) load cell was J
available and the calibration curve appeared linear.

..K:..>K K~ .-'o.-,>
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i_. 9.7 in.

LLLJ

*1

UJ U -v
a) End View of Clamping Tool

Load Adjustment
Screw-

7 in.

Clamping

c ii

AnvillDeic

Sand

Note: S.

1. *a and b are locations where strain gages are mounted on

the surface of the thin plate
2. c is location of striking for compression waves
3. d and e are locations of striking for shear waves

b) Top View of Excitation Port with Clamping Tool in Place

Fig. 3.9 -Excitation Port with Clamping Tool .

(from Chu et al, 1984)
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Legen: 1.Strai gag

2. Clmigto

3. Lod adjstmen scre

4. Lcatin ofstriing or PWav.

Fig.3.10- Cmpleed xcittionPor in lac

(fromChu t al,1984
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doU

Legend: 1. 300-lb load cell

2. Strain gages

3. Strain Indicator for strain gages

4. Strain Indicator for load cell

Fig. 3.12 -Set-Up for Calibrating Strain Gages on Each Excitation Port
(from Chu et al, 1984)
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To study the influence of creep on the strain gages, loads were held for

a maximum of ten days as shown in Fig. 3.13. No influence of creep in the

strain gages was observed, and, therefore, any creep was neglected in the

study.

By tightening or loosening the adjustment screw in each excitation port,

the pressure around the anvil was kept equal to the pressure of the membrane. j
One example is shown that a reading of 152 microstrains in the strain

indicator means a 15 psi (103.4 kPa) contact pressure between soil and the

port can be reached from the calibration curve in Fig. 3.13.

3.3 MONITORING AND RECORDING SYSTEMS

The monitoring and recording systems consisted of 29 accelerometers, 9

charge amplifiers, 8 strain cells, 3 stress cells, and 3 oscilloscopes. All

instruments were calibrated before using them. %

3.3.1 ACCELEROMETERS

Twenty three Endevco accelerometers, model 7701-100, and six Endevco

accelerometers, model 7701-50, were used in this research. The model I
7701-100 accelerometers have a typical charge sensitivity of 100 pc/g (1012

coulombs per gravitational acceleration). The model 7701-50 accelerometers '-:

have half the charge sensitivity of a model 7701-100, namely 50 pc/g. This

variation in charge sensitivity did not affect collection of data since the

same full-scale output could be obtained simply by changing the sensitivity

dial and full-scale range switch on the charge amplifiers. The six, 7701-5C

accelerometers were used in the locations of the first and last 3-C

accelerometer packages in the y-axis (east-west direction) shown in Fig

3.15. From the calibration results, it was found that all accelerometers

were functioning satisfactorily with differences between each output less m

than t.05 percent.

Since the frequency range o' the wade signals that cou'd be generatec

with the hammer taps was genera''ly less than 3C3C MZ. both se'ecte',

accelerometers (7701-100 ard 77C:-5C, witm monted resonance -ecGe-c, CS'

20,000 Hz and 26.000 Z, respeCrt',,'y. ex'Dted sat'sfactor' '-ea-

responses (Drantz and 0-'acP'-'c. :9'6

To moni'or body wa.es v--L I-e ai r'e t.' tC e-

were designed as showr ' ;s', ! - ' ] , .
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57 in.

/ /ooden
a%'

Fig. 3.16 Isometric View of 3-D Accelerometer Package
(from Kopperman et al, 1982)
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(44-mm) cubical wooden blocks in which three single accelerometers are

rigidly attached. These 3-D accelerometer blocks were designed to make the

overall unit weight of the block equivalent to that of the sand sample to

minimize any impedance mismatch between the sand and the block (Eller and

Conrad, 1976). Since the size of the block is generally less than 0.3 times

the minimum wavelength of the body waves, the amount of reflected waves and

the shadow cast by the inclusion is negligible (Olson, 1967; Suddihiprakarn

and Roesset, 1984).

In addition to the 3-D accelerometers, 2-D accelerometers were also
constructed. The 2-D accelerometer package is composed of two single
accelerometers, at 45- and 22.5-degrees respectively, and is shown in Fig.

3.18. Two, 2-D accelerometer blocks were located in the vertical principal

axis to monitor vertically propagating shear waves with particle motions

polarized along two planes inclined with respect to the y-axis (east-west i
direction), a 45-degree plane (numbered 23 and 25 in Fig. 3.15) and a

22.5-degree plane (numbered 24 and 26 in Fig. 3.15). These shear waves are

referred to as oblique shear waves hereafter.

A picture of the 3-D and 2-D accelerometer blocks is shown in Fig. 3.17.

One of the 2-D accelerometer blocks was machined from aluminum while the
other two were made of Birchwood (the same material as that of the 3-D

' blocks). The aluminum block is shown in Fig. 3.19. The aluminum block was

attached to the excitation port on the south wall of the triaxial device.

One accelerometer inside the block was oriented in the north-south direction

. and the other east-west (accelerometers Is and 2w, respectively, in Fig.

3.15). Two more accelerometers oriented in the same relative directions

(accelerometers 6S and 7W in Fig. 3.18) rigidly attached to a 3-D wooden

block, were located 2.5-ft (1.07 m) away from the aluminum block along the

north-south principal direction. These accelerometers were also included forI' use in an attenuation study. Based on the finite element model analysis, the

influence of the block is negligible at this distance (Suddhiprakarn and

9 Roesset, 1984).

The location of all 2-D and 3-D accelerometer blocks with the associated

numbers and part of strain sensors are shown in Fig. 3.15. This arrangement
~~~is designed to monitor comression and shear waves propagating in the three °,,

principal directions and oblique shear waves propagating in the vertical

direction.
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A complete list of distances between each pair of receivers is

summarized in Table 3.1.

3.3.2 CHARGE AMPLIFIERS
Since only nine Endevco charge amplifiers, model 2735, were purchased

earlier, the accelerometers were switched among them before the signals were

displayed on the digital oscilloscopes. These nine charge amplifiers were

calibrated to make sure that they provided the same system gain. The charge":%

amplifiers were calibrated using the full-scale sensitivity test described in I
the instruction manual. A schematic drawing for the electrical set-up is

shown in Fig. 3.20. The system gain had an accuracy of better than ±1.5

percent on all full-scale ranges which means that the output from any two

accelerometers should be within about 3 percent for the same input.

3.3.3 DIGITAL OSCILLOSCOPES

Two digital oscilloscopes with magnetic storage capabilities, series

2090, were purchased earlier from the Nicolet Instrument Corporation at

Madison, Wisconsin. These units were used to monitor and record the outputs

from the accelerometers.

A microcomputer-based instrument, namely the DATA 6000, was purchased

from the Analogic Corporation of Danvers, Massachusetts, and was used in

analyzing the wave records of the second sample reported in Lee and Stokoe, %

1985. Three subsystems were installed in the DATA 6000: (1) data acquisition

and signal conditioning systems, (2) a microprocessor-controlled digital

storage and display system, and (3) keypad-selectable microcomputer signal
processing. With these functions, the wave signals can be analyzed in the

frequency domain.

3.3.4 STRESS CELLS
In an attempt to measure the response of static pressure inside the

specimen, three total stress cells. model TE-9010. and a control unit. mode'

C-9001, were purchased earlier from Terra Technology of Redmond Washingtor

(See Fig 3 21a)

Each stress (@I1 was ca 'brated belore 't a, paced ir tp Sara hed '-

Set-up for ca)lbrat~rg the seoss re,% oa% tas',a "  ' tt,8 a-# &A tpa 0

for cal brating the V,,a," gages ' e e, '- pc- e *

"%T
A A,
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Table 3.1- Distances Between Accelerometers Inside the Triaxial
Device (from Chu et al, 1984)

Accelerometer Labels*

is 4S 1.13
4s 6S 0.99 6-

6S 9S 0.99
9S 12S 2.00
16W lOW 2.07

lOw 19W 2.06
20v 8V 2.00

8v 27V 2.00
2w 5W 1.13

5w 7W 0.99
7W lOw 0.99

lOw 13W 2.00

3V 8V 1.98

8V liv 2.00
15V 9S 2.07

9S 18S 2.06

14V 8V 2.07

8V 17V 2.06
21S 9S 2.00

9S 28S 2.00

22w loW 2.00
loW 29W 2.00
23 25 2.00
24 26 2.00 ,:.

*See Fig. 3.15 for Accelerometer Locations
2v,

-A

V *. . . . . . . .. . . . . . . . - *. *. .

. d. ..- .€ , ..- . , .V.. - . . . , % .. . . . . ,.. . , . ... . ,. -. .• .. -. . . - ". - . . -*-
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Fig. 3.19 -Accelerometer Being Assembled in Aluminum Accelerometer
Block which is Part of NS Excitation Port

* (from Chu et al, 1984)

Input

pO~p

Power

Fin, 3 2') - Electric Set-Lir Used in Calibrating Endevco Model 2735
Charje Arplifiers (from Chu et al, 1934)

e '.e
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(a) Stress Cell1

xN

(b) Strain Sensors

Fcj. 3.21 -Stress Cell and Strain Sensors

IV

If No a .7 .
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However, this time a larger capacity load cell [1000-lb (4450 N)] was used to

monitor the applied load. Each stress cell was covered with 0.25-in. (0.64

m) thick rubber pad on both faces before it was placed between the top and

bottom 6-in (15.2 cm) square platens. The loading frame was then used to

load the stress cell to known pressures and readings from the control unit of

the stress cells were recorded. Calibration curves and sample output I
readings are shown in Appendix A. The curves are essentially straight l.,-s

above an applied pressure of 5 psi (34.5 kPa), with values of the ratio of
reading to applied pressure of 0.57, 0.62, and 0.69 for the three cells.

There is no hysteresis effect upon load cycling.

3.3.5 STRAIN SENSORS

Strain sensors were also placed in the sample. The sensors were

purchased from Bison Instruments of Minnesota. The strain sensors were

calibrated using the calibration fixture and control unit purchased from the

manufacturer. The strain sensors are the model 4000 series of Bison soil

strain gages (shown in Fig. 3.21b). There are four pairs of 2-in. (5.1-cm)

diameter strain sensors and four pairs of 4-in. (10.2-cm) diameter strain I
sensors. Dial calibration curves were generated following procedures
recommended in the manufacturer's manual for each pair of strain sensors.

One of the calibration curves is shown in Fig. 3.22, and the remainder are
included in Appendix B.

An example of using the calibration curve is illustrated in Fig. 3.22

for a pair of strain sensors shown as SN-1 in Fig. 3.23 with spacing of 4.5

in. (11.4 cm) and an initial null reading of 600. For these sensors, the

corresponding calibration factor is 0.0505 percent. If a null reading is 598

was obtained after a pressure of 10 psi (68.9 kPa) was added, the equivalent

change of strain is -2 (598 - 600) multiplied by 0.0505 or -0.101 percent

(negative for compression). A schematic drawing of the locations of the

stress cells and strains sensors is given in Fig. 3.23. "'"j

3.4 SAMPLE CONSTRUCTION AND DYNAMIC TESTING

step-by-step procedure of sample construction and dynamic testing is

presented below: .1
1. Clean the interior of the LSTD.

I. .-.. . ..,. . . . .. . .- . a - -. - --'- -" . -"2' , '
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ISOMN"A SEPARATIONS
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I

0.0
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0.02 1 1 1
100 200 300 4,00 500 600 0 p0

NIULL1 Ampitude Iaadng :.

Fig. 3.22 -Strain Calibration Curve for Strain
Sensor SN-i (from Chu et al, 1984)
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Legend: 1. L 2-D or 3-D Accelerometers
2. SS-1 to SS-3 stress cells (which are actuallv %I

6 in. above the mid-depth plane)
3. SN-i to SN-4: 2-in, strain sensors
4. SN-S to SN-6: 4-in, strain sensors

Fig. 3.23- Instrumentation at Mid-Depth Plane in
the LSTD (from Chu et al , 1984)
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2. Suspend two loading membranes on adjacent vertical sides of the LSTD

(see Fig. 3.24).

3. Place two greased sheets in the form of a plastic bag on the four sides

and bottom of the LSTD to minimize shear stresses on the sides (see Fig.

3.24) and put a plastic sheet as a cover on each side.

4. Tie nylon lines at various elevations on the interior corners of the

LSTD to prevent the plastic sheets from being blown up due to air

currents from the sand raining.

5. Put a small amount of sand by hand at the interior corner of the bottom

so that the plastic sheets would not be blown up during sand raining.

6. Bolt collar of rainer on top of device (see Fig. 3.25).

7. Attach raining device to the rails on the collar.

8. Fill the side-membranes with water to a pjint about 3 in. (7.6 cm) above a

the present level of the sand inside the LSTD.

9. Use concrete bucket and overhead crane to fill raining device with dry

sand (Fig. 3.26).

10. Carefully adjust control arm and move raining device along the rails at

a constant rate so that dry sand flows uniformly into the LSTD (see Fig.

3.8).

11. Stop raining sand when the nylon lines touch the sand level or the

designated level is reached.

12. Remove nylon lines just before they are going to be buried.

13. Lower working platform into the LSTD so that accelerometers, stress

sensors, and strain sensors can be loaded at the designated locations

inside the sand sample without disturbing the sand (see Fig. 3.27

through 3.29).

14. Place the density sampler on top of sand at designated locations during

filling (Fig. 3.30).

15. Perform step 10 again and remember to remove density sampler when full.

Carefully fill hole left by density sampler upon removal.

16. Repeat steps 8 to 15 until the top of the sand is 2 in. (5.08 cir) f-,-
top of the LSTD.

17. Level top of sand sample.

18. Put greased plastic sheets and then third membrane or to c'
sample.

19. Place steel top on LSTD and bolt tightly.

,- ' , ,- . . . .. " . *, * --,,
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Legend: 1. Greased sheets of plastic
2. Nylon line
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Fig. 3.30 -Placement of Density Sampler at
Designated Elevation and Location

1 . 1
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20. Use hydraulic pressure system to add water to each membrane until the
expected pressure is achieved.

21. Control the pressure of the excitation port by manually adjusting the

reading of 'the strain gage on the port while adding air pressure to

membrane.

22. Record the readings of the stress and strain sensors inside the sample

(see Fig. 3.23).

23. Perform dynamic testing.

a. Use hand-held hammer to generate compression waves by striking

point c of anvil as shown in Fig. 3.9.

b. Strike points d and e (see Fig. 3.9) parallel to the side of the

device to excite shear waves.

c. Repeat step b but strike on opposite side of anvil to points d and

e to generate a reversed shear wave (see Fig. 3.11).

d. Check the received signals on the screen of the oscilloscope and

adjust the range of the amplifiers and the scale of the screen to

obtain an adequate waveform.

e. Record the wave signals on the floppy disc.

24. Repeat steps 20 through 23 for dynamic testing with different

confinements.

25. Determine wave velocities by methods indicated in Section 3.5.

Figure 3.31 shows the data acquisitior system. Appendix C depicts a

series of typical wave signals.

3.5 DETERMINATION OF WAVE VELOCITY

In a linear source-receiver array, shear waves are generated in the

source and propagate past two (or more) receivers. The time difference

between the initial arrivals of the wave signals (T) can be measured from the

wave forms recorded at the first and second receivers as shown in Fig. 3.32.

The wave velocity V can then be calculated from the time difference and the

known distance (d) between the two receivers as follows:

V d/t (3.2)

when V is in fps, d is in ft, and t is in sec. This procedure is referred to

as the initial arrival method (lAM) for determination of wave velocity.
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CHAPTER FOUR

MATERIAL AND TESTING PROCEDURES

4.1 INTRODUCTION

A locally available washed mortar sand was selected as the sand with %

which to build the sample because it is easy to handle and place. When dried

and placed with the raining device described in Section 3.2.2, uniform

medium-dense sand samples can be obtained and duplicated from one test to the

next. The static and dynamic properties of the dry sand are essentially

independent of time of loading, frequency, and number of loading cycles in

the small-strain range. As such, a consistent data set can be obtained by

stage testing one sample, and testing can proceed as rapidly as data can be

gathered. Various loading sequences can be added with little influence of

stress history (as shown in Chapters Five through Seven).

4.2 SAND CLASSIFICATION

The sand is a medium dense, washed mortar sand which is classified as SP

in the Unified Soil Classification System. An average gradation curve for

the sand is shown in Fig. 4.1. The sand has a mean grain diameter, DS5 of

about 0.45 mm, an effective grain size, DIO, of 0.28 mm, and a uniformity

coefficient, Cu, of 1.71 as shown in Fig. 4.1. Less than one percent of the

material passes the #200 sieve (0.074 mm). The grain shape is subangular to

subrounded as shown in Fig. 4.2. The sand has a specific gravity of 2.67.

Rix (1984) performed maximum and minimum density tests on the sand in

accordance with ASTM D 2049-69. He obtained a minimum dry density of 90.6

pcf (14.2 kN/m 3 ) and a maximum dry density of 106.6 pcf (16.7 kN/ml). The

corresponding maximum and minimum void ratios are 0.839 and 0.563,

respectively (see Table 4.1).

Densities and corresponding void ratios were measured while the sand

sample was constructed, and the resulting values are listed in Table 4.2.

Measured densities of the sample ranged from 98.6 to 104.8 pcf, and

corresponding void ratios ranged from 0.62 to 0.70. The relative densities,

D of the sample, therefore, ranged from 79.3 percent to 50.4 percent and . -

had an average value of 72.1 percent.

77

N %€ # . .. ..- . -. '- " " . -"''""''"' ." ." . " ." " ." " . . ." .'



78

LIIIM31 As miSmyOo .LN33d

I LAI 1

54--

~~40T 00>

I --------------------------------------------------------------------------



79

44a 0. 4

A %1

J* 155

i -

Fig.4.2 hotmicrgrah ofWashd MrtarSan

(from Rx, 1984

e 0 p r d'e -P-P r r * r r r-



80

.

'p
Table 4.1 - Summary of Soil Characteristics 'a) and

Properties (b) of Washed Mortar Sand
(from Rix, 1984)

1.0

Soil Type: Washed mortar Sand

Unified Soil Classification: SP

swn Grain Diameter, D SO: 0.35 m"

Peroat Passing f2W0 SlewD: (1%

Specific Gravity: 2.67

Mxaimnm Dry Density: 106.6 pcf

Minim= Dry Density: 9C.6 pcf

MMXim=m Void Ratio: .9

Minimum Void Ratio: 3. 56 3

Grain sape. S'Wang 'ar tc
s-=,rounded

(a)

Relztive Demsity, % Angle of Internal Friction,

5.7 34.5

10.2 34,5

12.3 36.5

17.5 37.2

22.4 38.5

114.0 44.0

(b)

" ". - -. . . , . , . "~*". ." "- " " .""." , - - "%. " " " "- . -'d ' - , -
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Table 4.2 -Densities and Void Ratios of Sand at Various
Elevations in the Large-Scale Triaxial Device
(from Chu et al, 1984

Height
Above the Location Density Void Ratio
Bottom (see
(in.) Fig. 3.5) (pcf)

12 A 103.1 0.62
22 E 99.7 0.68
12 C 101.8 0.64

36 D 103.5 0.62
36 B 100.8 0.66
36 F 104.8 0.60

60 A 102.6 0.63
60 B 98.8 0.69
60 F 103.3 0.62

78 0 103.3 0.62
78 IE 98.6 0.70
78 C 101.3 0.65

I Average 101.8 0.64
PStd. Deviation 2.0 0.03

*e -i where G 2.68 Y d 1+ W~, and w 0.05%
d S

PeS
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4.3 STATIC SHEAR STRENGTH AND STRESS-STRAIN BEHAVIOR '

The angle of internal friction, *, determined by consolidated drained

and undrained triaxial tests ranged from 34.5 degrees for loose sand to 44

degrees for dense sand (see Table 4.1).

Two stress-strain curves for dense sand samples loaded under 'S

consolidated drained conditions with different confining pressures, 10 psi

and 45 psi (68.9 to 310.1 kPa), are shown in Fig. 4.3. The stress-strain

curves seem to be reasonably linear at small stresses, when the principal

stress differences are less than 25 psi (172.3 kPa) in both cases. Since

stress-path dependent behavior may happen mainly in the plastic range of a

material (Chen, 1975), it was decided that all stress differences employed in

the large-scale triaxial device would not exceed 25 psi (172.3 kPa). The N

axial strains under such loading conditions will be less than 0.5 percent.

Accordingly, a step load of only 5 or 10 psi (34.5 or 68.9 kPa), results in a

corresponding variation in axial strain of less than 0.1 to 0.2 percent.

This small variation in axial strain does not allow the strain sensors to

pick up a very clear reading as they are not sensitive enough. Figure 4.4

shows the measured strains corresponding to the applied pressures. The axial

strain value may be even smaller (about 0.03 to 0.05 percent) if the

calculated maximum Young's moduli from dynamic testing (see Chapter Nine) ae P

used. These strain sensors were designated to measure static strains of the

specimen so that static stiffnesses could be compared with dynamic results.

However, because the strains were so small, accurate strain measurements

could not be made, and thus the strains were only used as rough references.

The readings of stress cells buried inside the sand sample are presented

in Appendix A. The distances between the stress cells, SS-1, SS-2 and SS-3

and the nearest membranes parallel to the face of each cell are 2, 5, and 3

ft (60 cm, 150 cm and 90 cm), respectively. One can see (from Table 4.3) %

that, at a given isotropic pressure, the vertically oriented stress ce'"

closer to the membrane, SS-2, exhibited the smaller readings of stresses of

the two vertically oriented stress cells. However, the horizontally orle-tec

stress cell, SS-3, exhibited smaller readings of stresses than either of the

vertically oriented cells. The ratio of stress cell readings to applied

loadings changed from low to high confinements, except for cell SS-2. Many

factors, such as stress concentration or stress relief (in terms of soil

arching; Ingram, 1965), lateral stress rotation (Stewart and Kulhawy, 1981),

% %~ % _

"%.
Z!6 Z %•-*
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.5,

'I

Table 4.3 - Ratios of Calibrated Readings of Stress
Cells to Applied Confining Pressures

Applied Confining
Stress Cell Pressure*, , psi Distance"

No. 10 15 20 30 40 (ft)

SS-1+ 0.72 0.78 0.71 0.63 0.63 5

SS-2 +  0.53 0.53 0.53 0.52 0.53 2

SS-3 +  0.32 0.20 0.25 0.43 0.40 3

* applied confining pressures in the membrane parallel
to the face of each stress cell

" distances between the stress cells and the membranes
parallel to the face of each cell

+ placed vertically

++ placed horizontally

.

1

•.5.

o5 5*

. . . . . . . . . . . .-~ . . . . . . . • "
*. " . * """" - ".% - " .- % ° - " %%. % % "-"5, 5 " ** " . ' - " " . " " - .. , . ". - ". ",
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and nonuniform stress distribution (Januskevicus and Vey, 1965), may cause a
scattering in stress readings. Further study on interpreting the stress

cells is necessary. Therefore, stress readings from the pressure gages in

the air/water system were used in all subsequent analyses.

4.4 DYNAIC PARAMETERS

Shear moduli and damping ratios determined with resonant column tests on

isotropically loaded specimens are presented in Figs. 4.5 through 4.8 (Knox,

1982). These results were used to make a preliminary examination of the

effect of stress history, and, thereafter, used to compare with the results

from the LSTD.

Recently, a series of resonant column tests using biaxial loading was

conducted by Stokoe and Ni (1985). Results from these tests are shown in

Figs. 4.9 through 4.12, and the tests are discussed in the following chapters

where appropriate.

A relationship between cone penetration resistance, q co and shear wave

velocity for this sand under normally consolidated conditions was developed

by Rix (1984), and these results are presented in Fig. 4.13 for completeness.

4.5 PREDOMINANT FREQUENCY, STRAIN AWPLITUOE AND WAVELENGTH

Waveforms of both P- and S-waves were recorded on magnetic disks using

two Nicolet oscilloscopes. These records were used to determine propagation

velocities, frequencies, particle motions, and strain amplitudes. Evaluation

of these parameters was conducted in both the time and frequency domains.

In the time domain, two fractional values of the period, 0.25 T and 0.5 ,

T, were measured from each accelerometer record as shown in Fig. 4.14. These

periods were then used to estimate predominant frequencies. Wavelengths were

calculated from:,aA".

V/f (4.1) "

where V is the wave velocity in fps, f is the frequency in Hz, and is the

wavelength in ft. The predominant frequencies of P- and S-waves ranged from .

1000 HZ to 2500 Hz and 1000 Hz to 1500 Hz. respectively. Wavelengths of the

0'.p
% MP
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P- and S-waves ranged from 0.4 to 
1.5 ft (12 to 45 cm) and 0.5 to 1.0 ft (45

to 30 cm), respectively.

The maximum (peak) acceleration was determined from either the first

peak in the waveform or the average of the first peak-to-peak motion (A1 and

A2 in Fig. 4.14, respectively). A calibration factor of 10 volt/g was used

to calculate the acceleration amplitude. There are not distinct patterns of

acceleration amplitude for different kinds of shear waves. The value of

acceleration amplitude ranged from about 1 to 20 ft/sec2 (0.3 to 6.0 m/sec2 ).

By using a harmonic approximation, peak particle amplitude, Z can be

related to peak acceleration, 
Z, as:

Z = (21f)2Z, (4.2)

and peak particle velocity, 2, as:

S(2rf)Z. (4.3)

Strain amplitudes, E and -, for plane P- and S waves, respectively, can then

be determined from particle velocities (2) and propagation velocities (V) as:

P 2/v(4.4.a)

or

2/v (4.4.b)

The sources in this study tend to generate spherical waves rather than

plane waves. Therefore, particle amplitudes and strain amplitudes determined

from Eqs. 4.2 through 4.4 can only be used as approximations to reflect the

order of the magnitude of the strain amplitudes in the sand. Peak particle

amplitudes and strain amplitudes for both P- and S-waves ranged from I x 10
-  _

to 6 x 106 in. (2.54 x 10 to 1.52 x 10-  cm) and from 0.0001 percent to

0.001 percent, respectively. Since peak strain amplitude is less than 0.001

per cent, testing may be considered to be low amplitude and the effect of

strain amplitude can be ignored (see Figs. 4.9 and 4.10).

• : . - , - . . , . .' .. " . . ./ ,. -.. . ; .- . -. .. .. .- . . - . . , : . -. . . . . .: ., -. . . ., .. . . ., , .. : ° - -,..,.. .. ... ,. . -.... .,...,.. -. ... , , - ..... , ... . .-.
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In the frequency domain, the range of the frequencies for each wave type

can be examined in detail. The spectrum of the typical waveforms in Appendix

C are shown in Appendix D. The full frequency ranges for P- and S-waves is

in 200 Hz to 3000 Hz and 100 Hz to 2000 Hz, respectively, from the

combination of the trigger device, hammer, inclusion, and sand sample. The I
predominant frequencies of the P-wave in the isotropic plane (Vpl) and in the 0
anisotropic plane (VPA) are 900 Hz to 1250 Hz and 500 Hz to 900 Hz,

respectively. An oblique P-wave falls in the range of 450 Hz to 1250 Hz.

Two predominant frequencies occurred in the S-wave signals. They ranged from

150 Hz to 250 Hz and 450 Hz to 700 Hz for both VSI and VSA (shear wave

velocity in isotropic and anisotropic planes, respectively). However, there

is less energy in the frequencies ranging from 250 Hz to 450 Hz for the

S-waves. The same phenomenon was also noticed in the oblique shear waves but

with a wider frequency range (150 Hz to 300 Hz and 450 Hz to 800 Hz).

Differences between predominant frequency ranges for measurements

analyzed in the time or frequency domain (except for V P) are clearly shown

in this data. Determination of displacement or strain from time-domair

records always results in larger displacement or strain values (unless one --

pure harmonic waveform exists). That is, the maximum amplitude of

displacement (or acceleration) is the superposition of the magnitudes of a

number of frequencies rather than one, and the equivalent frequency (or more

generally called the predominant frequency) to this peak amplitude may not be

coincident with the individual predominant frequencies. For instance, the

predominant frequency of the P-wave in the anisotropic plane is from 1000 Hz

to 2500 Hz obtained in the time domain, but it is only from 500 Hz to 900 Hz

when obtained in the frequency domain.

4.6 TESTING PROGRA

The testing program was composed of three sequences of pressure

variation. The first step was to perform tests with isotropic confinement

(oio2=o3). This state of stress is the simplest one that can be applied

with the LSTD, and it is the easiest one to compare with other research

conducted with other devices. Moreover, structural anisotropy (or inherent

anisotropy) can easily be detected under this state of stress.

To understand stress-induced anisotropy and the effect of individual

principal stresses on S-wave velocity, a complete set of biaxial tests was

. %.~e .%.%.o•%. .o. , .% %.% 5. %. , %. , "%' -" . %\ "
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performed on the sample. Two series of biaxial confinement tests were
examined: the first series consisted of tests with confining stress varying
in only one principal direction (named BIAI), while the second series

consisted of tests with confining stresses varying in two principal

directions (named BIA2). Both series of tests were conducted with the major

principal stress oriented along each of the three principal stress axes to

check the possible difference due to anisotropy of the sample. To check the

influence of intermediate principal stress on the stiffness of the sample,

the first series of tests contained two subsets: the first subset was

composed of tests with the intermediate principal stress always equal to the

minor principal stress, while the second subset was composed of tests where

the intermediate principal stress ranged in value from the minor to the major

principal stress. "BIAR" was the name given the second subset while "BIAI"

was still kept for the first subset. Test numbers from 10 to 22 and 32 to 60

represented the series BIAI while numbers 23 to 31 represent the subset of

BIAR (Test numbers are given in Table 4.4.)

The loading sequence of biaxial confinement all started with an

isotropic state of stress of 15 psi (103 kPa) in BIAI. The stress in the

vertical direction (z-direction) was then increased from 15 psi to 20, 30,

and 40 psi (103, 138, 207, and 276 kPa) as shown in Fig. 4.15a (named BIAIZ).

With the stress of 40 psi (275.6 kPa) being held constant in the z-direction,

stresses in the x- and y-directions were then in creased from 15 to 40 psi

(103.4 to 275.6 kPa) in the same increments as before as shown in Fig. 4.16a

(named BIA22). After the loading sequence, unloading tests were employed del

with the horizontal stresses being reduced from 40 to 15 psi (275.6 to 103.4

kPa) while the vertical stress remained constant at 40 psi (275.6 kPa).

Then, the vertical stress was unloaded from 40 to 15 psi (275.6 to 103.4 kPa)

in the reverse sequence with the horizontal stresses being kept at 15 psi -,

(103.4 kPa). The same loading and unloading sequences were also repeated in

the x- and y-directions as shown in Figs. 4.15b, 4.16b, 4.15c, and 4.16c,

respectively.

The BIAR biaxial confinement tests were started from two different

initial conditions: the first one was from the isotropic confinement of test

number 23 and the second one was from the biaxial confinement of test number

28 (see Table 4.4). The intermediate pri.ncipal stress was varied from the

minor to the major principal stress in the first subset while it was varied

I"

.,- -i.- .....................,.... . ..............................-....-........-.
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Table 4.4 - Loading Pressure Sequences (from Chu et al, 1984)

Horizontal
Test Vertical Effective Stress Effective Stresses
No. Date of Test a (psi)* C, (psi)* "y (psi)*

1 10/08/82 10 10 10

2 10/13/82 15 15 15

3 10/16/82 20 20 20

4 10/16/82 30 30 30

5 10/20/82 40 40 40

6 10/23/82 30 30 30

7 10/23/82 20 20 20

8 10/23/82 15 15 15

9 10/23/82 10 10 10

10 11/08/82 15 15 15

11 11/10/82 20 15 15

12 11/12/82 30 15 15

13 11/13/82 40 15 15

14 11/13/82 40 20 20

15 11/15/82 40 30 30

16 11/28/82 40 40 40

17 12/17/82 40 30 30

18 12/17/82 40 20 20

19 12/17/82 40 15 15

20 12/18/82 30 15 15

21 12118/82 20 15 15

22 12/18/82 15 15 15

23 12/18/82 20 20 20

24 12/20/82 30 20 20

25 12/20/82 40 20 20

26 12/20/82 15 20 20

27 12/21/82 10 20 20

28 12/21/82 20 10 20

29 12/21/82 20 15 20

30 12/22/82 20 30 20

31 12/22/82 20 40 20

.... ,

- . • €. . t ,"-* " - * . - * ° '- .. .- -.- - . - -. ., .- ..
, '. . • . . ', , , ,% % " ,% -, ', % , . . . , ,% % % • o . ,. % '. - . .J *. .' %. . . . . - . . - . -. . . . ' . - . .
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Table 4.4 (continued) - Loading Pressure Sequences (from
Chu et al, 1984)

Horizontal
Test Vertical Effective Stress Effective Stresses .*

No. Date of Test 3 (psi)* 0 (si)* o (Vsi)*?

32 12/22/82 30 30 30

33 01/05/83 40 40 40

34 01/06/83 20 30 20 V

35 01/06/83 20 20 20

36 01/06/83 20 15 20

37 01/07/83 20 10 20

38 01/07/83 15 15 15

39 01/07/83 15 20 15

40 01/08/83 15 30 15

41 01/08/83 15 40 15

42 01/08/83 20 40 20

43 01/10/83 30 40 30 .

44 01/10/83 20 40 20

45 01/10/83 15 40 15 .1

46 01/11/83 15 30 15
47 01/11/83 15 20 15
48 01/11/83 15 15 20

48 01/11/83 15 15 20
49 01/11/63 15 15 30 ,

50 01/12/83 15 15 40

51 01/12/83 20 20 40

52 01/12/83 30 30 40

53 05/19/83 30 30 30

54 05/20/83 40 40 40

55 05/20/83 30 30 40

56 05/20/83 20 20 40

57 05/21/83 15 15 40

58 05/23/83 15 15 30

59 05/23/83 15 15 20

60 05/24/83 15 15 15

• 4 <I - :- . . 7,r
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Table 4.4 (continued) - Loading Pressure Sequences (from

Chu et al, 1984)

Horizontal
Test Vertical Effective Stress Effective Stresses
No. Date of Test 0 (psi)* (Dsi)* (Psi)*

61 05/24/83 40 25 20

62 05/24/83 40 15 25

63 05/24/83 40 15 30

64 05/24/83 40 15 35

65 05/25/83 28 28 28 -

66 05/25/83 32 28 24

67 05/25/83 36 28 20

68 05/25/83 40 28 16

69 05/26/83 28 28 28

70 05/26/83 32 31 24

71 05/26/83 36 34 20

72 05/26/83 40 37 16

73 06/01/83 40 40 40 A

74 06/01/83 40 40 40 m

75 06/01/83 40 40 40

76 06/02/83 40 40 40

77 06/05/83 40 15 15

78 06/05/83 40 15 15

79 06/05/83 40 15 15

80 06/06/83 40 15 15 log

81 06/10/83 32 28 24 SI'

82 06/10/83 32 28 24

83 06/10/83 32 28 24 ,s

84 06/11/83 32 28 24 %.5.

* W Vertical (top-bottom) effective stress .

zA
Ox - Horizontal (north-south) effective stress

Oy H Horizontal (east-west) effective stress

'" "" " " "

. . .. ..-..-.....- .'- . " .. ... "... . . ". - " "
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a=40 psi

(a) BIA2Z
a=15-40 psi

(b) BIA2X
e=15-40 psi

(c) BIA2V

Fig. 4.16 - Second Series of Biaxial Confinement Tests
with Variations of Stresses in Two Principal
Directions (BIA?)
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from major to minor principal stress in the second subset. The principal

stress varied from 10 psi (68.9 kPa) to 40 psi (275.6 kPa), while the other

two principal stresses were held constant at 20 psi (137.8 kPa) as shown in

Fig. 4.17.

For biaxial confinement, all principal stresses were no longer the same

as in isotropic confinement so the effect of each stress component on shear

wave velocity could be investigated. The orientation of the principal stress

in both series of tests (BIA1 and BIA2) was never changed, i.e., no matter

whether one or two principal stresses were varied, the directions of major,

intermediate, and minor principal stresses never changed.

Triaxial confinement states represented the last step in using the LSTD

to study the effect of stress state on S-wave velocity. This stress state

was examined after the effects of isotropic and biaxial confinements had been

examined. Three series of tests were performed in the triaxial tests: (1)

the first series consisted of tests in which confining stress was varied in

only one principal direction, (2) the second series consisted of tests in

which confining stress was varied in two principal directions, and (3) the

third series consisted of tests in which confining stresses were varied in

all three principal directions. These three series were named TRI1, TRI2 and

TR13, respectively. The loading conditions for each series of tests are

shown in Fig. 4.18.

A complete listing of the tests is given in Table 4.4. Interruptions

caused by the rupture of the membrane on top of the LSTD are noted (January

12, 1983) in the table.

.% .1*

'.

S
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a 10-40Opsi

=20 psi

(a) BIARZ

~=20 psi

a 10-40 psi

(b) BIARX

Fig. 4.17 -Second Subset of First Series of Biaxial
Confinement Tests with Variation of Stress
in One Principal Direction (BIAR)
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= 40 psi

a 20-35 psi

=15 psi '-

(a) TRI1 I

a 28-40 psi

l 28-16 psi

10,_

00.

d 218 Psi..

(b) TR 12 :
8 28-40 psi

a 8-16 psi "

C 28-37 psi

(c) TRI3

Fi8. 4.18 Loadinn Conditions for Triaxial

(b)iemn Tests8=84 s
I'.

'S. . . . . .. .• , -.- , .,, .. - -. . .. , , -. . , . .. . . . . .. -5



-', -Y'9 %P~ ,~

CHAPTER FIVE

ISOTROPIC CONFINEMENT

5.1 INTRODUCTION

Six shear waves, four SV and two SH, were studied under isotropic states

of stress. These waves always had their directions of propagation and

particle motion polarized along principal stress directions. Nomenclature

used to discuss these waves is shown in Fig. 2.4. Shear wave velocities

presented herein are based on the initial arrival method (IAM) described in

Section 3.5, and only average values of interval velocities are presented.

In a medium where stiffness increases as depth increases, wave travel

paths will tend towards concave ray paths (Slotnick, 1959). Since the

receivers are closely spaced when compared to the vertical variation in soil p.

stiffness, the effect of curved ray paths was considered negligible (Haupt,

1973). Therefore, the horizontal plane at the mid-height of the cubical

sample resulted in nearly isotropic conditions, with essentially no pressure

gradient in the vertical direction.

Testing under conditions of isotropic confinement was first performed,

and the results are presented in this chapter. This work was performed to

understand the effect of the simplest stress state, isotropic confinement, on

shear wave velocity. Moreover, shear wave velocity from these tests can be

used: (1) to evaluate the effect of the mean effective stress on Vs, (2) to

compare with other available data, and (3) to study structural anisotropy of

the specimen (also called inherent anisotropy). As the idealized condition

of isotropic confinement is impossible to attain perfectly (Section 3.2), all

three effective principal stresses reported herein are those values which

were applied to the horizontal plane at the mid-height of the cubical sample.

The effective major principal stress (a), the effective intermediate

principal stress (a2), and the effective minor principal stress (o3) are all

the same in isotropic confinement tests. All tests were performed at

confining pressures ranging from 10 to 40 psi (68.9 to 275.6 kPa) measured at

the center of the sample. Due to the weight of sand in the sample, the

variation in vertical stress betweer the vertical monitoring accelerometers

was ±1.4 psi (t9.6 kPa), which resulted in a t14 to ±3.5 percent variation in

confinement when the isotropic pressure varied from 10 to 40 psi (68.9 to

275.6 kPa), respectively.

107
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5.2 EFFECTS OF STRESS STATE AND STRESS HISTORY

Tests with isotropic confinement afforded an opportunity to study the

effect of stress state together with the effect of stress history on shear

wave velocity. In addition, such tests permit direct comparison with

available results, mostly from resonant column tests. To study the effect of

stress history, a continuous sequence of loading and unloading tests was

conducted with isotropic pressures ranging from 10 to 40 psi (68.9 to 275.6

kPa). Also, some tests at similar pressures were repeated during loading ""

sequences using biaxial and triaxial states of stress.

5.2.1 CONTINUOUS SEQUENCE OF LOADING AND UNLOADING

The variation of shear wave velocity with isotropic confinement for the

first continuous loading and unloading sequence is given in Tables 5.1 and

5.2. A linear variation in the log VS - log 00 relationship was assumed for

each shear wave, and a least-squares straight line was fit through the data

as illustrated in Figs. 5.1 to 5.3. The regression line for the log Vs - log

a relationship can be expressed as (Hardin and Richart, 1963):
0

V =Conm (5.1)

where:

V shear wave velocity in fps,

C2 = constant,

co = mean effective principal stress in psf, and
nm: =slope of log Vs - log a relationship.

s 0
Values of C2 and nm shown in Tables 5.1 and 5.2 were computed for each of the
six shear waves.

As shown in Figs. 5.1 through 5.3, the regression lines for the -'

unloading data have slightly flatter slopes than those for the loading data

which results in the values of nm being slightly greater and the values of C,

being slightly less upon loading. The largest variation in shear wave

velocity for any shear wave upon loading and unloading is only 5 percent for

Vxz at 10 psi (68.9 kPa), and the least variation is zero percent difference

for Vxy at 10 psi (68.9 kPa). As a result, the hysteresis effect (stress

history effect) upon shear wave velocity was not significant, and the genera'

log Vs - log a relationship for loading and unloading remained the same.
s 0

%W~
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Table 5.1 - Shear Wave Velocities Measured During First Continuous
Loading Sequence under Isotropic Confinement

Shear Wave Isotropic Confining Pressures, psi ,nm C 2  
.

Type 10 15 20 30 40 n.

Vx 859 941 998 1079 1123 0.19 236

Vxz 789 857 890 990 1040 0.20 182

Vyx  861 924 991 1081 1154 0.21 166

Vyz  803 857 921 975 1032 0.18 212

Vzx 744 805 846 926 990 0.21 157

Vzy 773 815 873 957 988 0.19 177

*Eq. 5.;V5  =C23 n (with Vs  in fps and o in psf)

Table 5.2 - Shear Wave Velocities Measured During First Continuous
Unloading Sequence under Isotropic Confinement

Shear Wave Isotropic Confining Pressures, psi nm C2

Type 10 15 20 30 40

Vxy 859 940 976 1093 1123 0.20 182

Vxz 828 888 914 992 1041 0.16 259

Vyx  848 967 1023 1076 1154 0.21 181

Vyz  807 871 925 950 1032 .. 17 271

Vzx 760 836 884 945 990 0.19 181

Vzy 787 828 876 958 988 0.17 211

*Eq. 5  =C2 0 nm (with V5 in fps and .. in psf)*E, .~v C2;0 s..

*I

. . . ......................................................................................
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5.2.2 REPEATED TESTS AT SIMILAR PRESSURES

Throughout the complete series of tests (summarized in Table 4.4), some

shear wave velocities measured during the anisotropic confinement series were

actually under isotropic states of stress as listed in Table 5.3. Average

and standard deviations of velocities at each isotropic state of stress were

determined for each shear wave and are summarized in Table 5.4. As can be

seen in the table, shear wave velocities at each confining pressur( are

nearly the same. Standard deviations are less than 5.8 percent of the

average velocities for all cases (124 tests for 30 cases), and less than 4

percent for 24 cases. The effect of repeated isotropic confinement on each

of the six shear waves is shown in Figs. 5.4 to 5.6.

The 95-percent confidence intervals are also shown as dashed lines in

Figs. 5.4 through 5.6. The probability of the value of shear wave velocity

at a certain confining pressure falling between the interval constrained by

the dashed lines is 95 percent (Ang and Tang, 1975; and Mandel, 1984).

Therefore, the narrower the 95-percent interval, the better the test results.

Figures 5.4 through 5.6 show fairly good results as expected, and the effect

of stress history on shear wave velocity through repeated tests at similar

pressures is negligible.

5.2.3 EFFECT OF CONFINEMENT PERIOD AT ONE PRESSURE

Age of soil has been shown to be an important consideration when

comparing field and laboratory shear wave velocities (Stokoe and Lodde,

1978). The period of confinement at a single pressure is especially

important in a laboratory test (Hardin and Black, 1968; Hardin and Drnevich,

1970; and Anderson and Stokoe, 1978). Test numbers 73 through 76 were

conducted under isotropic confining pressure of 40 psi (275.6 kPa) for 47

hours. Pulse testing was done at 0.5, 1.5, 2.0, and 46.5 hours after the

confining pressure was added. (Usually it took about three hours for added

confining pressures to become completely stable.) The test results are listed 'A

in Table 5.5 and are shown in Fig. 5.7. Because shear wave velocities in

this research are generally depicted with log-log scales, Fig. 5.7 is drawn

on a scale of log V - log t.

Although there is a slight amount of scattering in shear wave velocities

at one pressure, the linear regression lines of shear wave velocities in this

test are found to be parallel and have zero slopes. The largest difference

*~0 e * %-
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in shear wave velocities for any direction (Table 5.5) is only 1.8 percent 3N
which was measured for V . Afifi and Richart (1973) concluded from

isotropic resonant column tests that the influence of confining period on

shear modulus of a sample with D50>>0.04 mm is not significant. The value of

D50 of this sand is 0.35 mm (see Section 4.2), and the results of the effect

of confining period on shear wave velocity agree with the conclusion from

Afifi and Richart. The effect of confining period is, therefore, considered

negligible in the range of pressures and time periods used in this study.

As can be seen in Figs. 5.1 through 5.3, shear wave velocities in the

unloading sequence are a little higher than those in the loading sequence.

But there is not much scattering of shear wave velocity under the same

isotropic confinement condition throughout the complete series of tests, and

most data are located between the 95% confidence lines for loading and ...

unloading tests for all cases (see Figs. 5.4 to 5.6). The standard

deviations are always less than 5.8 percent of the average velocities for all

cases (Section 5.2.2). Furthermore, the maximum difference of shear wave

velocities in first loading and unloading sequence is only +5.7 percent with

an average of +1.4 percent for all types of shear waves (see Table 5.6).

Also, the maximum difference between the first loading and the average of the

complete set is only +3.9 percent, with an average of +1.0 percent for all

tests. Consequently, the effects of time of confinement and stress history

are considered to be negligible under isotropic confinement, especially if

the average of a large number of shear wave velocities measurements can be

obtained.

5.3 EFFECT OF STRUCTURAL ANISOTROPY

In Section 4.3 of the report of Chu et al (1984), this sand sample has

been shown to behave like a cross-anisotropic medium under isotropic loading.

Based on the cross-anisotropic model discussed in Section 2.2, shear waves in

the isotropic plane (the horizontal (xy) plane for this sample) should

exhibit the same velocities while shear waves in the anisotropic planes (xz

and yz planes) should exhibit the same velocities which are different from

those in the isotropic plane, or:

VSj V y and (5.2.a)

S1 V. 
.%

Z-. .. . * .%......... ......,P,,'., .. ' . . ., . - , - .. % % . - . . - . . . . .. . .o ..... . *. ° - . ° . .
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V V yV V (5. 2. b)SA xz yz zx zy

A comparison of mean values of Vxy and Vyx for the overall tests is presented

in Table 5.7. The average difference is only 2.7 percent which is nearly the

same as the difference of 3 percent in P-wave velocities (Vxx and Vyy *1*

measured in the horizontal plane (see Sections 4.3 of Chu et al, 1984).

The mean values of shear wave velocities of V V V and Vz. are .,
x yz' zy' zx *

listed in Table 5.8. Since compression wave velocities measured in the xy
plane exhibited some scatter, shear wave velocities, Vxz , Vyz, V and V

zyI -
also exhibited some scatter as expected. This implies that this sample is a

little like an orthotropic medium rather than a perfect cross-anisotropic w-,

one. The difference between each shear wave velocity and its mean value at

one isotropic confining pressure does not exceed 5.5 percent as shown in .

Table 5.8, and the maximum average difference between each shear wave type is

only 3.6 percent which is close to the value found in the horizontal plane

from P-wave velocities and VSI.

Furthermore, the F-test results in Table 5.9 indicate that a linear

regression analysis on the group of shear wave velocities of Vxz' Vyz , Vzx,

as well as Vzy is very significant. Based on the value of adjusted R-square,
at least 83 percent of the variation in Vs can be explained by the the log V

sS
- log o equation used. Compared with an 89-percent explanation factor for

0
the isotropic plane (Table 5.9), the explanation for the group of Vx Vyz

V and V is quite satisfactory. The results of the F-test for thezx zy
constant C2 and slope nm also indicate these values are very significant.

Therefore, it seems that this sample can be treated reasonably well as a

cross-anisotropic medium, and the shear wave velocities can be simplified as:

-- 0.-18

Vsl 2oo 0o°20 ( 5.3. a) -

VSA 209 a 018 (5.3.b)

where:

V SI shear wave velocity in horizontal plane (perpendicular to axis

of symmetry), fps,

VSA shear wave velocity propagating in vertical planes with

particle motion in horizontal planes, and vice versa, i.e.

S-wave in the anisotropic planes.

0

% .o % "":," -.Z " ," : -'":" "- ,' " """" "-'""."/'." ."-"" "" "" "" . . . . . . . .. . . . . . . . . . . . . . . .""."". .""."".""". ."-.""."".".-"""'."'
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Experimental results using Eq. 5.3 are shown in Fig. 5.8. It is -

important to note that since the constants in Eq. 5.3 are almost the same,

structural anisotropy is caused mainly by the variation in the value of the

slope of Eq. 5.3 rather than by general shifting of the line by the value of

the constant. In other words, VSI will be equal to VSA at a certain

cafimning pressure [9.033 psf (0.43 kPa)] in this study). It is interesting

to note that the same results for P-wave velocities were also found. .

Nowever. more research is necessary to better understand this behavior.

The difference between VSI and VSA under isotropic loading is caused by :.

structural anisotropy in the sample. Different shear wave velocities

r.as_.-e 4- situ with crosshole and downhole seismic tests have also been

reported by Arango, Moriwaki, and Brown (1978). Structural as well as stress

a-'sotropy can be the cause of these differences (Stokoe, et al 1978).

;-ess rinduced anisotropy is discussed in Chapter Six.

'%

5.4 EFFECT OF ISOTROPIC CONFINEMENT

Detailed results of the linear regression analysis of the shear wave
a :,'ties from all tests under isotropic confinement are listed in Table

:C From the minimum value of R-square (0.857), one can say that at least

86 percent of the variation in V can be explained by the linear correlation
5

w-t" mean effective stress (Draper and Smith, 1981). The average value of

;-square is 0.93. By considering the number of samples, the minimum value of

aj:2sted R-square is still 85 percent (0.847 in Table 5.10), and the maximum

a ,e of adjusted R-square is 96 percent (0.962 in Table 5.10) i.e., about 85

;- 96 percent of the variation can be explained by the linear regression

-*s%'ts All the a-values of the F-test equal zero which means that the
,near regression analysis is very significant. Equation 5.1 is, therefore, -.

a c-oper form of expressing the variation of shear wave velocity with

"sot-ooic confining pressure. .5.

By substituting the values of the constants and slopes in Table 5.9 into

Eq 5 1. the relationship between the velocities in the isotropic and '

a-,sotropic planes is:

V 0.566 (VSA)1"098 (5.4)

l-l

............. ... -
:_-~~~~~~~~~~~~~~~. -.,..-.,_.....-,.'.'.,..-..-.......-.:.;.....,.....-..-............ .,................. -1



128

c 0 , Psi

0 15 30 40

1100 n= 2

lIne -

700
1400 -0C~ 00 ̂J

Mean Effecti've 'ri:'ss '-es

x 1300

1100
4

700
140'r

t~ S AP~Pn~

'.tip -4 *



129 a

Pa

0,

%0 cc C t

0 0

CZ - a

w C CD C CD

CD I 0 C-fl at L O

c C C C

'C C)

-C a

CC ~ Ln
..e .r CC

- 0' 00 en fn0 0

rc C) Cl C: C-

-cc

Ga'cc

ca C
C7 'r

C .c 0 a .

I---

.44c

%E



130

By substituting the values listed in Table 5.8 into Eq. 5.4, the ratio of VSI

to VSA is from +8.8 percent to +11.6 percent for confining pressures from 10

to 40 psi (68.9 to 275.6 kPa). On the average, VSI is about 10 percent

higher than VSA for this sand sample, i.e.,

VSI = 1.10 VSA (5.5)

The value of the ratio (1.10) is a little smaller than the ratio (1.17) of

Vp1 to VPA (Chu, et al, 1984).

5.5 SUMMARY

Six types of shear waves were generated to test the influence of

isotropic confinement on the structural characteristic as well as the stress

history of the sand sample. No significant effects of stress history or time

of confinement were found.

The effect of effective isotropic confining pressure, 00' on shear wave

velocity was found to be well represented by a linear relationship between

log Vs and log a o  Furthermore, a cross-anisotropic model is a good

representation of wave velocities in the sample, and Eq. 5.3 can then be used

to predict the shear wave velocities. In Eq. 5.3, quite similar values of

the constants (C2 ) for horizontally and vertically polarized shear waves (200

and 209, respectively) were found while the values for the slopes (nm)

exhibited somewhat larger variations (0.20 and 0.18, respectively). These

results imply that the effect of structural anisotropy in this sand under r.

isotropic loading is more reflected by the slopes in Eqs. 5.3. However, more

work is necessary to understand and define this point in greater detail.

Although the equation for shear modulus suggested by Hardin (1978) is

well suited for isotropic confining pressures, it was noted that different

shear moduli existed for the vertical and horizontal directions in the large

sample (as well as in natural soil). At this time, such differences cannot

be easily detected with small samples such as those used in resonant column,

torsional shear, cyclic shear and cyclic triaxial testing.

I.
% . . . . . . . . . . .



CHAPTER SIX

BIAXIAL CONFINEMENT

6.1 INTRODUCTION

An extensive set of tests was performed under biaxial confinement as

outlined in Section 4.6. Biaxial confinement of the sand sample is defined

herein to represent those stress states when two of the three principal

stresses are equal. The complete set of biaxial tests can be divided into

two basic sets of tests; the first representing those tests when only one

principal stress was varied, called BIA1, and the second set when two

principal stresses were varied simultaneously called BIA2. A subset of BIA1,

called BIAR, was also conducted in which one principal stress was varied and

principal stress reorientation occurred.

For biaxial confinement, all principal stresses were no longer the same

as in isotropic confinement so that the effect of each stress component on

shear wave velocity could be investigated. The orientation of principal

stresses in both series of tests (BIA1 and BIA2) was always held constant,

i.e., no matter whether one or two principal stresses were varied, the

directions of major, intermediate, and minor principal stresses were never

changed. On the other hand, the major principal stress of BIAR was varied to

be the minor principal stress during testing, and vice versa (see Section

4.6). The Mohr-Coulomb and space diagrams of BIAI, BIAR, and BIA2 are shown

in Figs. 6.1 and 6.2. Figure 6.1a illustrates BIA1Z and BIA2Z. (The fifth

character in the notation refers to the direction in which the stress was

varied for the BIA1 series and the direction in which the stress was not

varied for the BIA2 series.) As shown in the Fig. 6.1b, the stress paths of

BIA1Z and BIA2Z are drawn with solid lines, whereas BIAIX, BIA2X, BIAlY and

BIA2Y are drawn with dashed lines. For BIAR, the principal stress was varied

along the z- and y-directions only as shown in Fig. 6.2b. Figure 6.2a shows

the Mohr-Coulomb diagram for BIARZ.

6.2 EFFECT OF STRESS HISTORY

The effect of stress history on the dynamic stiffness of the sand under

isotropic confinement is shown to be negligible in Section 5.2.2. The

effects of stress history due to unloading-reloading, repeated tests, and

confinement time at the same confinement state were also investigated under

131
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biaxial loading. This was done to determine the importance of stress history

in testing this sand.

Since plastic material behavior is stress-path dependent, stress history

will affect the stress-strain behavior if the stress state exceeds the

elastic range (Chen, 1975). A series of consolidated drained tests was

performed with traditional static triaxial equipment to evaluate the

stress-strain behavior of this sand. Two curves for the dense sand under

confining pressures equalling 10 and 45 psi (68.9 and 310 kPa) are shown in

Fig. 4.4. The stress-strain behavior seems to be reasonably within the

elastic range when the stress difference (o1 - 03) is less than 25 psi (172.3

kPa). Therefore, the the maximum stress difference under biaxial confinement 0

in this study was limited to. 25 psi (172.3 kPa) to minimize any stress-path ."

dependency. This limiting condition resulted in the major principal stress

equalling 40 psi (275.6 kPa) together with minor principal stress equalling

15 psi (103.4 kPa) as the maximum stress difference throughout the biaxial

confinement tests. With this condition, the stress level, (01 - 03)/(01 -

a3)f, was always kept below 0.463, and the ratio of major-to-minor effective

principal stresses, K13 = /a3, never exceeded 2.67.

6.2.1 CONTINUOUS SEQUENCE OF LOADING AND UNLOADING

Two loading and unloading sequences under biaxial confinement are shown

in Figs. 6.3 and 6.4. A small influence, less than 5 percent, on the S-wave

velocities measured upon loading and unloading was observed. This was true

for both the BIA1 and BIA2 series. These small differences are similar to

those noted for the isotropic loading tests presented in Section 5.2.1. As

such, these small differences are ignored in subsequent analyses.

As a note, it i% obvious by looking at Figs. 6.3 and 6.4 that biaxial

stress state has a different effect on Vs than the isotropic stress state.

This point is addressed in detail in subsequent sections in this chapter.

Between the loading and unloading sequence, tests of BIA2 were performed.

Therefore, the regression lines on the loading and unloading sequence in BIAI

are not exactly the same as shown in Figs. 6.3 and 6.4 when the maximum

confining pressure of 40 psi (275.6 kPa) was applied.

" ,tL : "" , :. # " - ' '.; . . . ".. " -' * '2 '.'" ."": " " ". .." "." - .'. -y
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6.2.2 REPEATED TESTS AT SIMILAR PRESSURES

In the complex sequences of loading-unloading-reloading performed with

the sand sample, the same stress state occurred several times. For instance,

in series BIA2, a equalled 40 psi (275.6 kPa) and both a and a equalled 20z x y
psi (137.8 kPa) in test number 18, and this same stress state occurred in

test number 25 in series BIAR. Likewise, the stress state of test number 42

in BIA2 is the same as test number 31 in BIAR, with -a equaling 40 psi (275.6x
kPa) and both -a and -a equaling 20 psi (137.8 kPa). Therefore, these four

y ztests were treated as two groups of repeated tests as summarized in Table

6.1.

To compare shear wave velocities measured at different times under the

same biaxial confinement state, the ratios of differences between shear wave

velocities under the BIA2 and BIAR states divided by the former were defined

as DIFF. The values of DIFF listed in Table 6.1 generally range from -1

percent to +5 percent with the average being +3.4 percent in case 1 and +2.4

percent in case 2. Accordingly, the conclusion that the tests are quite

repeatable at any given confining pressure under biaxial confinements is

correct, just at it was for isotropic confinements (Section 5.2.2). Also,

this leads to the conclusion that the effect of stress history is negligible

if K13 is below 2.67.

Additionally, it should be noted that shear wave velocities in Table 6.1

have been determined for the following cases: (1) stresses varied in two

directions with the major principal stress remaining constant, (2) stress

varied in one direction with the major principal stress reoriented, (3)

principal stress varied in the direction of wave propagation, (4) principal

stress varied in the direction of particle motion, (5) principal stress

varied in the out-of-plane direction, and (6) principal stress varied in both

directions of wave propagation and particle motion. Only three of twelve

values of DIFF are larger than +5 percent. The other nine values are less

than +2.6 percent. This shows that all kinds of varying stress histories

produce a very small influence on the shear wave velocity in the range of

this study.

6.2.3 CONFINING PERIOD AT ONE PRESSURE

Test numbers 77 tt -ough 80 (described in Section 4.6) were performed

with -1=40 psi (275.6 kPa) in the z-direction and o2a=3=15 psi (103.4 kPa) in
S.%

L' " % .'. ".= . ." .' . '0 '' " " ", ". ". ". 0..' .' .° ,'' *' '' .' '. .. .' '. . '° .*%' ' '. %' '% %. -- .% .. _% . % % 0



138

0L 0 EL

o >%0

LA-

EuL m

C~~ -Cc1 ~ @

u m ~ fa m. 0 u w ~ A'

- -L0

Su- Qu cu 4j
IM L C %A

I..~~~4 *-jE 0 U
Eu L . CA -m mC f(,M 4- w to fa c

C xA a' F U) V -)m 0 l 0
-0 r_'V LA CA 0 L, MO M S 1. 0 W C

ELA 0 - -- % .. 0 -

0'a m M. -S
.~ 41

a,~~~~~ I*-___ _ - 00aE-E.G

0. -~.6-1 oo? .!?.2

o U wwavoww

W W~ a 0 W W Q,
~~JLJ~~~ ~~ S4- L.0 S% ~10 0 .0 (J - ~ 0 *

v u W= M.v 0% 0 '0 '0% 0 0 % 0

r-- CL Eu.0' 4-6 0 -t ff ~ c

CA C

.C C C

C 0



both the x- and y-directions for 19.5 hours. These tests were pe-':-me:

evaluate the effect of confining period at one cressre rep :a.

loading. The log Vs - log t relationship for five of the s'i shea, a.aes a',

listed in Table 6.2 and show that the effect of confining per-o --t"

hours is negligible. Figure 6.5 shows the data presentec '" a:e ,

Based on the results presented in Sections 6.2.1 throug - E

under biaxial confinement exhibited no effects of stress Ist2-y as e,,e 'e-

6.3 TESTS WITH DIRECTION OF MAJOR PRINCIPAL STRESS REMAINING CONSTANT

In both the BIAl and BIA2 series of tests, the crertatio- c'

stresses was held constant during the tests. The or' tp'rg .a-'e: "as *'p

magnitude of either one (BIAI) or two (B:Ar) pr~rclpa stresses e-e':'

the influence on V of principal stresses aryng ir ce c twc

could be evaluated and compared. In this c'scjss'-. tlee t,:es c'

influences are addressed:

a) the effect of the p-rncipal stress ir the d'rect'zr c' "ae :_Coaga*

b) the effect of the principal stress in the c'"ect'co- cf car - e -c-

and

c) the effect of the princivpa' stress the o.t-c'-Va-e d' ec "

direction perpendicular to the clane made ' cases a arc

6.3.1 EFFECT OF PRINCIPAL STRESS IN DIRECTION OF WAVE PROPAGATION

The effect on V cf p-'ncpa' stress a •; tae ,Y e '

propagation is show" 4" Figs 6 6 th >"e s :es ae 5ra '

regression analysis. shown by the so'c "-ps - !Ip 4*Qes a. so

Table 6.3. The dashed I nes s oo the 9-erce- , e- P . , "

effect on V of vary'ng the Lr,'rc'oa st-ecs " . ,

propagation aIong w't' 0 a -c t he fr"'a s'-e, "' '"

direction is show" i Pigs 6 9 t" F * a ."' ", "..:

constants determined frO- s a-ouv C' te'4 s a s, ''- *ra" *'*

V5  Details and co-c'..s5'ts ',o- these tests a ''

Average va'Lwes f--) S 2,eS 8IC 'A'st~~ p K,*-4

were ca'cu ateo from t'f P .es .... e ' ' . . •.

unloading series of .es. A "P"

.. • . .- ...



14

rl_ Ln ,

C= C-

LC

cc 0oc . ~

- t-

-VU

a.4

0' x

% %c



141

to C -

9.-i

Inc4 6

>

CL%

+I .40. CI-

z )d

N

coo
>C

Lai; 0 4

Z >

'C

ZI >6>

Sd !4 101A AY-



142

10 .

1 300

11).0

700 -A__ _ _ _ _ _ __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _

140C ZO

SE'rfectlve Prirc';a' S:ress -41 Z: a~

1300V

1100:
4,4

1700 Av

1400 2000 3000 4)0C S'vrr 6

Ef fective Pri nc ipal1 Stress i n Di rect ior of wave Pro~aa or.

b) Vx

Fig. 6.6 -Effect on V xvand V yxof Varying Cjri'y Pr'nripa Tres.,

in Direction of Wave Propagation Under Blax 'a' Loa~



'4

.5.

4~I

- I

.4's'

p

* .c - .**.' * m6~ ~ .5

I.,

.5

q as

C

4

--- I
_ £ -

4V~ -

p

S... * . , ,*-~ . * r- S * .*" a

* *~* r ' '~

I..

* *,* .-.. . . .

-.5 as,. - .* * 5- .a. *.* . . .



1 44 "i

psip

'015 20 30 40
300

1'00

n a

900

- 3., confidence line
1 00

402003000 4000 5000 6000

E*,Fective Principa' Stress in Direction of Wave Propagation, psf

C a. V
ZA

-ap
:000

~~20 30.P

p,

VC300C 410CC 5000 60tC

a 'tres 'rc o cl .ave rovaca-r, -s' -

- ~ i." r .rr d cr '

a~C r!ov~ ~'add a'a' ixgp ~'ia'.a



OR W rlwyq11P.-

145

ai

S-.

S'S

- .4t

0 m

"0 V'- 0 - O'r.

.n7 LCn 6n r ~ 0

C .L

% %

%. % 0. ". . %.



146

za, Psi

10 15 20 30 40
1300

1100

900 a 007

95' confidence line
700
1400 2000 3000 4000 5000 6000

SEffective Principal Stress in Direction of Wave Propagation,psf

a) V

Ca Psi
X 01 030 40

4 0 -,-.4

1402000 3000 4000 5000 6000-

Effective Principal Stress in Direction of Wave Propagation,
psf

b) Vx

Fig. 6.9 -Effect on Vx and V yxof Principal Stress in Directicn

of Wave Propagation Under Biaxial Loadingj When Tanda
care Varied *

NIP

P



147

9,

10 15 20 30 40
1300 - 40

1100 15-40 Psi

r5-40- .

900
na 0. 073

700---- 95~ confidence line

1400 2000 3000 4000 5000 6000

SEffective Principal Stress in Direction of Wave Propagation, psf

a) V

aa, Psi
z10 15 20 30 40

1100- -

900 -- 74

na 0.082

415-40 psi

1402000 3000 4000 5000 6000

Effective Principal Stress in Direction of Wave Propagation,
ps f

b) VzJ*.

Figj. 6.10 -Effect on V x and V yzof Principal Stress in Direction

of Wave Propagation Under Biaxial Loading When aanda
are Varied

.' ' .* -* . ** 4 * ... ,. . . . 9... I%



148

10 15 20 30 40
1300 *2

15-40 psi

15-40 na 0.108 
-,-

40

900

---- 95' confidence line

700 1i
1400 2000 3000 4000 5000 6000

Effective Principal Stress in Direction of
Propagation, psf

a) Va Vzx

0a' ps --

10 15 20 30 401 3 0 0 . I •" I•' -' 1300 15-40 psi

1100

15-40 40 na 0.095

900 "-

700.

1400 2000 3000 4000 5000 6000

Effective Principal Stress in Direction of wave
Propagation, psf

b) V
zy

Fig. 6.11 - Effect on V and V of Principal Stress in Direction

of Wave Propagation Under Biaxial Loadino When and

ac are Varied

.5

:#:',F . '.# .. . , .. . :. .. ... . . ., , .., ... , .. ... # ..... . * ... . *., .. ' .5 ...... ... #5



149

QLA LA

t:

060
c.1*

(to faC c~ C

r- S0 ..r- 0~0 0 00 -D 0
M 0 0 0 0 0 -

GJ '4-'

V)0 6n. 6n Ln 0

C~ 4w

-V ~ 0'. Ir- a C\J
a. C) 0 ) CD -

0D 0 0C0D

o1 .r_~ \ '

afl 06n o '. )4

M 0'. cod

A V CDJ a D C
40 '4' ILjc'

041 C) 0'. CoCD0

QJQ. >N 0 0P-4 0

- -" ""'

,-,, 0 0o0.0 0 0 -

% % % % %



150z -g

arithmetic average of values for the loading and unloading series by

themselves.

The trends of both groups of data given in Tables 6.3 and 6.4 are the

same, i.e., shear wave velocity increases as the principal stress in the -*

direction of wave propagation increases. This is true no matter whether the

principal stress in the out-of-plane direction is varied. However. when the

stress in the out-of-plane direction is varied, the slopes of the log Vs

log -a relationship are slightly smaller and the constants are slightly

larger. This point is examined in more detail later in this chapter. 'JI

6.3.2 EFFECT OF PRINCIPAL STRESS IN DIRECTION OF PARTICLE MOTION

Variation of the principal stress only in the direction of particle

motion was performed to detect the importance of this factor on shear wave

velocity. These tests are shown in Figs. 6.12 to 6.14. The relative values

of the slopes and constants of the regression analysis of the log V - log 7b

relationship for these tests are listed in Table 6.5. The results under the

condition that principal stress varied in both the direction of particle

motion, ab' and the out-of-plane direction, oc' are shown in Figs. 6.15

through 6.17 and are listed in Table 6.6. As with the tests with -a varying

and then a and a both varying, the slope in the first group is higner thana c
the second, while the constant is lower.

By comparing the figures when one principal stress was varied with those

when two principal stresses were varied, one can see that shear wave velocity

in the case when two stresses were varying was always slightly higher than

when only one stress was varied, no matter whether the principal stress was .

varying in the direction of wave propagation or particle motion. Since a

higher mean effective stress occurs when the principal stress in the

out-of-plane direction is also varied with one of the other principal

stresses, the principal stress in the out-of-plane direction or the mean

effective stress may have minor effect on V. However, the major efects are

due to the principal stresses varying in the direction of wave propagation

and particle motion. ,

Additional research on the influence of the principal stress in the '

out-of-plane direction is discussed in the next section. The influence of

the mean effective stress is re-examined in Section 6.4.

-% , - , .. . .
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5%

6.3.3 EFFECT OF PRINCIPAL STRESS IN OUT-OF-PLANE DIRECTION .5.

To understand the effect of the principal stress in the out-of-plane

direction, the principal stresses in the directions of wave propagation and

particle motion were kept constant while the stress in the out-of-plane

direction was increased and then decreased. These loading conditions

together with the resulting shear wave velocities are presented in Figs. 6.18

to 6.20. The slopes and constants of the regression analysis are listed in

Table 6.7.

There are nearly no variations in shear wave velocities when the

principal stresses in the out-of-plane direction were changed. Yet, a

careful comparison of the values of slopes in Table 6.7 shows that there was

a positive slope for only V due to the principal stress varying in thexy
out-of-plane direction and negative slopes occurred for all other velocities.

One possible explanation for the very small but generally negative

values of nc .s as follows. Theoretically, the increasing of compressive

stress in one direction causes extension strains in the plane perpendicular
% .

to this direction for stress controlled boundaries. These changes, which can V.-

be estimated by Poisson's ratio and Young's modulus, may possibly tend to
"soften" the stiffness in this plane, because of minute changes in particle

contacts. In an isotropic and homogeneous medium, this type of softening

would be the same in all three directions. The sand tested in this study is
O~i.

more nearly cross-anisotropic, and the ratio of Poisson's ratio to Young's

modulus is smaller in the isotropic plane than in the anisotropic plane (see

Sections 9.5 and 9.6). Therefore, the effect of softening by -a on Vxz, V ..'

Vzx, and Vzy should be larger than on Vxy and Vyx as shown in Table 6.7.

Values of "nc" due to softening should all be negative theoretically. The

test results in column six (average nc) of Table 6.7 verify this conclusion,

except for nc associated with V xy. However, the value of nc for Vxy, equal

to 0.001, is very close to zero. More research into this effect is

warranted.

An alternative method for estimating the effect of the principal stress

in the out-of-plane direction is suggested when Eq. 2.52 is used with shear

wave velocities determined under both one stress varying and two stresses, a

or ab and ac' varying. For one stress in the direction of wave propagation

varying (i.e. BIAI), Eq. 2.52 can be expressed as:

. . .. -. .. . . .......
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Table 6.7- Effect on Vs of Varyi ng Pri nci pal Stress i n the '.
Out-of-Plane Direction Under Biaxial Loadingi"

.,,ea Wve Loading Unloading Average

Type nc* cc* nc cc  nc Ccc Rmrk:

V xy 0. 003 922 0. 015 818 0. 001 868 Fi g.

6.18

Vy 0.010 838 0.010 875 -0.007 856 61" .,

V z -0.002 872 - -0.002 872 F g6.9

Vy -0.030 1160 -0.001 879 -0.009 960 61,"".%

V zx -0. 016 91 3 -0. 022 1000 -0. 020 1075 Fi g. K

V zy -0. 023 1996 1O.009o1 742 1-0. 011 1974 1 6.20

s  c C

z*.'"

_.. . . .. , . .,- -,- -,,... .-, , , , -, .-- ., . ..-... - .. ..-.... '.. ..' ...-. . .. .. . . . . ... --. :.-:..'.. . . . ... .:
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V s C la a (2160)nb (2160) (6.1)

For two stresses varying, aa and a, Eq. 2.52 can be expressed as:

-a na c
V na (5760)nb-nc (6.2)
~s2 2 a c'

where V is in fps and a is in psf. Equation 6.2 can be divided by Eq. 6.1S

giving: -

V/ (C2/C1) (5760/2160) nb (-a/2160)nc (6.3)

Equation 6.4 is obtained by taking the logarithm of both sides of Eq. 6.3

yielding:

nc = log [(C 1 Vs2/Vsl C2 )/(2.667) nb]/log [0c/2160] (6.4)

A similar procedure can be applied to the case of shear wave velocity

determined under conditions with only the principal stress varying in the

direction of particle motion and with ab and ac both varying. The resulting

equation is:

"war

nc log [(C • Vs2/Vs C 2)/( 2 .667)na]/log [ac/2160] (6.5)

By substituting the data in Tables 6.3 through 6.6 into Eqs. 6.4 and

6.5, average values of nc were calculated and are summarized in Table 6.8.

Two positive values of the slope and four negative of the slope were obtained

which nearly fall in the same ranges as the test results in Table 6.7. By

using +0.10 for nb and -0.01 for nc in Eq. 6.3, the ratio of Vs2 to Vs1

(which is Vs in the series of BIA2 to Vs in the series of BIA1) will range

from 1.10 to 1.09 as a varies from 15 to 40 psi (103.4 to 275.6 kPa) in

BIA2. This explains why the value of Vs in BIA2 is always larger than in

BIAI. .

Finally, to keep the importance of all of the values in perspective, it

should be noted that the effect on Vs of major principal stress varying in

the out-of-plane direction is very small compared to the effect of stress

% %
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6.4 TESTS WITH DIRECTION Of MAJOR PRINCIPAL STRESS REORIENTING

@qua, 'h r e C'r o r  -'t ' e ' " "P, s, -e "* -s

tests BA were crtoe sj i a ova, !,a* -p p" e

stress .ar'ed $raM th'e Ma'or t: r~nC,- S oa ss-,*

malor or-c'oa" stress as snow'r - '."

Tests ' ;' tv'S Ouv -ar be z'acec '-tc "e 'c )w'Q -Pe es

a) ones in wh,'ch the or'nc'Da' stress 'r tnt dec 'or of wae oroaqa:'3r

was stuid'ea.
b) ones in wn'ch on') tne ef'e-t o the or'rc'a" stress "' t"e 'heec'' .

of part,cle motion was stud'ed. arc

c) ones in whch the effect of va-y'ng pr'ncpa' stresses " to d'rect':rs

was studied.

6.4.1 EFFECT OF PRINCIPAL STRESS IN DIRECTION OF WAVE PROPAGATION

Tests in this series consisted of varying one stress in either the

z-direction or the x-direction. Therefore, there are only four types of

shear wave velocities in each group. The results of these tests are shown in

Figs. 6.21 and 6.22 and are listed in Table 6.9. The trend is obviously

similar to the one with one increment varying which is discussed in Section

6.3.1 for the BIA1 series.

The narrow band of 95-percent confidence interval in the figures shows

that the relation of log Vs - log 0a is very significant in this group of
s a

tests.

6.4.2 EFFECT OF PRINCIPAL STRESS IN DIRECTION OF PARTICLE MOTION

In a manner similar to that used to study the log V -log a
s b

relationship in Section 6.3.2, tests in which only a varied from a to a3b1 3
and a3 to a were used to examine the effect of principal stress in the
direction of particle motion. The results of the least squares fit to the .

data are shown in Figs. 6.23 and 6.24 and are summarized in Table 6.10. The

,1".

--."v ...- .- ". - -i .- - .. . 'T-- " ;
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trend is similar to the one discussed in Section 6.3.2 for the BIA1 series

with the values of nb ranging from 0.08 to 0.12.

6.4.3 EFFECT OF PRINCIPAL STRESS IN OUT-OF-PLANE DIRECTION

As the effect of principal stress in this direction is a minor factor,

the variation of shear wave velocity with stress is very small. The results

of this effect in the BIAR series are shown in Figs. 6.25 and 6.26 and are

listed in Table 6.11. Only the value of nc for Vyx is the same as measured

earlier. The other values of nc are close to zero but are positive. More
pSM.

advanced research with better equipment is necessary to investigate fully

this effect.

6.4.4 COWARISON OF EFFECTS OF CONSTANT AND REORIENTED MJOR PRINCIPAL

STRESS DIRECTIONS &
Average values of the slopes and constants of the log Vs - log ca , log

V - log b, and log Vs - log °c relationships under constant and reorienteds 3 c
major principal stress directions are summarized in Table 6.12. The slopes

the log Vs - log a' log Vs - Iog 3b, and log Vs - log -c ranged from

0.095 to 0.109, 0.078 to 0.124 and -0.022 to 0.010, respectively, for the

constant major principal stress direction; the values ranged from 0.091 to

0.141, 0.064 to 0.110, and -0.006 to 0.021, respectively, for the reoriented

major principal stress direction. Thus, the values determined from each test J,'

series are in reasonably good agreement. 
.

Since measured shear wave velocities can be considered to reflect the

sum total effect of the values of the slope, constant and effective principal

stress, shear wave velocities were calculated with °a' b' and cc equalling

15 psi (103.4 kPa) and 40 psi (275.6 kPa) and were then compared in the

following way:

RD = V s(2)-Vs(1)/Vs(1) (6.6)

where

RD = ratio of difference of shear wave velocity, %,

V (1) = shear wave velocity with constant orientation of the major "'%

principal stress, and

Vs (2) = shear wave velocity with reoriented major principal stress.

2 2

I1
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The values of RD are listed in Table 6.12. For case 1 in which only the

principal stress in the direction of wave propagation was varied, values of

RD ranged from 1.6 percent to 4.6 percent and had an average value of 3.4

percent. For case 2 in which only the principal stress in the direction of

particle motion was varied, values of RD ranged from 3.3 to 15.6 percent and

had an average value of 7.9 percent. For case 3 in which only the principal

stress in the out-of-plane direction was varied, values of RD ranged from 4.0

to 8.2 percent, with an average value of 5.9 percent. These values show that

shear wave velocities were always higher in the reoriented principal stress

conditions. By employing Eq. 2.52, one can see that for constant major

principal stress with one stress varying in the direction of wave propagation

[i.e., = c = 15 psi (103 kPa)], shear wave velocity can be expressed as:
c

-na nh.. nc (.7Vs(1) =C 2 an(2160)b(2160)

and for reoriented major principal stress with one stress varying in the

direction of wave propagation [i.e., -b=3c=20 psi (138 kPa)],

Vs(2) C2 ana (2880 )nb (2880)nc (6.8)

Therefore, the value of RD in Eq. 6.6 can be calculated by the following if

C2 in Eqs. 6.7 and 6.8 are assumed equal: ..

RD = V (2)-Vs(1)/Vs(1) = (2880/2160 )nb+nc - 1 (6.9)

The value of RD ranges from 4.4 percent to 10 percent, which includes the

range of the ratio (RD) in Table 6.12 and indicates why the S-wave velocities

in BIAR are larger than those in BIAI. Consequently, the data from BIA1,

BIA2, and IAR must be analyzed separately, although the slopes in the log

V- log a relationships are nearly the same.
-.

6.5 COMPARISON OF SHEAR WAVE VELOCITY UNDER ISOTROPIC CONFINEMENT AND

BIAXIAL CONFINEMENT

In the series of biaxial tests with two stresses varying (BIA2), some

tests were conducted with both major principal stresses in the directions of

wave propagation and particle motion varying as shown in Figs. 6.27 through
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6.29. One can see that the values of the slope from these tests (listed in .0

Table 6.13) are nearly equal to those in Table 5.9 for isotropic confining
14

pressure conditions, but not entirely.

If Eq. 2.52 is used to analyze and compare these two conditions, Eq.

6.10 can be obtained for the group of tests BIA2 as:

V8 BI 81C I na '0 b (5760) nc(6.10

where a equals 3 and for isotropic confinement,
a b

- na -nb -nc

VI I 0a Pb c (6.11)

in which cae aa = ab = c" By dividing Eq. 6.10 by 6.11,

V BI/V I =(C BI /C I)(5760/a dn (6.12) L'
- nc-

The units of Vs are fps and 3 are psf.

It is obvious that VBI will be the same as V1 once nc=0 and C8 I=C1 are

assumed. However, based on the slopes listed in Table 6.6 and the constants

listed in Table 6.13 for VBI and Table 5.9 for V,. the ratio of VBI to VI .% .

will range from 0.973 to 1.001 as shown in column 8 of Table 6.13 when a .%
cJ-

equals 40 psi (275.6 kPa) and agree with those regression results shown in

Figs. 6.27 through 6.29. Additionally, the average values of the principal

stresses in the directions of wave propagation and particle motion are the

same in both series of BIA1 and isotropic confinement. If the

average-stress" method were used to estimate the shear wave velocity, VBI

will be the same as VI regard less of the variation of principal stress in

out-of-plane direction. The experimental results in column 8 of Table 6.13

show that the "average-stress" method cannot be used to predict properly the

shear wave velocity because they are not all 1.0. Additional study of this .

method is presented in Chapter Seven.

Since the influence of the effective principal stress in the directions

of wave propagation and particle motion and the out-of-plane direction have

been examined individually, and the influence of stress history has been -.

found to be quite small (negligible) in the range of this study, Eq. 2.52

with a small value for the slope of the out-of-plane stress (nc) is

% %6 N

. . ..-. . . ..- . - -. . . . . - , -. . -,-S -_ ; -- ¢ ."w . "' . "' . .""- .. - , . ., ,''*"* '""'.".'
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preferred. From the results of this study, listed in Tables 6.3 through 6.7,

the constants and slopes for each type of shear wave with one and two

stresses varying under biaxial confinement are summarized in Table 6.14. The

new constants are the arithmetic average from Eq. 6.13:

N
C- -na - bnb - nc"

2 La Ob acn ) (6.13)

n=1

C2  new constants in column 2 of Table 6.14,

N = total number of tests of each type of shear wave,

Vs = test result of velocity of each type of shear wave,

na, nb, nc slopes shown in Table 6.3 through 6.7, and

a b' 0c = effective principal stresses as the test conditions

listed in Table 4.4.

As discussed in Section 6.3.3, the possible "softening" induced by

extension strains from static confining pressures is larger in BIA2 than in

BIA1. Therefore, the slopes in BIA2 will be smaller than in BIA1. Because

na and nb are defined as slopes caused by the variation of one principal
stress, na* and nb* are defined as "apparent slopes" caused by two stresses

varying in the series of BIA2. Since more extension strain (softening)

occurs in BIA2 than in BIAl, the "apparent slope" should be slightly less e,

than the values determined from BIAI. Table 6.14 shows the experimental

results for the slopes and apparent slopes which agree with the postulate of

"strain softening". The slope nc cannot be measured in BIA2 tests. Since
°g"

the effect of nc has been included in both na* and nb*, nc* = -nc was used to

reduce the influence of stress in the out-of-plane direction to one time

only. From the conclusion in Section 6.4.4, the regression equation for BIA1

could be used for BIAR. A comparison between shear wave velocity predicted

by Eq. 2.52 with values listed in Table 6.14 and test results of BIA1 and
BIA2 is summarized in Table 6.15. The range of the ratio falls between 0.966 -

and 1.036 (-3.4 percent to +3.6 percent) and reflects good correlation

between predicted and measured shear wave velocity. "

However, shear wave velocities of BIA2 are always larger than those in

BIAl due to the larger principal stresses in the BIA2 tests (see Section

6.3.3). Table 6.16 summarizes the ratio of test results of BIA1 to BIA2. If

one assumes that Eq. 2.52 is a proper way of relating shear wave velocity and

stress state, shear wave velocities predicted by Eq. 2.52 with constants and

.. .2.•,,. ... Z, _.,,...''% %" .- - % '. %*' '. %... .", , ," " . . "." " -" -'? "" '.X .. "-" " •". .



185
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Table 6.14 - Values of Constants and Slopes of Eq. 2.52 for each Type
of Shear Wave Velocity Under Biaxial Confinement

(a) for the case of one increment under biaxial confinement (BIA1)+:

Shear Wave Constant na nb nc Remark

Vxy 202 0.109 0.087 0.001 na - from Table 6.1

V 169 0.104 0.124 -0.007 nb - from Table 6.3

V 186 0.095 0.105 -0.002 nc - from Table 6.5

V 305 0.074 0.078 -0.009yz

V 243 0.100 0.081 -0.020

V 180 0.105 0.104 -0.011

(b) for the case of two increments under biaxial confinement (BIA2)++ :

Shear Wave Constant na* nb* -nc* Remark

Vxy 292 0.078 0.074 -0.001 na* - from Table 6.2

V 224 0.089 0.107 0.007 nb* - from Table 6.4 E,
yx
V 259 0.078 0.081 0.002 nc* = -nc

Vyz  224 0.082 0.105 0.009 * - apparent slopeyz
V 211 0.108 0.090 0.020

V 257 0.095 0.070 0.011

na and nb slopes due to one increment
na* and nb* slopes due to two increments; or apparent slope

YV UC Tana -bnb -cnc
+ V 2Oa lb ac nc• - na* - nb* - nc*

++ Vs *C 2 "a ab c

-.,.

,..'

k.",.-' ,., -,,''.,-', ,'.-'-", ,. -, ", ".- • .". .- .,• , .- -" •- -" , -. • - • ... ._'_-.,-.-. . . .. - .- . , . .,,-[2

. o • " ..,(" = . .- , .. •, .. , - .. . " . , - . " - . ". . , -. • -. ., . . .. .
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Table 6.15 Ratio of Shear Wave Velocity Predicted by Eq. 2.52
with Constants and Slopes Listed in Table 6.14 to
the Test Results of BIAl and BIA2

or j3,*psf Shear Wave Type Rl(MA) R2(MA) R1(MB) R2(MB)

Vxy .993 1.008 1.007 .988

Vyx  .993 .995 1.007 1.023

2160V 1.009 .983 .991 1.020

V 1.002 1.036 .998 .988

Vzx .987 .997 1.014 .985

Vzy .981 1.009 1.020 .967

Vy .993 1.008 1.014 .990 "

V .993 .994 1.001 1 .017
yE

2880 VZ 1.009 .983 .988 1.019
V 1.002 1.035 .997 .980yz
V .987 .994 1.019 .987
YV
V .981 1.008 1.020 .972
zy
V .993 1.008 1.023 .992

V .993 .992 .993 1.008
YE

4320 V 1.009 .983 .984 1.018

Vyz 1.002 1.033 .995 .969

V. 987 .990 1.027 .990

Vzy .981 1.005 1.021 .980 *

Vxy .993 1.008 1.029 993

V .993 .992 .987 1.002

V 1.009 .982 .981 1.016 Ne
5760 Az _

Vyz  1.002 1.032 .994 .962

V .987 .988 1.033 .993
V .981 1.004 1.021 .986

R Ratio of predicted shear wave velocity to test results
RI * Ratios for the tests of BIAl. i.e, one increment only, and Eq 2.52

was used to predict shear wave velocity
R2 • Ratios for the tests of BIA2, i.e. two increments, and Eq 2.52 was

used to predict shear wave velocity
MA - Test data from the group of principal stress varying in the

direction of wave propagation
MB - Test data from the group of principal stress varying in the

direction of particle motion
i • In case of BIAl, is shown in the column,

in case of BIA2. :3 is shown in the column

~~*.% %*

....
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Table 6.16- Ratio of Shear Wave Velocities Meosured
in BIAl to BIA2

Shear a, or 03, psf
Wave Remark
Type 2160 2880 4320 5760

Vxy 0.90 0.91 0.92 0.93 *ai in BIAl with

V 0.88 0.90 0.89 0.89 02 = a3 =?260psf

Vxz 0.91 0.91 0.92 0.92

Vyz  0.94 0.94 0.94 0.94 *03 in BIA2 with

V 0.94 0.94 0.94 0.94 a 5760 psf and
zx

V 0.92 0.93 0.93 0.94 a2 03
.e2 3

F'P,,
.'



188

slopes from BIA1 and BIA2 should be the same, once the same confining

pressures are employed. Ratios of these two shear wave velocities listed in

Table 6.17 ranging from 0.971 to 1.047 (-2.9 percent to +4.7 percent) verify

that the "three-individual-stresses" method, Eq. 2.52, predicts very well the

shear wave velocities for both BIAl and BIA2.

In previous research on sand, values of the slope generally ranged from

0.06 to 0.15 for na and from 0.08 to 0.14 for nb (see Table 2.3). The values

of na, ranging from 0.07 to 0.11, and nb, ranging from 0.08 to 0.12, were

measured in this study which agrees closely with previous work. Also the

value of nc measured in this research is nearly zero which agrees well with

the work by Roesler (1979).

6.6 EFFECT OF STRUCTURAL ANISOTROPY %

Based on the discussion in Section 5.3, structural anisotropy should

result in V being equal to V and Vyx and SA being equal to V Vyz ,

VZX , and V zy. A detailed regression analysis of the BIAI tests for each

parameter in Eq. 2.52 based on this cross-anisotropic model is given in Table

6.18 and is shown in Figs. 6.30 and 6.31. The ratio of shear wave velocity

in the isotropic plane (V s) to that in the anisotropic plane (V SA) is

0 0.003 -b0.009 - 0.007 (6.14)
VSI/VSA = 0.9435 a b c  .14

"9.

In an isotropic confinement condition, Eq. 6.14 can be expressed as:

Vs /VsA 0.9435 0.019 (6.15)

If the mean effective stress was varied from 15 to 40 psi (103.4 to

275.6 kPa), the value of Eq. 6.15 would range between 1.092 and 1.112 So,

an average value of the ratio of VSI to VSA under isotropic confinement in

this study is:

S 1.10 VSA 5 16)

Equation 6.19 is precisely the same as Eq. 5.5 obtained in this study under

Isotropic confining pressure conditions. Consequently, the existence of the

,P ,P- - & ... -" . "-r 6f- P .0
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Table 6.17 - Ratio of Shear Wave Velocity Predicted by Eq. 2.52
with Constant and Slopes of BIA1 to BIA2 Under Same #

Biaxial Confining Pressures

Shear 1l, psf
Wave Remark
Type 2160 2880 4320 5760

Vxy 0.97 0.98 1.00 1.02 02 = 03 = 2160 psf

V 0.97 0.98 0.99 1.00 for both BIAl and
yx

Vxz 0.98 0.99 1.01 1.02 BIA2

V 1 .05 1.04 1.02 1.01

yz
V1z .02 1.02 1.01 1.00

V 0.99 1 .00 1.,02 1 .03

zy ________

:J.

V!

'"Cs-

• % % " % 4 % " " "" ° ' " '°. ." • '% % " " W°°" °" "°' '" " '" '-" "" * 1
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structural anisotropy of this sand sample is independent of the stress state

applied in this study.

The effect of structural anisotropy caused by the ratio of P-wave

velocities, the ratio of VpI to VpA (Chu, et al, 1984), to be 1.17 which is
about 7 percent higher than the ratio of the S-wave velocities. It is

understood that shear wave velocity is mainly a function of both a and b

(confining pressures in the directions of wave propagation and particle

motion) while compression wave velocity is (almost) only a function of -aa'
This dependency of Vs on two directions may cause the ratio of V~l to VSA to

be different and slightly lower than found for the ratio of VpI to VPA.

For the parameters na and nb, the linear correlation coefficients ranged

from 0.72 to 0.94 as shown in Table 6.18 and indicate that the analysis based

on Eq. 2.52 together with a cross-anisotropic model is adequate in this

study. The value of adjusted R-square indicates that at least 78 percent of

the test results for VSI could be explained by Eq. 2.52 from a

cross-anisotropic model. The a values of the F-test for parameters C2, na, .

and nb are all zero, which means the relationship between shear wave velocity

and effective principal stress expressed by Eq. 2.52 is significant. I

In contradiction, the small values for the linear correlation

coefficient and zero for adjusted R-square for the parameter of nc suggest

that it is almost independent of varying confining pressure, or the precision

of this test is not good enough to detect such a small slope. The smaller

value of adjusted R-square (0.51 at minimum) reflects that the regression

result for VSA is poorer than the one for VSI.

Velocities of shear waves propagating along each principal axis under

biaxial confinements (BIA1, BIA2 and BIAR) are plotted versus increasing N

stress in Figs. 6.3 and 6.4, respectively. For V in Fig. 6.3, one can see
xy

that shear wave velocity remains almost constant when the confining stresses

in the directions of wave propagation and particle motion do not change (see

also Sections 6.3.3 and 6.4.3). However, V (Fig. 6.4) increases nearly atxy
the same rate as in isotropic confinement tests since the confining pressures

increased in both directions of wave propagation and particle motion (see

also Section 6.5). The remaining shear wave velocities, such as Vxz and V

in these figures, increase at a slope of about half (= 0.10) of the slope

when compared to isotropic confinement conditions (= 0.20) because confining

stress in only one direction of either wave propagation or particle motion

- % % e • " % . , .I ll l#.'li~ll'l'........
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increased (see Sections 6.3.1, 6.3.2, 6.4.1, and 6.4.2). Therefore, Eq. 6.17

is recommended to exhibit the characteristics of shear wave velocity under

biaxial confinement:

Vs = C2  na nb; cnc (6.17)

In Eq. 6.17, the slope na is nearly equal to nb, and the slope nc is

about zero. Therefore, shear wave velocity will be almost constant when only

the principal stress in the out-of-plane direction (-c varies. For

practical purposes, Eq. 6.17 can be well represented by:

Vs = C2 'na nb (6.18)

When biaxial confinement was applied, the summation of the slopes na and

nb nearly equaled nm, the slope when isotropic confinement is applied. Since

na is about equal to nb, the values of na and nb are about half of the value
of nm. Consequently, the increasing rate of V under biaxial confinement is

xz
about a half of the rate under isotropic confinement, when only one stress in

either the direction of wave propagation or particle motion is varied.

The ratio of shear wave velocity predicted by the idealized

cross-anisotropic model to best-fit values taken from Table 6.14 are listed

in Table 6.19. The ratio ranges between 0.936 to 1.037 (-0.64 percent to

+3.7 percent), and, indicates that a cross-anisotropic model is a good model V

for this study. However, stress-induced anisotropy along with structural

anisotropy in the biaxial tests can make the sand sample behave a little more

like an orthotropic medium rather than a cross-anisotropic one as found under

isotropic confining conditions.

6.7 S.MRY

Extensive wave velocity measurements were conducted with the sand sample

confined under a biaxial state of stress. This stress state is defined as

that condition when two of the three principal stresses are equal. Three

types of biaxial confinement were employed in the tests. BIA1 was the case

in which only one principal stress was varied, BIA2 was the case in which two

principal stresses were varied, and BIAR was the case in which the major
principal stress was reoriented during testing. The principal stresses used

t . . . . .... . . c . .
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Table 6.19 - Ratio of Shear Wave Velocity Predicted by Idealized
Cross-Anisotropic Model to the Best-Fit Value Predicted
by Table 6.14

_ *,

Shear a8 , psf
Wave --- Remark
Type 2160 2880 4320 5760

Vxy 1.02 1.02 1.01 1.01

V 1.01 1.00 0.99 0.98
yx
V 1.00 1.00 0.98 0.98 Parameters from

"z Table 6.14a

V yz  0.94 0.94 0.96 0.96

Vzx 1.02 1.02 1.03 1.03

Vzy 1.04 1.03 1.02 1.01

V 0.99 1.00 1.02 1.03xy

V 0.98 0.98 0.98 0.98yx

V 0.99 0.99 1.00 1.00 Parameters from
Table 6.14b

V 0.98 0.97 0.97 0.97
yz

V 1.03 1.03 1.03 1.03

V 1.02 1.02 1.03 1.04

ab ac 2160 psf

b = *c

.~... -.- '
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in the BIA2 and BIAR series were higher than those used in the BIAl series

which resulted in shear wave velocities in the BIA2 and BIAR series always

being higher than those measured in the BIA1 series.

The effects on shear wave velocity of stress history, repeated tests at

similar pressures, confinement time at a given pressure, and principal stress -

reorientation were investigated. Each of these variables was found to have

an essentially negligible effect on V3. The main variables affecting Vs were

the principal stress in the direction of wave propagation ( a) and the

principal stress in the direction of particle motion (-a These two

principal stresses affected Vs about equally. The effect of the principal

stress in the out-of-plane direction ( c) was very small. Based on these
findings, Eq. 6.17 best represents the influence of stress state on shear

wave velocity for shear waves with particle motion and propagation direction

polarized along principal stress directions. For most practical purposes,

the effect of a can be neglected and Eq. 6.18 can be used to represent the

influence of stress state on V. .

The sand sample was found to be well represented by a cross-anisotropic

model when the axis of symetry for stress-induced anisotropy coincided with

the axis of symmetry of structural anisotropy. This condition existed when

the z-axis was the axis of symmetry under biaxial loading (ax = a and a *

ax ) . When the stress-induced axis of symmetry of this sample under biaxial

confinement was not the z-axis, the sample behaved as an orthotropic medium
rather than a cross-anisotropic one.

%--
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CHAPTER SEVEN

TRIAXIAL CONFINEMENT

7.1 INTRODUCTION
True triaxial confinement, in which the major, intermediate, and minor

principal stresses are all different, was applied to the sand sample. The

LSTD was designed specifically so that this type of loading could be applied.

With this loading condition, the mean effective stress condition, individual

stress components, and average of any two stress components could then be

studied in detail.

The complete set of triaxial confinement tests was composed of three

series of tests: (1) the first with only one principal stress varying called

TRIl, (2) the second with two principal stresses varying called TRI2, and (3)

the third with all three principal stresses varying, named TRI3. The loading

conditions for each of these series are shown in Table 4.4 and Fig. 4.18.

The Mohr-Coulomb diagram of the TRI2 series is shown in Fig. 7.1a. The

stress-space diagram for each series is shown in Fig. 7.lb. The test numbers

for the triaxial confinement tests are from 61 through 72, and from 81 to 84

as given in Table 4.4.

Since a negligible effect of stress history was noted in the previous

isotropic and biaxial tests (Sections 5.2 and 6.2), unloading tests were not

performed in the triaxial series, and stress history was assumed negligible.

7.2 EFFECT OF CONFINING PERIOD AT ONE PRESSURE

To evaluate the effect of time of confinement under a given stress

state, test numbers 81 to 84 were held constant at principal stresses

equaling 32 psi (220.5 kPa) in the z-directlon, 28 psi (192.9 kPa) in the

x-direction, and 24 psi (165.4 kPa) in the y-direction for 24 hours. Shear

wave velocities were measured at times of 0.5, 1.0, 2.5, and 24 hours after

the stress state was applied. Resulting V5 values are listed in Table 7.1

and are shown in Fig. 7.2. The slope of each regression line for the log Vs

- log t relationship is almost zero which suggests that the effect of

confining period at this triaxial state is negligible. This conclusion is

the same as that found for isotropic and biaxial stress states.

One interesting point with regard to time is that it took about one half 7.

of the time for the triaxial pressures to be balanced as it did to balance

197
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(a) Mohr-Coulomb Diagram for the TRI2 Series S
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Table 7.1 -Effect of Confining Period on S-Wave Velocities
Under Triaxial Confinement, TR13

14

Whae Confining Period, T,hour Slope"*
Type 0.5 1.0 2.5 J 24.0
Vx 1087 1094 1092 1 1114 .01

V 1006 1007 1004 998 - .00

V 972 972 972 978.0

zy 932 9547 947 .00
________ _ _ __ _ _*y

* accelerometers of Vx and Vy were both malfunctioning
nyz

**Vs C T

e.~ 
.'
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the pressures when applied in the other two conditions (isotropic and BIA2).

For instance, balancing the triaxial pressures took about 1.5 hours versus

about 3 hours for isotropic loading. The reason for the relatively short

time to reach equilibrium is due to the increments in triaxial confinement

which were smaller than those used in the other two tests.

7.3 EFFECT OF TRIAXIAL CONFINEENT
Although the "three-individual-stresses" method is the most appropriate '

one tL, predict shear wave velocity based on the biaxial test results given in

Chapter Six, the shear wave velocity relationship with its three parameters

cannot be shown in a two-dimensional figure. Therefore, the easiest way to

evaluate the "three-individual-stresses" method is to compare shear wave

velocities measured under triaxial stress states with those predicted by the

"three-individual-stresses" method. This comparison is made in Tables 7.2 y
through 7.4 using values of the constants and slopes from Table 6.18 to

predict the velocities.

The trends of measured and predicted wave velocities in the test series

TRI1, TRI2 and TRI3 are essentially all the same. For example, Vzx is about

constant while the measured and predicted values of Vxy , Vyx, Vyz , and Vzy

all increase as the applied confining pressures changed in the TRIl test

series. The ratio of measured to predicted shear wave velocities ranges from

0.95 to 1.10 for TRIl with an average of 1.03, from 0.98 to 1.12 for TRI2

with an average of 1.03, and from 0.98 to 1.11 for TRI3 with an average of

1.03. These values give a -5.4 to +11.6 percent range of differences between

measured data and predicted values, which is greater than the values of -3.4

percent to +3.6 percent in the case of biaxial confinement (See Section 6.5).

One possible reason for this scattering is that the accelerometers exhibited

more noise during the final series of tests. This noise made it difficult to

determine the initial S-wave arrival, thus increasing the scatter in the data

under triaxial confinement. Another reason is that the stress increments A

used in the triaxial confinement tests were generally smaller than those used

in the isotropic and biaxial tests so that smaller velocity changes had to be

measured. Finally, interruption in testing caused by the ruptured top

membrane also seemed to influence the results by possibly creating some

plastic deformation in the sand.

S.

" '' ',/ *,• *' ' 55 -. .. .. ,..-.. .- ,. . . .. ... .- . -..- . . . - -. . . • - -..
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Table 7.2 - Comparison of Measured Shear Wave Velocities* to Values Predicted
by "Three-Individual-Stresses" Method in Test Series TR,1I

sq%'

Confinement 40 40 40 40 
I Velocity a

20 25 30 5.
lci1Change

Velocities 15 15 15 15

Vxy 1053 1082 1092 1110 increasing

V 976 999 1016 1024 increasing
measured yx
Vs, fps V 1038 1060 1072 1101 increasing

V 931 939 940 941 constant
zx
V 893 910 926 934 increasing

V 959 980 998 1013 increasing

V 958 979 996 1011 increasing
predicted yx

V 982 1000 1015 1028 increasing
Vs, fps 

YZ

Vzx 914 911 908 906 constant

V 941 960 975 988 increasing I
ZY

V 1.10 1.10 1.10 1 1.10xy

V 1.02 1.02 1.02 1.01
Vmeas. avg. =
V ored V 1.06 1.06 1.06 1.07
V 5  "rd yz1.03

V 1.02 1.03 1.03 1.04
zx

0.95 0.95 0.95 0.95
zy ,"J

accelerometers of V were malfunctioning
xz W.

-. . . . . . . . . . . . ..
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Table 7.3 - Comparison of Measured Shear Wave Velocities* to Values Predicted
by "Three-Individual-Stresses" Method in Test Series TRI2

Confinement a 28 32 36 40
Velocityr

= 28 24 20 16
8 2Change

Velocities 28 28 28 28

V 1078 1065 1060 1031 decreasingx,

V 1065 1041 1020 1006 decreasing,'.
measured 

.

V 1086 1077 1065 1060 decreasing
Vs ' fps 

yz

V 930 949 962 968 increasing
zx

V 925 921 912 900 decreasing
zy

V 1053 1037 1018 996 decreasingO

V 1063 1037 1019 999 decreasing
predicted .x

V 973 973 969 960 decreasing
Vs fps y

V 925 940 954 968 increasing
ZK

V 925 926 922 915 decreasing

V 1.02 1.03 1.04 1.04Y

V 1.00 1.00 1.00 1.01
Vs meas. avg.
s  V 1.16 1.11 1.10 1.10

prd. yz 1.03
V 1.01 1.01 1.01 1.00
zx
V1.00 1.00 1.00 1.00

accelerometers of Vxz were malfunctioning

JR' .. .
,%1. ',)-.',,. ' or%,. ,. , ...e. ,, . € , -. . . .
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Table 7.4 - Comparison of Measured Shear Wave Velocities* to Values Predicted
by "Three-Individual-Stresses" Method in Test Series TRI3

S.Confinement 28 32 36 40V

Velocity 

28 24 20 16 Change

Velocities o 28 31 34 37

V 1084 1081 1077 1053 decreasing

V 1045 1037 1028 1008 decreasing
measured .

V fps Vyz  1084 1076 1069 1063 decreasing

V 939 962 978 988 increasing
zx
V 920 915 907 900 decreasing
zy

V 1053 1047 1037 1022 decreasing

yxreitd Vy 1053 i 1048 1039 1025 decreasing )
predicted .

V 973 972 968 959 decreasing -ell

Vs . fps yz
Vzx 925 949 971 992 increasing

V 925 924 920 911 decreasingzy

V 1.03 1.03 1.04 1.03xy

Vyx  0.99 0.99 0.99 0.98 ag
Vs , meas. avg.=

VS rd- Vy 1.11 1.11 1.11 1.11 1 0Vs , pred. yz 1.03

V 1.02 1.01 1.00 1.00
zx

Vzy 1.00 0.99 0.99 0.98

accelerometers of V were malfunctioning

z1

-"" - " ' "- a . . . ."."""."". ... . "" """-.-.. . . . " - " " - - ""- ." " " -" - - - " -" - - " .. i
. . . . . . . .. . . . . . . . . . ~ . * *.*
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An alternative method of showing the trend of the shear wave velocity

under triaxial confinement is suggested hereafter. As the effect of

principal stress in the directions of wave propagation and particle motion

are almost the same and because the stress in the out-of-plane direction has

only a minor influence, Eq. 2.52, suggested in Sections 2.36 and 6.7, can be

rewritten as follows:

V = C -ne -ne (7.1)

where ne=na=nb=0.10 for V S, and ne=na=nb=O.09 for VSA (see Table 6.18).

Therefore, Eq. 7.1 can be written as:

log V5 = log C2 + ne - log (-a * b (7.2)

Equation 7.2 can be easily represented with a two-dimensional log-log plot.

In this manner, the test results for TRI1, TRI2, and TRI3 are shown in Figs.

7.3 through 7.5, respectively. Since the slopes of na and nb found in this

study are not exactly the same and since there is a minor effect of the

principal stress in the out-of-plane direction, the slopes in the figures for

each shear wave are not any one of the real slopes. Nevertheless, these

figures have the advantage that the trend in shear wave velocity with stress

state can be visually illustrated. However, if the value of principal stress 2

in the out-of-plane direction is far larger than the other two stresses, the

distortion of shear wave velocity represented by Eq. 7.2 and shown in Figs.

7.3 through 7.5 may be distinguishable-(e.g. Vxy in TRI2 and TRI3).

7.4 COMPARISON WITH PREVIOUS EMPIRICAL EQUATIONS

Empirical equations used to predict shear wave velocity generally have

state of stress in them in some fashion. State of stress can enter in terms

of: 1. the average of the principal stresses ("mean-effective-stress"

method), 2. the average of the two principal stresses in the directions of

wave propagation and particle motion ("average-stress" method), and 3. the

principal stress individually ("three-individual-stresses" method). The V.

"average-stress" method has been shown to model poorly Vs measured in the

biaxial test series (see Section 6.5). However, velocities measured under

biaxial confinement cannot be used to distinguish easily between the

VI

......-...... '._.%.............. .-. ",: ... , . "" * .-%. ..
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J

Direction Pressure, psi

Z 28 32 36 40 Constant

yJ 28 4 20 -6 1 O,28 psi

X 28 28 28 28-

"071400-

V Vxy yz.$ 1200 10 no :0.11

000 V
Vyx

800 ne 0.I0
" 60 -zy Vzx600 V

C ne 2 0.10 ne 0.10

00 600 800 1000 1250

a % P S')

Fig. 7.4 - Variation in S-Wave Velocities Under Triaxial Confinement,
TRI2, Based on Eq. 7.1

In...
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Direction Pressure,psi

Z 28 32 36 40 Varying

y 28 24 20 16 "

X 28 31 34 37

a 1500

VyzVxy ..ne %0.10_ 1200 ne" o ~ ~ne z 0., ...1"

o0\-.
> 1000-

Vyx -

800 ne=0.11
600 I ne ne =0.10~Vzy

u} ne z 0.10 "

600 ,
500 700 900 1200 1500

a- . €o
b (p s i)2 

.

Fig. 7.5 Variation of S-Wave Velocities Under Triaxial
Confinement, TRI3, Based on Eq. 7.1
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advantage of the "mean-effective-stress" method and the

"three-individual-stresses" method.

Fortunately, shear wave velocities predicted by these three methods can

be examined in the tests under triaxial confinement to evaluate which method

is most accurate.

In test series TRI2 and TRI3, the average of the two principal stresses

in the z- and y-directions was held constant at 28 rsi (192.9 kPa) by

increasing the principal stress in the z-direction from 28 to 40 psi (192.9

to 275.6 kPa) while simultaneously decreasing the stress in the y-direction

from 28 to 16 psi (192.9 to 110.2 kPa). The predicted shear wave velocities

for V and Vzy should be constant in both series TRI2 and TRI3 if the
"average-stress" method is used. However, predicted shear wave velocities y.

for Vyz and Vzy should decrease if the "three-individual-stresses" method is

used. The test results listed in Tables 7.5 and 7.6 show both V and V
yz zy

decrease in these triaxial test series. Therefore, the "average-stress"

method is not a proper formulation, while the "three-individual-stresses"

method is at least proper for shear waves propagating along principal stress

directions.

Additionally, the mean effective stress was held constant at 28 psi

(192.9 kPa) in test series TRI2. If the "mean-effective-stress" method is

valid, then shear wave velocities in each direction should be constant.

However, the values of V and V should increase while the values of V,

Vyx, Vyz, and V should decrease if the "three-individual-stresses" method

is valid. From the results summarized in Table 7.7, it is obvious that the

"mean-effective-stress" method cannot be used to predict V values in seriess
TRI2 while the "three-individual-stresses" method can.

Based on these experimental results, there is an effect on Vs of the

principal stress in the out-of-plane direction, although a minor one (see

Sections 6.3.3, 6.4.3, and 7.3). Therefore, the "three-individual-stresses"

method is more complete and satisfactory than the "two-individual-stresses"

method suggested by Roesler (1979).

It is interesting to try to understand why the "mean-effective-stress"

method has been used as the main empirical equation for about the past two

decades if it is not the best indicator of Vs. If the

"three-individual-stresses" method and associated constants and slopes listed

....,... . . . .. .. . . . .... . .... . . . . .. ... ."\
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Table 7.5 - Loading Sequence and Shear Wave Velocities
Measured under TRI2

Applied Confining Pressure, psi Remark

z 28 32 36 40
.

y 28 24 20 16 TRI2

x 28 28 28 28

V 1086 1077 1065 1060 decreasing

,u V 925 921 912 899 decreasing

"4

.'9

4o,

Table 7.6 -Loading Sequence and Shear Wave Velocities '4
Measured under TRI3

Applied Confining Pressure, psi Remark ,-4

z 28 32 36 40

y 28 24 20 16 TR13

x 28 31 34 37

V 1084 1076 1069 1063 decreasing
C4L _

Vzy 920 915 907 900 decreasing

"40 """ . ... . . .
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Table 7.7 - Test Results of Shear Wave Velocities*
Measured Under Triaxial Confinement, TRI2

Applied Confining Pressure, psi Remark

0 Z 28 32 36 40

X 28 24 20 16 u28psi
GJ 0

Y 28 28 28 28

V 1078 1065 1060 1031 decreasingxy

V 1065 1040 1020 1006 decreasingyx

Vyz 1086 1077 1070 1060 decreasing

Vzx 930 949 962 968 increasing

V 925 921 910 899 decreasingZy

I

*accelerometers for V were malfunctioning

" '

-. 4-.-. . . . .. . .
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in Table 6.18 are adopted to estimate shear wave velocities of this sand

sample, then the following equations are obtained:

Vsl = 218 .a0.095 0.098 -c-0.003 (7.3a)
SI 28aab c

and '8

VSA = 230 ao° "°  b "°8  "°'° b)

If the parameters in Eq. 7.3 are used to obtain similar parameters for use in

the the "mean-effective-stress" method for the sample, then the equations

become (nm = na + nb + nc):

VSI 218 0.190 (7.4a)

-0.171VsA = 230 a (7.4b)

If the parameters in Eq. 7.4 for the "mean-effective-stress" method were

obtained under isotropic confining pressure conditions (see Table 5.9 and Eq.

5.1), these relationships would be expressed as:

V = 200 0201 (7.5a)
-020

VSA = 209 -o0.183 (7.5b)

where VSI and VSA are the shear wave velocities based on a cross-anisotropic

model. Tables 7.8 through 7.11 present comparisons of the shear wave

velocities estimated by Eqs. 7.3, 7.4, and 7.5 under isotropic, biaxial, and

triaxial confinement conditions. The range of the ratios of shear wave

velocities from Eq. 7.4 and 7.5 are 0.990 to 1.007, 0.997 to 1.002, 0.990 to

0.997, and 0.993 to 0.996 for the cases of isotropic, BIA1, BIA2, and

triaxial confinements, respectively. These ratios are all essentially one.

Hence, the way in which the exact parameters used with -o are obtained has

only a minor effect on the predicted velocities in the pressure ranges over

which these tests were performed.

When the maximum principal stress is not in the out-of-plane direction,

the range of the ratios of shear wave velocities from Eqs. 7.3 and 7.4 are

1.00 to 1.00, 1.00 to 0.99, 1.00 to 0.99, and 1.02 to 0.95 for the isotropic,
V'

0

- a .#

.' .' -. - L' -..- ' ...- .. . . . . . .. . . . 2 . . .. . ..- . . ' .. .S '- . * . - -.-- .- ' - . . ---. -
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Table 7.9 - Shear Wave Velocities Predicted by Eqs. 7.3, 7.4, and
7.5 Under Biaxial Confining Pressure Conditions of BIA-

Confining V5  Vs V s
Pressure, psi Predicted Predicted Predicted

- by Eq.7.3 by Eq.7.4 by Eq.7.(3
fps fps fps -TIT

a Ob cc (1) (2) (3)

15 15 15 935 935 934 1.00 .99 1.00"
15 15 15 853 853 851 1.00 .99 1.00"*
20 15 15 961 954 954 .99 .99 1.00,
20 15 15 876 869 868 .99 .99 1.00"*
30 15 15 999 988 990 .98 .99 .99*
30 15 15 910 896 897 .98 .98 .99"
40 15 15 1027 1017 1021 .99 .99 .99'
40 15 15 934 920 923 .98 .98 .99""
15 15 15 935 935 934 1.00 .99 1.00'
15 15 15 853 853 851 1.00 .99 1.00"*
15 20 15 962 954 954 .99 .99 1.00'
15 20 15 876 869 868 .99 .99 1.00"" 'P
15 30 15 1001 988 990 .98 .98 .99'
15 30 15 908 896 897 .98 .98 .99"'
15 40 15 1030 1017 1021 .98 .99 .99'
15 40 15 931 920 923 .98 .99 .99",
15 15 15 935 935 934 1.00 .99 1.00'
15 15 15 853 853 851 1.00 .99 1.00""
15 15 20 934 954 954 1.02 1.02 1.00'
15 15 20 851 869 868 1.02 1.02 1.00""
15 15 30 933 988 990 1.05 1.06 .99*
15 15 30 847 896 897 1.05 1.05 .99"*
15 15 40 933 1017 1021 1.09 1.09 .99'
15 15 40 845 920 923 1.09 1.09 .99"*

"'VSA 1 'V SA

**V

V..,

SAS

- .v.
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Table 7.10 - Shear Wave Velocities Predicted by Eqs. 7.3, 7.4, and

7.5 Under Biaxial Confining Pressure Conditions of BIA2

• ..-

Confining
Pressure, psi Predicted Predicted Predicted

byEq. 7.3 byEq. 7.4 byEq. 7.5 (2) (J . I,

fps fps fps (1) (1) (3)
Ga 0b cc (1) (2) (3) ___._

40 15 15 1027 1017 1021 .99 .99 .99'
40 15 15 934 920 923 .98 .98 .99"*
40 20 20 1055 1043 1049 .98 .99 .99.
40 20 20 955 941 946 .98 .99 .99""

40 30 30 1096 1088 1097 .99 1.00 .99,
40 30 30 986 978 985 .99 .99 .99".
40 40 40 1127 1127 1138 1.00 1.01 .99'
40 40 40 1009 1009 1019 1.00 1.01 .99"*
15 40 15 1030 1017 1021 .98 .99 .99'
15 40 15 931 920 923 .98 .99 .99"*
20 40 20 1057 1043 1049 .98 .99 .99"
20 40 20 954 941 946 .98 .99 .99"*
30 40 30 1097 1088 1097 .99 .99 .99'
30 40 30 986 978 985 .99 1.00 .99"*

40 40 40 1127 1127 1138 1.00 1.01 .99'
40 40 40 1009 1009 1019 1.00 1.01 .99":
15 15 40 933 1017 1021 1.09 1.09 .99.
15 15 40 845 920 923 1.09 1.09 .99""
20 20 40 986 1043 1049 1.05 1.06 .99'
20 20 40 890 941 946 1.05 1.06 .99"*
30 30 40 1066 1088 1097 1.02 1.02 .99"
0 30 40 958 978 985 1.02 1.02 .99"*
40 40 40 1127 1127 1138 1.00 1.01 .99'
40 40 40 1009 1009 1019 1.00 1.01 .99"*

*V
SI

,V

I.. "

S.

J0- -
Z"%'
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4%

Table 7.11 Shear Wave Velocities Predicted by Eqs. 7.3, 7.4and -
7.5 Under Triaxial Confining Pressure Conditions of TRIl

Vs Vs Vs
Confining Predicted Predicted Predicted .2

Pressure, psi by Eq. 7 .3 byEq. 7.4 byEq. 7.5 2 ( -) --

- b - fp s f p s f p s ?.i -

a b c (1) (2) (3) .__._
40 20 15 1056 1031 1035 .97 .98 .99" ,',

40 20 15 958 931 935 .97 .97 99**
40 25 15 1079 1043 1049 .96 .97 .99*

40 25 15 978 941 946 .96 .96 .99"*
40 30 15 1099 1055 1062 .96 .96 .99-
40 30 15 994 951 957 .95 .96 .99"-
40 35 15 1115 1067 1074 .95 .96 .99,
40 35 15 1007 961 967 .95 .96 .99"*
28 28 28 1053 1053 1059 1.00 1.00 .99"
28 28 28 949 949 954 1.00 1.00 .99"*
32 24 28 1050 1053 1059 1.00 1.00 *99"
32 24 28 948 949 954 1.00 1.00 .99"*
36 20 28 1043 1053 1059 1.00 1.01 .99*
36 20 28 943 949 954 1.00 1.01 .99"*
40 16 28 1031 1053 1059 1.02 1.02 -99'
40 16 28 933 949 954 1.01 1.02 .99"*
28 28 28 1053 1053 1059 1.00 1.00 .99*
28 28 28 949 949 954 1.00 1.00 .99"*
32 24 31 1050 1060 1066 1.00 1.01 .99'
32 24 31 947 955 961 1.00 1.01 .99""
36 20 34 1043 1067 1074 1.02 1.03 .99"
36 20 34 941 961 967 1.02 1.02 .99"*
40 16 37 1030 1074 1081 1.04 1.04 .99.
40 16 37 931 966 972 1.03 1.04 .99"*

*V 

-

SA
**Vs-'i

SA.
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B2A1, B2A2, and triaxial confinements, respectively. That is, the maximum

difference between V values predicted by the "three-individual-stresses"

method and the "mean-effective-stress" method are zero percent for isotropic

confinement, -1.5 to 0.0 percent for biaxial confinements, and -4.6 to +2.1

percent for triaxial confinements. Therefore, shear moduli estimated from

shear wave velocities measured with resonant column tests under biaxial

confining conditions will then be within -2.3 to 0.0 percent in a scattered

range of the regression line determined with the "mean-effective- stress"

method. This discrepancy is acceptable for most problems and, hence, would

normally not be considered worthy of further study. Moreover, the

non-uniformity of shear strain inside a resonant column sample combined with

the difficulty of measuring the change of volume of the sample make the

scattering indistinguishable in the resonant column test.

It is interesting to note that Hardin and Black (1966) reported

discrepancies between shear moduli of a sand predicted by the
"mean-effective-stress" method and data measured from biaxial resonant column

tests ranging from -2.4 to +8.9 percent. Discrepancies ranging from +10 to

-20 percent for maximum shear moduli determined under isotropic and biaxial

confinement states with the same mean effective stress in resonant column

tests have been reported by Yanagisawa and Yan (1977). Higher discrepancies

have been noticed when the stress level [(oi-o3)/(oi-o3)f] is large

(Kuribayashi, Iwasaki, and Tatsuoka, 1975; Yanagisawa and Yan, 1977; Yu and

Richart, 1984). This behavior has also been found in cyclic torsional shear

tests (Tatsuoka, Iwasaki, Fukushima and Sudo, 1979). Therefore, researchers

have found the "mean-effective-stress" method to be less than perfect, but

little has been done to try to reconcile these discrepancies.

In an attempt to compare the three empirical methods and the

experimental results at one time, part of the loading sequence and resulting

shear wave velocities are shown in Fig. 7.6. The trend of shear wave

velocity, Vyx, predicted by the "three-individual-stresses" method, the
"average-stress" method, and the "mean-effective-stress" method under the

same Isotropic, BIAl, BIA2 and TRI2 confinements given in Fig. 7.6 are drawn

in Fig. 7.7.

The same value of shear wave velocity for series BIA2Z and BIA2X is

predicted by the "mean-effective-stress" method as shown in Fig. 7.7.c. If

the "average-stress" method is used, the value of Vyx is predicted to be the

yxT-

- ,m # . .' .o . . - - - • . . .. . ", .- •" . .. ". . . . . . . . . . .- . . .. , ,-. .- .. . .. .
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Shear Type Applied Confining 9 o of
Wave of Peue, SiTest Remark
Type Confinement 6- Series

VISO 15-40 15-40 15-40 2- 5 1

V BIAlY 15-40 15 15 48-50 0

V BIA2Z 15-40 15-40 40 13-16

VBIA2X 15-40 40 15-40 41-43

yx TR13 28-16 28-37 28-40 69-72 +

a. Load History

1500-
1400
300

1200

1-000

800- 0ISO
o BIAIY

700* BIA2Z
* BIA2X
+ TRI3

6001
15 20 30 40 50

(N) I S
b. Measured Shear Wave Velocities

Fig. 7.6 -Shear Wave Velocities Measured During Loading
Sequence of ISO, BIA1, BIA2, and TR12

-- % *
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O, p S I
10 15 20 30 40 .1

0-(a)

900- 0 ISO
0 BIAiY

XBIA 2Z
&~ 81A2X
+. TRI 3

>1100- ()_ _ _ _ _ _ _ _ _ _

0
i900

-700 I

900-

7001_____________________________
1400 2000 3000 4000 6000

CO-p Sf

Fig. 7.7 -Trend in Shear Wave Velocities Predicted
by Different Methods: :%

(a) Three-Individual-Stresses Method,
(b) Average-Stress Method, and
(c) Mean-Effective-Stress Method
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IL I 0



220

same in series ISO and BIA2Z. However, the test results in this study, as

shown in Fig. 7.6, gave different trends for both cases, and these trends are

correctly predicted by the "three-individual-stresses" method. Furthermore,

the values of Vyx listed in Tables 7.5 and 7.6 are also shown to decrease in .

Fig. 7.6 for TRI3. But, both trends from the "average-stress" method and the
"mean-effective-stress" method are horizontal lines in Fig. 7.7. Again, only

the "three-individual-stresses" method gives the correct prediction of V inyx
TRI3.

Consequently, it is fair to say that the "three-individual-stresses"
method is better than other two methods in predicting experimental results as

well as in theory, and Eq. 2.52 can be treated as a general form for all

states of stress.

Only a few tests has been done under biaxial or triaxial conditions.
Knox, et al (1982) reported tests with a similar sand sample with an average

unit weight equaling 96.6 pcf (1547 kg/m 3 ) in the same large-scale device
triaxial. Constants and slopes for Eqs. 2.52 and 7.1 from their results and

this study are listed in Table 7.12. One can see that the value of na is
equal to nb when rounded to two decimal points, thus resulting in one value,

ne, in both studies. Values of the slope in Eq. 5.1 were derived from -. ,

different laboratory testing devices under isotropic confinement or from in

situ tests, and ranged from 0.15 to 0.33 as shown in Table 2.2. In this

study, all values of the slopes ranged between 0.17 and 0.23.

7.5 SuW4ARY
Tests under true triaxial stress states, TRI2 and TRI3, were used to

%:p%

compare measured values of V with those predicted by three empirical
sequations: the "mean-effective-stress" method, the "average-stress" method, S.

and the "three-individual-stresses" method. Equation 2.52 based on the

"three-individual-stresses" method was found to predict most correctly the .-

experimental results. This equation is:

C - na -nb - ncVs = 2 'a  'b  'c  (7.6)- .

However, the confining pressure in the out-of-plane direction, a has only a

minor effect on shear wave velocity. For practical engineering purposes, Eq.

7.6 can be simplified to: ,

.:'. .. "... .. . . . ...... .



221

Table 7.12 - Comparison of Constants and Slopes for Eq. 2.52 +

Relating V to -a, ,and ac with Those Reported
by Knox et al (1982)

Shear Isotropic Biaxial Triaxial
Reference Wave -

Type C2  n C2  na nb nc C2  ne

V 238 0.18 202 0.11 0.09 0.001 210 0.09xy
Vy 167 0.23 169 0.10 0.12 -0.007 224 0.10

V 206 0.19 186 0.10 0.11 -0.002 - -

1* V 224 0.18 305 0.07 0.08 -0.009 260 0.10,.'

Vzx 187 0.19 243 0.10 0.08 -0.02 250 0.09

V 219 0.17 180 0.11 0.10 -0.01 165 0.09zy

Vs1  200 0.20 218 0.10 0.10 -0.00 217 0.10

VSA 210 0.18 230 0.09 0.09 -0.01 225 0.09

V 201 0.19xy 201 0.09 0.09 0.01 146 "  0 -.1'"

Vy 224 0.18

Vz 210 0.18 - ~V 180 0.10 0.10 181 0.I

V 188 0.19
V 140 0.22 .-
yz _ 132 0.12 0.11 -0.01 14r 0.11

Vzy 141 0.22

Vs i 217 0.18 201 0.09 0.09 0.01 146 0.10

VSAI 171 0.21 156 0.11 0.11 -0.01 154 0.11

- na- nb- nc
+ Vs  C2  a b c

-+ data reduced in this study
* this study

** Knox, Stokoe, and Kopperman (1982)

0.

.............................................
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- -- ne

Vs  C2 (Ca  -Cb) (7.7)

in which case ne = (na + nb)/2. This expression results in a scattering of

less than t5 percent when compared with the experimental data.

The empirical equation based on the "mean-effective-stress" method (Eq.

5.1) may also be used to fit a curve to the experimental data which exhibits

discrepancies in the range of ±5 percent. However, only Eq. 7.7 properly

reflects the influence of stress path on S-wave velocity.

o.. e - e
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CHAPTER EIGHT

OBLIQUE SHEAR WAVES

8.1 INTRODUCTION

A preliminary study of oblique shear waves was conducted as described in

Section 3.3.1. For the purpose of this study, oblique shear waves are

considered to be those shear waves propagating along a principal stress

direction but with particle motion at some angle I to the principal stress

direction. The angle I will be used to identify and distinguish the

particular oblique waves.

Testing was conducted with shear waves propagating only the z-direction

under isotropic, biaxial, and triaxial confinement states. These shear waves

were generated at the excitation port at the bottom of the LSTD as shown in

Fig. 3.16. Only two different oblique shear waves were studied; one with e
22.5 degrees and a second with I 45 degrees. The motions of these waves

were detected by accelerometers numbered 23 and 25 for the 45-degree oblique

shear waves and accelerometers numbered 24 and 26 for the 22.5-degree oblique .0

shear waves.

8.2 CROSS-ANISOTROPIC CONDITION

In Sections 5.3 and 6.6, structural anisotropy of the sand sample was

measured and was shown to be well represented by a cross-anisotropic material

when an isotropic confining pressure is applied or when a biaxial confining

pressure is applied in which the axis of symmetry coincides with the axis of

symmetry for structural anisotropy. Shear wave velocities, Vzx, Vzy, Vxz,

and Vyz, are all the same in a cross-anisotropic medium in which the axis of

symmetry is in the z-direction as is the case for the sand sample.

The waveforms of oblique shear waves propagating along the axis of

symmetry (z-axis) of the cross-anisotropic material look like the other shear

waves propagating in the principal stress directions as shown in Figs. 8.1

through 8.4. Hence, it is simple to determine shear wave velocity in this

condition by the initial arrival method (IAM) described in Section 3.5.

The results of oblique shear wave velocities, VSH45 and VSH22.5,

measured under isotropic confinement and under biaxial confinement with only

one stress varying in the z-direction are presented in Figs. 8.5 and 8.6,

respectively. The measured shear wave velocities are also compared to shear

223...
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Jft

Isotropic Confinement VH 5 V 2

14001 Loading x a
06 Unloading+

1200-

Z~ 1000-

~800 region of VSA

(slope w 0.22)%

10 15 20 30 40
Mean Effective Confining Pressure, psi

Fig. 8.5 - Velocities of Oblique Shear Waves, V SH45. and VS25

Under Isotropic Confining Pressures

%. z
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Biaxial Confinement1 VSH45 VSH2."-
1400 Loading x a

Unloading + "9

,~1200

1000

800 region of V.,

in BIA 1Z

(slope M 0.11)

600

10 15 20 30 40
Effective Confining Pressure in Z - Direction

Fig. 8.6 Velocities of Oblique Shear Waves, VSH45 and VSH 22.5,

Under Biaxial Confinement with Only One Stress in the
Z-Oirection Varying, BIA1Z
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wave velocities of VSA (i-e- Vxz , Vyz, Vzx, and Vzy) in the figures. Since

the direction of propagation of the oblique shear waves coincides with the

axis of symmetry, the velocity should be the same as either Vzx or Vzy no

matter whether the direction of particle motion is 45 or 22.5 degrees from

the principal stress axis (White, 1965). An acceptable agreement is shown in

both cases. Additionally, scattering in oblique shear wave velocities is

less than the scatter in the four shear wave velocities (VsA) in the
S ),

principal planes. %

8.3 ORThOTROPIC CONDITION

An isotropic medium will become anisotropic once an anisotropic stress

state is applied. Once the stress state causes the sample to become

orthotropic, the waveforms appear to change. In addition, the signals of the

oblique shear waves turn out to be more complex as the distance of travel

increases as shown in Figs. 8.7 and 8.8 because the P-wave component seems to

increase. No obvious wave peak can be selected in this condition. Different

frequency components caused by different stiffnesses in each principal plane

may force the oblique shear wave to no longer be a monochromatic wave

(French, 1971; and Pain 1976). Additional study of oblique shear waves under

orthotropic conditions, especially in the frequency domain, is necessary.

Unfortunately, this work is beyond the scope (and instrumentation) of the

present study.

N.
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CHAPTER NINE

CROSS-ANISOTROPIC MODEL AND BODY MAVE PROPAGATION

9.1 INTRODUCTION

Natural soils are often assumed to be isotropic, homogeneous and elastic

materials for the purposes of conducting and analyzing seismic wave

propagation tests in geotechnical engineering. With this simplified model,

the velocities of only one P-wave and one S-wave need to be measured to

describe soil behavior in the small-strain range (sce Eqs. 2.1 and 2.2).

Single values for the constrained modulus, shear modulus, Young's modulus,

and Poisson's ratio can then be obtained from the wave velocities using Eqs.

2.4, 2.3, 2.6 and 2.5, respectively. Although this simple model has many

shortcomings, its use continues because of reasons such as ease in

application, minimum amount of computational time necessary in numerical

calculations, and ability to achieve analytical solutions for many complex

boundary conditions.

In fact, essentially all natural soils behave in a more complicated

fashion than described by an isotropic model, especially for body wave
propagation. However, the complexity of the model is limited in practical

terms. For instance, no analytical solutions for the wave equations in an

orthotropic soil seem to exist. Fortunately, level deposits of natural soil

are reasonably approximated by a cross-anisotropic model in which five

independent constants are necessary. These constants can be evaluated with

body waves propagated along principal stress and inclined directions.

Equations 2.12 through 2.31 give four of the five constants as follows:

CI =pVpi =p(Vpg )  (9.1) ,

C3 3  PVPA 2 = p(Vpo)2  (9.2)

C44 = PVSA = P(VSA90) (9.3)

C - p(V (9.4) ,C66 PSl = VPslgO )
,

where

Vpl = xx Vyy, (9.5)
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VpA = ( (9.6)

V V V, (9.7)VSI = xy = yx, 9?

VSA =Vxz=V = V Vzy and (9.8)

p mass density.

The fifth elastic constant, C13, is more difficult to evaluate. The easiest

way is to use an oblique P-wave velocity measured at an angle e (OS0e90° ) as

follows:

V p, r = (Cllsine2+C33cos02+C44+A)/(2)} I/2  (9.9)

where

= [(C11-C44 )sin@
2-(C33-C44 )cos82]

2+

4(C13+C44 )
2sineBcos@2 , and

8 = the angle between the direction of propagation of the plane

wave and the axis of symmetry (z-axis) as shown in Fig. 2.5.

To illustrate the use of a cross-anisotropic model for soil, shear wave

velocities measured and discussed in Chapter Five, Six and Seven are

converted to shear moduli according to the relationships shown in Sections

2.3.1 to 2.3.4. Constrained moduli are calculated from P-wave velocities

measured in this sand and reported by Chu et al, 1984. The effects on body

wave propagation are then discussed and compared with an isotropic model in

the following sections.

9.2 CONSTRAINED MODULUS

A general equation relating P-wave velocity and principal stress was

recommended by Chu et al (1984) in the following form:

V = (Ca (9.10)

where a is the effective principal stress in the direction of wave
a

propagation and Cp is a constant. By substituting Eq. 9.10 into Eq. 9.1 with

Vxx VpI for the isotropic plane, one obtains:

-. .. % - . • • .,. • - , . • . . . , .. . . . ,. .. . SA .. . -.L. . -C t
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C M2- 2iw(911Cll= M =OCxx2Oa m  1.)

and

C pC 2  2mmPC (9.12)
11 22 yy a..

in which the constrained modulus has the same units as the normal stress a

(psf in this study) and C XX and Cyy are the values of the P-wave velocities IL

V and V under a confining stress of unity with units of 0a (and V

V )
yy

For the anisotropic plane, the constrained modulus can be expressed as:

Cz2 2mm (1C3 M A  P C (9.13) !
33 A zz a

where C is the value of V under a confining stress of unity with units of

a 
Consequently, low-amplitude constrained moduli can be estimated with

Eqs. 9.11 through 9.13 as:

M C= (Ca 9.14)

where ".

M constrained modulus

CM constant which equals p 2 ) with C equal to Cx. C or
M P P xx'yy 0

Mm slope of the log M - log 3a relationship, which equals 2mm.

and

Ga effective principal stress in the direction of P-wave

propagation.

The constant and slopes of low-amplitude constrained moduli versus confining

pressure relationship for isotropic (MI) and anisotropic (MA) planes are

summarized in Table 9.1 for each confining pressure condition. The values

were taken from Chu et al, 1984.

9.3 SHEAR MODULUS

A general equation relating shear wave velocity and principal stress

state as shown in Sections 4.6 and 5.2 is:

-na -nb -tc (9 ".,
V ~C 0 0

. .. ... .. ..

. ..



236

U,.

Table 9.1 - Constants and Slopes of the Log M - Log a Relationship
for This Sand Sample a

Stress State MI,* psf MA,** psf

C IMm CA Mm

ISOTROPIC 285,351 0.430 255,610 0.412

BIA1 311,031 0.420 376,642 0.370

BIA2 286,871 0.438 199,790 0.420

OVERALL 295,034 0.430 309,506 0.380

Mm
I I ".

* MA  = CA  •ca 
..

-.

'. ."*--*?'U .
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From Eqs. 2.3 and 8.16, the low-amplitude shear modulus, G, can be expressed

as:

CaN a -bN b - N c

G = G a-b-c (9.16)

where p

CG constant which equals p.(CS)2 at a pressure of unity,

Na slope of log G - log -a relationship and equals 2na, V
a

Nb = slope of log G - log ab relationship and equals 2nb, '/

Nc = slope of log G - log -a relationship and equals 2nc,
a a effective principal stress in direction of S-wave propagation,
0a = effective principal stress in direction of S-wave particle

esn
motion, and

=c effective principal stress in out-of-plane direction.

Under isotropic confinement (a =0==00) , the shear modulus can be related
to stress state, as:

%'*

G Nm (9.17) p

where

= mean effective stress, and

Nm = slope of log G - log relationship.

For practical engineering purposes, as discussed in Sections 6.7 and

7.3, the general form of the relationship relating shear modulus and

anisotropic stress state can be presented as:

G = CG( Ne (9.18)

O(ra b)

where

Ne 2ne in Eq. 7.2.

By substituting Eq. 9.16 into Eqs. 9.3 and 9.4, C44 and C66 can be

obtained, respectively. For the Isotropic plane:

Na- Nb - NcC6= GI  C~o~ o (9.19)

.%

-- '.' .-,. .• . ., .-.- . . , . v . ' '
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where

C6  z P(Cxy)2

C = the value of V under a confining stress of unity with unitsxy xZ

of °a' ab' and a C,
For the e-isotropic plane, low-amplitude shear moduli may be expressed with

Eqs. 9.7 and 9.8 as follows:

- Na -bNb -cNc (9-20)
C4 GAC 4O a b 0c ( 0

where
C 4 p(Cxz)2

Cxz the value of Vxz under a confining stress of unity with units

of a Ia and a and
a' b c

GA C4 4  z C5 5  (9 21)

Based on the results given in Table 6.18, the constants and slopes of

the log G - log o relationship for the anisotropic (GA) and isotropic (G,)

planes are listed in Table 9.2.

9.4 C1 3 IN A CROSS-ANISOTROPIC MODEL

Measurement of the velocities of oblique P-waves is the easiest way of

evaluating the constant C required in a cross-anisotropic model for so,'
13

This was done between July and October 1984 for the sand sample constructed

with accelerometers buried at inclined angles to the principal stress

directions. (These results are presented in a report by Lee and Stokoe.

1986.) The measured values of C1 3 are given in Table 9.3. They were

calculated using P-waves propagating at angles to the z-axis with 15, 24, and

35 degrees under isotropic, BIAIZ and BIA2Z confinements.

First of all, the limit of C13 estimated by substituting Eqs. 9.14,

9.15, and 9.23 into Eq. 2.43 gives the upper limit for values of C1 3 for each

confining pressure condition. Table 9.3 lists the upper limit of C1 3 for

isotropic and biaxial (BIAI and BIA2) conditions. BIAl and BIA2 conditions

listed in Table 9.3 are only for those cases in which the axes of symmetry of

the anisotropic stress state and structure anisotropy coincided. The values

of C13 back-calculated with measured oblique P-wave velocities and Eq. 9.9

are also listed in column four of Table 9.3. These measured values are all

less than the upper limit values of C1 3 (in agreement with theory). An

equation for an approximate value of C13 was given by Drnevich (1974) as:

%.. . . . . . .
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C13 a (C11 + C33 )/2 - 2 ' C66  (9.22)

Values of C13 obtained with this equation are listed in the last column of

Table 9.3. One can see that these values of C13 are always less than the

upper limit values. In fact, these values are on the order of half of the

limit values. Unfortunately, these values are about 0.7 to 3.1 times the

measured values, indicating the approximate nature of Eq. 9.22.

9.5 YOUNG'S MODULUS

For cross-anisotropic material, there are two values of Young's modulus;

one for the isotropic plane (EI ) and one for the anisotropic plane (EA).

These two theoretical moduli have been calculated for the sand sample using

Eqs. 2.39 and 2.41, and the results are summarized in Table 9.4. If the

theoretical values of C13 shown in Table 9.3 (which represent an upper limit

for C13 ) are used to calculate theoretical values for E1 and EA these

theoretical values represent a lower limit for E1 and EA. Young's moduli

equivalent to the measured body waves should always be greater than these

theoretical limits. Columns five and six in Table 9.4 show the equivalent

and measured Young's moduli which all agree with the theoretical limitation.

9.6 POISSON'S RATIO

Poisson's ratios associated with the isotropic and anisotropic planes

(v I and VA) obtained with Eqs. 2.40 and 2.42, respectively, are listed in

Table 9.5. Unlike Young's moduli, if the theoretical upper limit of C13 is

used to calculate values for Poisson's ratio, vI represents the lower limit

and vA represents the upper limit of Poisson's ratios from these

calculations. Therefore, the mea!.tred value of vI should be greater than the

limit while the measured value of vA should be smaller than the limit. The

measured values of Poisson's ratio under three confining pressure conditions,

listed in columns six and seven of Table 9.5, all satisfy this requirement.

Values of v31 obtained from Eq. 2.33 are also presented in Table 9.5. In

this sand sample, values of 1 are always less than VA.

9.7 WAVE SURFACES IN A CROSS-ANISOTROPIC MEDIU4

In 1968, Woods published a diagram showing the wave fronts of all p.

seismic waves at a relatively large distance from a vertically vibrating

%' ,

% %
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footing on the surface of a homogeneous, isotropic, elastic half-space. This

diagram is shown in Fig. 9.1. The wave fronts are based upon equations

derived by Miller and Pursey (1955). The body waves propagate radially

outward from the source along hemispherical wave fronts while the Payleigh
wave propagates radially outward along a cylindrical wave front. This

diagram has come to be widely referenced in geotechnical engineering.

In cross-anisotropic material, the diagram presented by Woods (1968)

becomes more complex for two reasons. First there are two types of shear

waves, SV and SH, which can propagate with different velocities. As a

result, there are three wave fronts (P, SV and SH) for the body waves as

discussed in Section 2.3.1. Second, the wave surface is different from the

velocity surface because of the difference between the ray and wave normals

(see Section 2.3.1). The velocity surface represents the planes of equal

phase for a plane wave, while the wave surface is the wave front based on ray

velocity. Measured body wave velocities represent ray velocities which are

used to calculate the wave front. Howe~er, ray velocities must be converted

to the velocities of the wave normal to calculate the velocity surface

(Wooster, 1938; and Postma, 1955).

To illustrate these points, Figs. 9.2 and 9.3 show the velocity surface

and wave surface, respectively, for the sand sample under an isotropic

confining pressure of 15 psi (103.4 kPa). (No Rayleigh wave front exists in

these diagrams because we are dealing with a full space.) Obviously, there is 'I

little difference between velocity and wave surfaces in this case, and the

wave fronts of body waves are elliptical as expected (Love, 1937; Levin,

1979). Values of C13  based on best-fits of measured oblique P-wave

velocities were used as discussed in Lee and Stokoe (1986).

Structural anisotropy may result from preferential orientation of soil

grains, stress field orientation, and thin bedding and cracks (Jones and V

Wang, 1981; Bachman, 1983; Melia and Carlson, 1984; and Helbig, 1985).

Therefore, C13 can be expected to vary from its upper limit value to

arbitrary smaller values. To examine the influence of C13 on the wave fronts

only, C1 3 was varied while Cll C3 3 , C44 , and C66 were held constant. The

velocity and wave surfaces in Figs. 9.2 and 9.3 are changed to those shown in

Figs. 9.4 through 9.6 and Figs. 9.7 through 9.9, respectively. One can see

that the velocity surface of the P-wave contracts while the SV-wave surface

expands when C13 is varied from the upper limit value to a smaller value. On

%. ... . ..* .* * .. . . .. . . ., . ,. - % ', , .
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the wave surface, both the P- and SV-waves behave similarly to that for the

velocity surface except for the formation of cusps on the wave front of the

SV-wave. Cusps for SV-waves have been reported by Musgrave (1970) for a

hexagonal crystal, Banerjee and Pao (1974) for dielectric crystals, Brodov et

al (1984) for rocks, and Jolly (1956), Levin (1980), and White et al (1983)

for soils. Either cusps, curved ray paths, or inclined soil layers may cause

difficulty in determining SV-wave velocity from seismic data (Jolly, 1956;

Ludeling, 1977; Helbig,1983; Byun, 1984; and Jones, 1985).

It is also clear that measured oblique P-wave velocities cannot fit the

P-wave surface once an arbitrary C13 is used along with the constant values

of C1i, C33, C44, and C66.

Wave fronts of the SH-wave are ellipsoids for both velocity and wave

surfaces.

The effect of stress-induced anisotropy can be seen in Figs. 9.10

through 9.19. Figures 9.10 and 9.11 show the wave fronts for an isotropic

pressure of 30 psi (206.7 kPa). As can be seen, structural anisotropy does

not cause cusps in the SV-wave front under isotropic pressures from 15 to 30

psi (103.4 to 206.7 kPa) in this study. However, when both structural and -

stress-induced anisotropies are involved as in the BIA1Z and BIA2Z series of

tests, cusps appear in SV-wave fronts for the wave surface as shown in Figs.

9.14 and 9.15 for BIA1Z and in Figs. 9.16 and 9.17 for BIA2Z. Consequently, "

one can see that cusps in the SV-wave front only appear in some types of

cross-anisotropic material, but not all. The effect depends on the amount of

the structural and stress-induced anisotropies.

9.8 COMPARISON WITH ISOTROPIC MODEL FOR NATURAL SOIL

In situ crosshole and downhole seismic tests are the methods most often

employed to obtain wave velocities in geotechnical engineering. In the

crosshole test, P- and SV-waves propagating horizontally are used.

Velocities of these waves correspond to V and VSA (or Vxx, and Vxz). VS

is obtained if a mechanical torsional source is employed. VPA and VSA are -:

obtained in the downhole test if true vertical wave propagation occurs.

To compare true values of Poisson's ratio and Young's modulus with those O.N

determined in a crosshole test with a torsional source, a pseudo-Poisson's

ratio v, is defined as: _

A .F
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V1' = [O.5(VPI/VsA)2 - 1]/[(VpI/VsA)2 - 1) (9.23)

and a pseudo-Young's modulus, E', is defined as:

E = 2G(1 + vi') (9.24)

where G equals p • VSI2. Likewise, a pseudo-Poisson's ratio, VA', and a

pseudo-Young's modulus, EA'" can be obtained by substituting Vp, and VSA

(which are obtained from traditional crosshole tests with a vertical striking

source) into Eqs. 2.5 and 2.6 to give:

VA = [0.5(VPI/VSA)2 -1]/UVPI /VSA)2 - 1) (9.25)

EA = 2G(1 + VAl) (9.26)

2
where G = p VSA

Pseudo-Young's moduli calculated by Eqs. 9.24 and 9.26 are listed in

Table 9.6, while pseudo-Poisson's ratios from Eqs. 9.23 and 9.25 are listed

in Table 9.7. The ratio of the pseudo-Young's modulus to the measured value

ranges from 0.93 to 0.96 for EI and 0.83 to 0.92 for EA. The ratio of the

pseudo-Poisson's ratio to the measured value varies from 0.74 to 0.82 for V I
and 1.88 to 4.71 for VA. If Poisson's ratio is an important factor in a

particular analysis, the assumption of an isotropic model for natural soil

can give a fairly large error as shown by these results.

9.9 StlI RY ,

For level soil deposits in which the vertical normal stress is a

principal stress, a cross-anisotropic model is a more correct representation

of the soil deposit than the often-used isotropic model. Five elastic

constants are needed to describe such a cross-anisotropic medium. Four

constants, C11, C33, C44, and C66 , can be estimated by measuring P- and

S-wave velocities along principle stress (x-, y-, and z-) directions. The

fifth constant, C13, is most easily evaluated by measuring the velocity of

oblique P-waves. It is interesting to note that the upper limit of C13

generally increases with the mean effective stress.

--- --. %" %:.- %- . % % -
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The variation of C13 influences the shape of both the velocity and wave

surfaces, especially in the principal stress directions and at 45 degrees to

the principal axes. Measured body wave velocities represent ray velocities.

Ray velocities have to be converted to phase velocities to calculate the

velocity surface for a cross-anisotropic medium. The greatest distinction

between ray and phase velocities generally appears at 45-degree angles from

the principal axes where cusps in the velocity surface may form.

Variations in C13 also affect the relationship between shear wave

velocities in isotropic and anisotropic planes. As shown in Figs. 9.7 to

9.9, VSA was changed from being less than VSI to being larger than Vs1 as C13

varied. This influence indicates that one should not try to estimate the

oblique P- or S-wave velocities with only the four constants (C11, C33, C44, 
A

and C66) of a cross-anisotropic material.

In a cross-anisotropic medium, Young's moduli (EI and EA) and Poisson's

ratios (vI and vA) for isotropic and anisotropic planes, respectively, can be

estimated with the five constants as discussed in Sections 9.5 and 9.6. It

is interesting to note that the value of Poisson's ratio in the isotropic

plane (vj) was generally smaller than the value in the anisotropic plane (NA)

for this sand sample. It is also interesting to note that vA may be greater

than 0.5 for a cross-anisotropic material.
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CHAPTER TEN

APPLICATIONS

10.1 INTRODUCTION

The "three-individual-stresses" method developed in Chapters Six and

Seven for shear wave velocity is applied to the estimation of the coefficient

of earth pressure at rest (K0 ) in this chapter. In addition, this method is

used to understand better wave velocity measurements in the crosshole and

downhole tests and stiffness values determined in biaxial resonant column

tests. Dynamic stlffnesses used in geotechnical earthquake engineering

estimated through the "three-individual-stresses" method and the
"mean-effective-stress" method are also compared and discussed herein.

10.2 ESTIMATION OF COEFFICIENT OF EARTH PRESSURE AT REST
Field measurements of the coefficient of earth pressure at rest (Ko)

have been extremely difficult and expensive to conduct. The conventional

pressuremeter (Menaud, 1967), the hydraulic fracturing method (Bjerrum and 5

Andersen, 1972), the self-boring pressuremeter (Jezequel, 1972; and Wroth and
Hughes, 1972), the camkometer (Baguelin, et al., 1974), and the total stress

cell (Massarsch, 1974) have been developed for the in situ measurement of K .-

Limitations of these five methods are mostly due to disturbance of soil

around the instruments (Massarsch, et al., 1975; and Massarsch, et al.,

1976).

Since interval P- and S-wave velocities can be measured between

boreholes, the influence of locally disturbed soil around the boreholes has a

minor effect on velocities (Hoar, 1982). Therefore, soil disturbance

adjacent to the borehole would have a smaller effect on the estimation of K 0

if seismic methods could be employed for such a use.

10.2.1 P-WAVE METHOD

Because compression wave velocity is a function of the effective

principal stress in the direction of wave propagation (a ), compression wavea'
velocity measured in the horizontal direction (Vpl) in a crosshole test can

be expressed as:

= Clama (10.1)

Ij a
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where ; (= % K Therefore, the earth pressure at rest, can be

wee a 0oV ca b
obtained, in principle, simply by rearranging Eq. 10.1 as:

K 0  [(VPI/C 1)l/ma), ;v (10.2)

The tests in this study were all conducted after the applied confining

pressures were balanced. Therefore, the ratio of applied horizontal to

vertical pressure was equal to K0. As such, the use of Eq. 10.2 was examined

by calculating values of K from measured P-wave velocities. These results

are presented in Table 10.1. Values of C1 and ma used for P-wave velocities

in the x-direction (Vxx) under biaxial confinement with one increment only

(BIA1) were 369 and 0.20 (rounded from 0.195), respectively, from Chu et al

(1984), whereas C1 = 336 and na = 0.20 (rounded from 0.203) were used for Vxx

in BIA2 (biaxial confinement with two increments).

Although scattering exists in the values of K. estimated from Eq. 10.2,

the average values of estimated K listed in Table 10.1 (0.34, 0.47, 0.72, '

0.97, 1.49, 2.09, and 2.57) are close to the value of applied Ko (0.38, 0.50,

0.75, 1.00, 1.33, 2.00, and 2.67) as expected. (This really represents a
'°circular" comparison since measured P-wave velocities were used to determine

Eq. 10.1. However, the comparisons do illustrate the general point.) This

suggests that a regression equation of P-wave velocity could be used to

estimate K if enough data points are obtained for the regression analysis

and if the soil deposit is reasonably uniform and uncemented.

10.2.2 SHEAR WAVE METHOD

Since most sedimentation results in developing a cross-anisotropic

material, the horizontal plane in sedimented deposits can often be treated as

the Isotropic plane, and the vertical axis is the axis of symmetry. Let the 6 .

xy-plane be the isotropic plane, the z-axis be the axis of symmetry as shown

in Figs. 2.4 and 2.5, and Ko be the coefficient of earth pressure at rest.

Then a°x will be the same as a-, and both will be equal to Koo . Therefore

Eq. 6.20 can be expressed as Eq. 10.3 below for the velocity of the SV-wave %

generated in the crosshole test by a vertical impulsive source: .b

na nb  °)nC
VSA C CANYCZ (a ) (K 0 aZ1.a

orz(13a
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Table 10.1 - Comparison Between Applied and Calculated Coefficient
of Earth Pressure at Rest, Ko,from Compression Wave
Velocity, Vxx

Effective Effective Compression Applied
Horizontal Vertical Wave Ko  Calculated Test
Confining Confining Velocity aH KO No.
Pressure Pressure :fps- byEq .10.2
0H- psi av, psi VxxI fV

15 40 1614 0.38 0.34 13 .

15 40 1615 0.38 0.34 19

**-AVG 0.34

15 30 1619 0.50 0.45 12
15 30 1614 0.50 0.45 20
20 40 1659 0.50 0.46 14

20 40 1698 0.50 0.51 18

* AVG = 0.47

15 20 1627 0.75 0.70 11
30 40 1815 0.75 0.71 15 .'

30 40 1837 0.75 0.75 17 "____

AVG * 0.72

15 15 1624 1.00 0.92 10
15 15 1642 1.00 0.98 48

15 15 1614 1.00 0.89 49
15 15 1625 1 .00 0.93 57
15 15 1615 1.00 0.89 58
15 15 1607 1.00 0.87 60
40 40 1986 1.00 1.10 16

15 15 1604 1.00 1.03 50
20 20 1631 1.00 0.84 51

30 30 1781 1 .00 0.86 52
40 40 1968 1.00 1.0654
30 30 1857 1.00 1.06 55
20 20 1744 1.00 1.16 56 .
15 15 1625 1.00 1.10 57

* AVG " 0.97

20 15 1781 1.33 1.48 39

20 15 1776 1.33 1.46 47

40 30 1999 1.33 1.52 43

* AVG * 1.49

30 15 1906 2.00 2.09 40

30 15 1892 2.00 2.02 46 ..
40 20 1977 2.00 2.16 42

AVG 2.09

40 15 1995 2.67 2.65 41

40 15 1971 2.67 2.49 45
** AVG = 2.57

W

• -% ,. %_% .%, .% % % .A " "%% " % - . .- . .. .% " -. % , , -.".% % % . •
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VSA = CA(Gz) na+nb+nc (K0) na+nc (l0.3b)

The coefficient of earth pressure at rest can, in principle, be estimated from:

K = [(VA/C )  (na+nb+nc)Il/(na+nc) (10.4)
0 LISAII0 A Z)

With the values for the parameters of the constants and slopes listed in

Table 6.41, Eq. 10.4 can be rewritten for the tests under biaxial

confinements with either one principal stress or two principal stresses

varying as:

K (V-0 -0198 10.753 PKo [(V /185.6)(z for BIAIZ (10.5a)

K = [(Vyz/304.7)(z) -0.1431l.385 for BIAIZ (10.5b)

K [V 2588)- -0O156 13.158K0  [(Vxz/258.8)(z )0"5] 1 " 5  for BIA2Z (10.5c)

Ko = [(Vyz/223.6)(Gz)' 0187 13.699 for BIA2Z (10.5d)

Ko [(V/185.6)(0)-0.19813.158 for BIAIX (10.5e)

K = [(V /304.7)(0 )-0.143]12.658 for BIAIY (lO.5f)

The notation after BIAI (X, Y or Z) indicates the direction in which the

confining pressure was varied. For BIA2, the notation after BIA2 indicates

the direction in which the confining pressure remained constant.

The values of estimated K (0.36, 0.47, 0.74, 1.02, 1.36, 1.65, and
0 :0%

2.80) calculated by Eq. 10.5 for each test condition are compared with the
applied K conditions in Table 10.2. Significant scattering in calculated_ '

0
values of K0 occurs,but the scatter is somewhat random since Eq. 10.5 is a .".

regression result. Nevertheless, average values of calculated Ko are nearly

the same as the applied values (as expected because of the "circular" loop in

this comparison). Consequently, shear wave velocity can be used to estimate
in-situ K° by a crosshole test once the values of CA, na, nb, and nc for the del.
given soil are known. Of course, this is the key point which often times is

impossible to determine.

• - . • . -. . . . . .o. - .• %*. -. .-" - . " -o. - - -
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Table 10.2 - Comparison Between Applied and Calculated Coefficient
of Earth Pressure at Rest, KO, by Shear Wave Velocities,
Vx:, and Vvz

Effective Effective Shear Applied
Horizontal Vertical Wave Ko  Calculated Test
Confining Confining Velocity aH KO No.
Pressure Pressure VHV - by Eq, 10.5

;H' Psi oV, Psi fps V _

15 40 942 3.38 0.38 13'
15 40 952 0.38 0.22 13"4

15 40 961 0.38 0.47 19"

"' AVG • 0.36

15 30 906 0.50 0.46 12'
15 30 948 0.50 0.38 12"*

15 30 946 0.50 0.73 20*
20 40 970 0.50 0.60 14'
20 40 940 0.50 0.08 14"*

20 40 982 0.50 0.11 18' %

20 40 964 0.50 0.12 18"*

AVG * 0.47 76

15 20 852 0.75 0.57 II*
15 20 892 0.75 0.37 1**

15 20 927 0.75 1.40 21'
15 20 974 0.75 1.43 21"*

30 40 982 0.75 0.71 15'
30 40 971 0.75 0.13 15"*
30 40 1017 0.75 1.13 17'

30 40 994 0.75 0.18 17"*

"' AVG • 0.74 -p..

15 1s 835 1.00 0.84 10'
15 15 876 1.00 0.52 10"*

15 15 880 1.00 1.47 22'

15 15 943 1.00 1.63 22*
40 40 1030 1.00 1.34 16'
40 40 1032 1.00 0.29 16-

" AVG * 1.02 %

20 15 861 1.33 1.16 40*

20 15 884 1.33 1.53 46'

20 15 905 1.33 0.88 49*

20 15 957 1.33 1.88 58"*

"' AVG • 1.36

30 15 899 2.00 1.82 40*

30 15 912 2.00 2.13 46' %30 is 918 2.00 1.07 49"*
30 15 944 2.00 1.56 58"*

**AVG • 1.65

40 15 923 2.67 2.41 40'
40 15 914 2.67 2.18 46'
40 15 955 2.67 1.83 49"*
40 15 1026 2.67 4.77 58"*

AVG - 2.80

'V
KZ

"Vyz

,.'

;7
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From Eq. 10.3b, Vxz (or V ) will increase in a power function as depthxz yz
increases in a uniform soil layer in which there is a constant K On the
other hand, a change in the Vxz - 3V curve will reflect a variation in the

soil layer which may be due to either the same soil material with different

Ko's or a new soil layer with different stiffness reflected by the constant
0CA.

By adding a mechanical torsional source to the crosshole test, the shear

wave velocity VSI as well as VSA (which is obtained by a regular vertical

impulse source) can be measured (Hoar, 1982). The equation for shear wave

velocity in the isotropic plane for this case is:

VC na - nb- (1
SI I  a b 0 C (10.6)

which can be rewritten as:

V CI(Koov)na (Kov V) ( nc (10.7)

or
= Cl(v)na+nb+nc ( na+nb(10.8)

By substituting the values in Tables 6.4 through 6.6 into the ratio of VSl to

VSA, the following is obtained:

R = VSI/VSA 0.91(av)0.022 (Ko)0 .12  (10.9)

or

K = [R/(0.91V" 0 22 )1 0.12  (10.10)

For estimating Ko, Eq. 10.10 has no advantage over Eqs. 10.5 or 10.8.

In addition, it contains an additional term (R). But, Eq. 10.10 can be used

to check one of the shear wave velocities once the other shear wave velocity,

Kand a are obtained. For instance, a normally consolidated clay with Ko

0.35 will result in a relationship between R and aV as follows:

0 .8 0( ) 0 0 2 2. .
R = 0 .022 (10.11)

An overconsolidated clay with K= 3 will yield a trend as shown:0 I

, '

_ . ... . . . .
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R = 1.04(oV)0 .022  (10.12)

Hoar and Stokoe (1980) have shown a variation of R from 0.83 to 1.16 for

depths ranging from 3 to 10 ft in a soft clay (Fig. 10.1). These values of R

give values of K from 0.16 to 3.4 at depths from 3 to 10 ft by using Eq.

10.10. However, it is necessary to point out that the values of na, nb, nc,

CI and CA in clay are most likely different from those in this study. The

values 0.16 to 3.4 for K are only examples to show the application of Eq.
0

10.10. In addition, the variation of R in Eq. 10.9 is very sensitive to K

Consequently, Eqs. 10.4 or 10.10 are only general equations for estimating K 0

in soils. The parameters must be measured directly for the soils being

studied.

With the same algorithm used for crosshole test, the shear wave

velocities, Vz and Vzy which are obtainable from a downhole test, can be
'y

used to estimate the coefficient of earth pressure at rest, KO, as well.

However, it is assumed that the waves are propagating vertically, not at some

inclined angle.

From Eq. 6.20 and Table 6.41, the following equations are employed for N.

this purpose:

Ko  [Vz/243.3 (- -0161 1163934 . for BIA1Z (10.13a)

EV -0.198 10.7527
K [V /180.0 (a ) ] .... for BIAIZ (10.13b)

Ko = [Vzx/210.5 (- )-0.178] 14.2857 .... for BIA2Z (10.13c)

Ko [Vz/256.6 ( .-0.154 169492 ... for BIA2Z (10.13d)
0 zy z] .

K [Vzx/210.5 (z-a .178 12•3457 .... for BIAIX (10.13e)

K0 = [Vzy/256 .6 ()-0.154 9.6154... for BIAIX (10.13f)

The calculated and applied values of K are compared in Table 10.3. The
0

scattering is shown in the calculated results, and, again, the average

calculated results are nearly the same as the applied conditions. A detailed

examination reveals that the shear wave measurements of V and V are

better than Vzx and Vzy in this study since less scattering and more usable

data were found in the former tests.

. .. .' . . . -. ." . . % ".%
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Fig. 10.1 - Ratio of SH- to SV-Wave Velocities at a Soft Clay Site

(from Hoar and Stokoe, 1980b)
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Table 10.3 -Comparison Between Applied and Calculated Coefficient of
Earth Pressure at Rest, K0, from Shear Wave Velocities, VZ
and z

Effective Effective Shear Applied
Horizontal Vertical Wave K0  Calculated Test
Confining Confining Velocity -o

Pressure Pressure VV yHq 0 .1
;H, Psi ;V Psi fps O

15 40 905 0.38 0.27 13*
15 40 913 0.38 0.38 13**
15 40 942 0.38 0.53 19**

____________AVG * 0.39 ____

15 30 851 0.50 I 0.21 12*
1s 30 890 0.50 0.53 12**
15 30 916 0.50 0.72 20**
20 40 930 0.50 0.46 14*
20 40 957 0.50 0.74 14**
20 40 955 0.50 0.66 18*

AVG * 0.55

15 20 846 0.75 0.56 11*
15 20 848 0.75 0.74 11**
15 20 878 0.75 1.08 21**
30 40 962 0.75 0.74 15*
30 40 959 0.75 0.78 15**
30 40 956 0.75 0.67 17*
30 40 955 0.75 0.72 17**

__________ _________ _________AVG - 0.76 ___

15 15 821 1.00 0.72 10* -

15 15 828 1.00 1.06 l0**
40 40 990 1.00 1.10 16*
40 40 988 1.00 1.28 16**

AVG =1 .04

20 15 846 1.33 1.6I9
20 15 829 1.33 1.05______

AVG 1.21

30 15 878 2.00 2.14 40*
30 15 877 2.00 j 1.57 56** C

SAVG - 1.86 _ _

40 15 909 2.67 3.28 41*
40 15 886 2.67 2.0 45**
40 15 898 2.67 19 0

*AVG - 2.55

*Vzy

% %1
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3O2, K0 FROM A COMBINATION OF BODY WAVE VELOCITIES

In the previous two sections, the coefficient of earth pressure at rest

has been estimated from velocity measurements of only one body wave, P or S.

In addition, the implicit assumptions have been made that: the body wave is

polarized along principal stress directions, the horizontal stress is one of

the principal stresses, a cross-anisotropic model is 4 good representation of

the site and little or no cementation exists in the soil. Obviously, a

better picture of the stress state can be obtained if a combination of P- and

S-waves is used and if polarized and oblique waves are measured. For

instance, if one could develop a combination of velocity surfaces for P- SV-

and SH-waves like the ones shown in Fig. 9.12, then a better picture of the

stress state could be developed in comparison with that developed from a

single body wave. In addition, a complete picture of the velocity surfaces

also permits orientation of the stress state to be determined.

Many problems will occur in applying this approach in the field.

Variability in the soil, in the stress state and in structural anisotropy

will cause complications. Elimination of measurement of the P-wave in the

soil skeleton in saturated soils will also compound such an application.

However, seismic wave velocities do have the potential to help evaluate
stress state, and further investigations are warranted.

10.3 IN-SITU SEISMIC SURVEYS

Because of the cost of seismic testing, one-borehole tests such as the

downhole, in-hole, bottom-hole, or up-hole tests are often preferred by
1*

engineers and geophysicists. As such, wave velocities are measured for waves

travelling in (essentially) the vertical plane. Wave velocities from

one-borehole tests are then assumed implicitly to be equal to those from

multi-borehole tests, like the crosshole test, because an isotropic model is

used. In some cases, attempts have been made to correlate wave velocities

from one-borehole tests to multi-borehole (crosshole) tests (Robertson et al,

1985; and )chman, 1983), and from downhole tests to refraction surveys (Feng

et al, 1976). From the cross-anisotropic model discussed in Chapter Nine, an

improved understanding of how to analyze and compare these test results can

be developed. Several important considerations are as follows:

1. A directional source is important in a seismic survey, i.e., a polarized

wave signal is necessary. One should then attempt to keep the

.- "-
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directions of particle motion and wave propagation parallel to principal

stress directions as much as possible unless specifically trying to

measure oblique waves.

2. The angle between the borehole and the ray path (e) is an important

variable which must be considered when propagating body waves through

natural soil.

3. The body wave velocities of most concern are Vp,1 VPA, Vsi, and VSA, and .

these velocities relate to only four of the five independent constants

used to describe a cross-anisotropic medium.

4. If a polarized wave source is used, VSA and VPA can be obtained from

one-borehole tests with vertical boreholes. For multi-borehole tests,

VS1, VSA, and V can be measured. Oblique P- or S-waves can also be

detected in both types of tests.

5. Oblique P- or SV-wave velocities can be used for estimating the fifth

independent constant of a cross-anisotropic material. The value of the

angle (e) between the borehole and the ray path must be carefully

controlled.

6. Since Vpi , VPA, VS1, and VSA are all independent variables, the ratio of

the pair of P-wave velocities (Vpi and VPA) and the ratio of the pair of

S-wave velocities (Vsi and VSA) are not necessarily the same and vary

from site to site. The scattering in the crosshole and downhole test

data may, hence, be a real characteristic of the soils.

7. When an earthquake is used as a source, reflection and refraction

prospecting can be employed to measure wave velocities of soil layers on

a very large scale (Yu and Tsai, 1981; and Liaw and Yeh, 1983). Waves

which propagate in isotropic or anisotropic planes should be measured

and analyzed separately using 3-D sensors.

10.4 RESONANT COLUMN TESTS

10.4.1 STRUCTURAL ANISOTROPY
From Eqs. 9.22 and 9.23 and Table 9.2 (with a value of mass density of

the sand of 3.16 slugs/ft3 ), shear moduli for isotropic and anisotropic

planes under isotropic confinement in this sand are:

GI = 126,460 0 40  (psf) (1O.14a)

'V

- .: , ,'" "" "," •" ', ." .'.' " " ," " . ." "" .. ,,,.-', _ _. -. -- -...-. _,_ . ., .. ... . ,... " .
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GA = 138,032 ao0.37 (psf) (10.14b)
A 0

A series of resonant column tests performed on this sand by Knox et al

(1982) and Stokoe and Ni (1985) resulted in Eqs. 10.15 and 10.16,

respectively, for isotropic confining pressure conditions as follows:

GOS = 58,794 a00.48 (psf) (10.15)

GO5= 63,757 ao0.45  (psf) (10.16a)0 o

GOH = 81,569 o00.44 (psf) (10.16b)

where G is the maximum shear modulus determined with solid samples, and GOH

is for hollow samples.

The maximum shear modulus for sand under isotropic confinement can be

estimated with Eq. 2.51 (suggested by Hardin, 1978) as follows:

Gmax = [C. OCRk)/(0.3 + 0.7) e2) Pa -n (10.17)ma a oo

where:

Gmax = shear modulus in desired units,

C = dimensionless constant,

OCR = overconsolidation ratio,

k = factor related to soil plasticity,

Pa = atmospheric pressure in same units as Gmax ,

e = void ratio,

Co = mean effective principal stress in same units as Gmax, and

n = slope of log G - log -o relationship.

With values of k = 0, e = 0.64, Pa = 2116.8 psf, C = 625, and n = 0.5 as

suggested by Hardin (1978) for dry sand, Eq. 10.17 becomes:

Gmax = 49,010 0 "  (psf) (10.18)

Values of shear moduli from Eqs. 10.14 through 10.18 with mean effective

stresses equaling 1440, 2160, 2880, 4320, and 5760 psf (68.9, 103.4, 137.8,

206.7, and 275.6 kPa) are shown in Fig. 10.2 in order to compare these values

. J

r.0",
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with the shear moduli (Eqs. 9.22 and 9.23 or Eq. 10.14) listed in Section 9.2

for the LSTD.

Under isotropic confinement, the shear wave velocities measured in the

large-scale triaxial device will reflect the structural anisotropy of the

sample. However, the small sample in the resonant column test was used to

measure only one shear modulus; which is close to the shear modulus for the

anisotropic plane (GA). The values of GA are smaller than the values of

moduli for the isotropic plane (GI) at low confining pressures and tend

towards the values of GI at high confining pressures. This seems to show

that the relative effect of structural anisotropy is most important for this

sand at low confining pressures.

10.4.2 VOID RATIO

In most resonant column tests, the displacement of the sample is

measured only in the vertical direction after the confinement is changed.

The equivalent void ratio is then estimated either by assuming a value of

Poisson's ratio for that particular sample or by assuming hydrostatic strain

if the loading is isotropic. Although the exact value of Poisson's ratio is

rather unimportant when calculating shear moduli, this variation is not

negligible in calculating the other independent constants (Drnevich, 1975),

and for estimating strain under biaxial loading (see Section 9.7). In a

biaxial resonant column test, stress-induced anisotropy will result in three

Poisson's ratios (v12, v13 and v31) for the sample. Using one unique value

of Poisson's ratio for estimating void ratio can, therefore, lead to improper

results.

10.4.3 VARIATION OF SHEAR MODULUS DUE TO INITIAL STRESS
The maximum shear modulus estimated using the "mean effective stress"

method (Eq. 10.17) does not change when the initial stress ratio, Ol/3,
y2/o3, or Ol-a , is varied as long as 0 remains constant. However, the

variation of shear modulus due to the initial stress state in either static

triaxial tests (Ladd, 1964) or in resonant column tests (Kurlbayashi,

Iwasaki, and Tatsuoka, 1974; Shibata and Tai, 1976; Yanagisawa and Yan, 1977; .

and Tatsuoka et al, 1979) has been noticed.
Because isotropic or biaxial resonant column tests cannot detect the

influence on shear wave velocity of stress in the out-of-plane direction, Eq.

:',,,.: .,.e ..., .... , @ , " e~ .' , e, , ,. .-. , ,, . .,.-- -:
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10.19 below (from Eq. 9.17 in Section 9.3) is used to simulate the results of

the resonant column tests from data in this study:

G = CG(a Ob)Ne (10.19)

In the resonant column test, waves propagate along the vertical direction and

particles vibrate in the direction perpendicular to the radial direction.

The stress in the radial direction is equal to the stress in the direction

perpendicular to the radial direction under biaxial confinement in the

resonant column device. Therefore, Eq. 10.19 is used as follows:

Ne.

G = CG(;a • -Ne (10.20)

where ° is the effective stress in the axial direction, and -a is in thea r
radial direction, ( ar = ao under isotropic confinement). The ratio of

maximum shear modulus under biaxial and isotropic confining pressures (GBIA

and GISO, respectively) can then be expressed as:

GBIA/GIs a  Or)/o (10.21)

Figure 10.3a shows results from biaxial resonant column tests performed

by Tatsuoka et al (1979) with and without an initial shear stress ( 0 ).

Figure 10.3b shows the trends of the ratio predicted by Eq. 10.21. One can

see the agreement between the test results and values predicted by Eq. 10.2

is very good while the test results do not agree with values predicted by Eq.

10.17. The values predicted by the "mean-effective-stress" method (Eq.

10.17) are shown as the (straight) dashed line in Fig. 10.3b. The values

predicted by the "three-individual-stresses" method reflect the measured /.

results which may either be larger or smaller than the values from the '

"mean-effective-stress" method.

10.5 EARTHQAE ENGINEERING ANALYSIS

In geotechnical earthquake engineering, upward propagating S-waves are

often assumed to be the waves creating the critical ground motion. If the
"mean-effectIve-stress" method is used to estimate the maximum shear modulus I

associated with these ground motions, Eq. 10.22 is obtained:

-:1*
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G (l0.0.5Gmax = coo 0  10.22a)

or
l0+2K )/3 5v O .5Gmax = C[( .5 (10.22b)

From Eq. 10.19 for the simplified "three-individual-stresses" method, the

maximum shear modulus is given as (assuming ni = 0.5):

=- 0.25- 0.25 "03Gma x = CCoa  ob  (10.23a) ,'

or
0.KoO"25- 0 ) .5

Gmax =C(KO) (a) (10.23b)

Since a = and b - K the ratio of maximum shear moduli between Eqs.

10.22b and 10.23b ranges from 0.99 to 1.16 for Ko equaling 0.3 to 3.0.
Therefore, for this condition the "mean-effective-stress" method gives an

error no larger than +16 percent for maximum shear modulus in

overconsolidated soil with K = 3, and -1.0 percent for normally consolidated
0

soil with K 0.3. This error can be evaluated by:
0

RG = [(1+2K o)/3] 5/(Ko).25 (10.24) .

where RG is the variation of maximum shear moduli between Eqs. 10.22b and
10.23b. In reality, this error is quite small and of little or no

consequence given the other unknowns in such problems. However, knowledge of

this result is still beneficial to a complete understanding of the dynamic

response and to properly modeling the response.

10.6 SUMARY

Both P- and S-wave velocities can be used to estimate the coefficient of

earth pressure at rest, Ko. To do so, measurements must be made with waves

polarized along principal stress directions and significant cementation

should not exist in the soils. The typical equation used to estimate K from
0

P-wave velocities in the horizontal direction (or isotropic plane in a.P 0

cross-anisotropic medium) from crosshole tests is:

Ko = [(VpI/C 1 ) (V)na]l/na (10.25)

4. %-, . , . , .. - ., , - , ', .-, . .. , ., .. ,- ; _ , -. . . , _ , , .. . . .. . . % . . %, - ,. ,. . - . . . . . . . . . ,V, , dip. .
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Typical equations used to estimate for Ko from measurements of V and VSA

from crosshole and downhole tests are:

K° = [(VsI/Cl) (av)'lna+nb+nc)]I/(na+nb)  (10.26)
0 SI V

K° = [(VsA/CA) (0v)(na+nb+nc))l/(na+nc) (10.27)

The best opportunity of estimating K exists, however, from a "best-fit" 5/

model in which velocity measurements of polarized P- and S-waves and velocity

measurements of oblique P-waves are combined to give a stress state which

best represents all of the velocity measurements.

Based on the "three-individual-stresses" method, in situ seismic

measurements should carefully consider:

1. polarization of the source (or wave signal),

2. the angle between the ray direction and the borehole axis (e) for

oblique P- or S-waves, and

3. an understanding of the type of wave velocity (Vp1, VPA, VSI1, and VSA)

measured in a cross-anisotropic medium.

In resonant column tests, three Poisson's ratios (v12, v13, and v3 1)

have to be considered in evaluating the void ratio for a sample under biaxial

confinement. Variation of shear modulus under biaxial confinement can be

estimated from Eq. 10.21. The maximum shear modulus measured by resonant

column tests varies from a value associated with the anisotropic plane to one

associated with the isotropic plane. As a result, the slope of log G - log

a (or log V - log o ) relationship is a little larger than the one

evaluated from measurements of the sand sample in the LSTD.

The error in predicting the maximum shear modulus by the
"mean-effective-stress" method for an overconsolidated soil can be as large

as +16 percent (for K = 3) when it is compared with a value estimated by the

"three-individual-stresses" method. Equation 10.24 can be used for

estimating this error.

%
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CHAPTER ELEVEN

SJIARY, CONCLUSIONS AND RECOWENDATIONS

11.1 SIJUARY
A large-scale triaxial device (LSTD) was designed and constructed during

1980 and 1981 under the sponsorship of a grant from the United States Air

Force Office of Scientific Research (USAFOSR) (Kopperman et al, 1982). The

LSTD is a reinforced steel box with interior dimensions of 7 ft (2.1 m) on a

side. A locally available washed mortar sand was selected as the sand with I
which to build the sample. This sand was used because it is easy to handle

and place, and when placed with a raining device, uniform medium-dense sand

samples can be obtained and duplicated from one test to the next.

The results of shear wave propagation tests with one sand sample in the

LSTD are presented in this report. The testing program was composed of three

sequences of pressure variation. The first step was to perform tests with

isotropic confinement (o1=j2=o3) This state of stress is the simplest one

that can be applied with the LSTD and is the easiest one to compare with

other research conducted with other devices. Moreover, structural anisotropy

(or inherent anisotropy) can easily be detected under this stress state.

To understand stress-induced anisotropy and the effect of individual

principal stresses on S-wave velocity, a complete set of biaxial tests was

performed on the sample. Two series of biaxial confinement tests were

examined: the first series consisted of tests with confining stresses varying

in only one principal direction (named BIAl), while the second series
'-,

consisted of tests with confining stresses varying in two principal

directions (named BIA2). Both series of tests were conducted with the major

principal stress oriented along each of the three principal stress axes of

the LSTD to check for possible diff.rences due to structural anisotropy in

the sample.

Triaxial confinement states represented the last step in using the LSTD

to study the effect of stress state on S-wave velocity. This stress state

was examined after the effects of isotropic and biaxial confinements had been

examined. Three series of tests were performed in the triaxial tests: (1)

the first series consisted of tests in which confining stress was varied in

only one principal direction, (2) the second series consisted of tests in

which confining stresses were varied simultaneou:ly in two principal
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directions, and (3) the third series consisted of tests in which confining

stresses were varied in all three principal directions.

Considerable effort was expended on this project to create a homogeneous

specimen and to develop a uniform pressurizing system. A new raining device

was designed and constructed to build homogeneous samples. Strain gages were

attached to each excitation port to control the pressure applied to the sand

at the inner side of the ports. Finally, additional accelerometers were

embedded in the sample so that a limited number of oblique shear waves could

be measured.

11.2 CONCLUSIONS
Based on the measurements of shear wave velocities in this sand sample

confined under various states of isotropic, biaxial and triaxial

confinements, the following conclusions are made.

1. Stress history has little effect on shear wave velocity of the sand
under isotropic, biaxial and triaxial confining pressures if: the

stress level (b) is held below 0.46, the principal stress ratio (K13)

does not exceed 2.67, the OCR is less than 4.0, and the confining period

before measurement at any one stress state is more than 0.5 hours after

the applied pressures are balanced.

2. Under isotropic, biaxial and triaxial states of stress, the relationship

between shear wave velocity along principal stress directions and the

principal stresses may be expressed in a general form as:

V C- na - nb - nc-"

Vs  C2 oa b c (12.1)
where

V = shear wave velocity (in fps in this study),

C2  constant, .,

a effective principal stress in the direction of wave
propagation (in psf in this study),

na = slope of log V - log a relationship,
s a

ab = effective principal stress in the direction of particle motion

(in psf),

nb = slope of log V - log a- relationship,
s - b

c = effective principal stress in the out-of-plane direction (in

psf), and

V ...

•Z X
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nc : slope of log Vs -log a relationship.s c
The last term, ac, exerts a minor Influence on shear wave velocity in

that slope nc is nearly zero. However, it was shown not to be zero

because of an apparent "strain softening" mechanism.

3. The shear modulus at very small strains is a function of mass density

multiplied by the square of the shear wave velocity and can be expressed

as: -

Gmax -CG ;faNa bNb Nc (11.2)

where

Gmax = shear modulus in desired units,

CG = constant, equaling (PC12), in which p is the mass density of

soil and C1 is the constant in Eq. 8.1,

Na slope of log Gmax - log a relationship, equaling 2na in Eq.
11.1,

Nb :slope of log G - log -a relationship, equaling 2nb in Eq.maxb

Nc slope of log Gmax - log -c relationship, equaling 2nc in Eq.
11.1. .

In Eq. 11.2, a ,b' and c are expressed in the same units as Gmax.
am

4. For practical engineering purposes, the value of nc can be treated as

zero, and Eqs. 11.1 and 11.2 can be rewritten as follows:

nb. - nI
Vs =C 2 Ca an b (11.3)

and
-Nc NGmax : G 0a ab (11.4) -5.

5. For a preliminary estimation, the values of na and nb may be assumed to

be equal, and Eqs. 11.3 and 11.4 can be approximated as:

V C2 ( ne  (11.5)

N"e

G C ( •)Ne (11.6)
max G a b)

where

ne = (na + nb)/2, and

Ne = (Na + Nb)/2.

W0
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6. If the sand is confined with an isotropic pressure, Eq. 11.1 can be

simplified to:

Vs = C 2 CI (0m 11.7)".

where

nm = na + nb + nc,

00 = 0 0 0

and Eq. 11.2 can be simplified to:

w max = CG a (11.8)
where

Nm = 2nm.

7. Anisotropy arose in the sand sample from both structural and stress

induced factors. A cross-anisotropic model can be used to represent the

sand under isotropic, BIA1Z, and BIA2Z loading conditions. The

constants and slopes for the parameters in Eq. 11.1 for each of these

loading conditions are summarized in Table 7.12. Under more complex

stress states, the sand behaved as an orthotropic material.

8. In a cross-anisotropic model, P-wave velocities fall into two groups,

i.e. V and VpA. S-wave velocities also fall into two groups, i.e. "-

V51 and VSA. For a cross-anisotropic material in which the z-axis is

the axis of symmetry (hence azwOx=ay), the isotropic plane is the

horizontal plane, and Vpl and VSI are determined with body waves
propagating in this plane. In this same system, vertical planes

represent the anisotropic planes in which VPA and VSA are measured.

9. Although the discrepancy between measured shear wave velocities and

those predicted by the "mean-effective-stress" method is less than about

five percent (see Section 7.4), this method cannot reflect the

distinction between the velocities of the different types of P- and

S-waves in an anisotropic material.

10. For this sand sample, the shear wave velocity VSI is about 10 percent d

higher than VSA under isotropic stresses. This difference in wave

velocities is assumed to result from structural anisotropy caused by a .

preferential orientation of the sand grains created during sample

construction.

.i

.... ,. -
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11. Four body wave velocities along principal stress directions, Vpl, VpA ,

V S, VSA along with the velocity of either an oblique P-wave or an

oblique S-wave are required to calculate the five independent constants

required in a cross-anisotropic model. Once these constants are

calculated, two Young's moduli and three Poisson's ratios can be

calculated for the cross-anisotropic material.

12. In an anisotropic material, the velocity surface and the wave surface
spread out with different velocities. In addition, these surfaces are .'-

not spherical in shape as is the case for an isotropic material and as

is typically assumed in most analyses of seismic waves.

13. The coefficient of earth pressure at rest can be estimated from seismic

wave velocities with Eq. 10.2, 10.4, or 10.10. If one is to be

successful with this method, in principle, body waves polarized along

principal stress directions should primarily be used, and the soil

should be. able to be approximated by a cross-anisotropic model.

14. Variations of shear modulus measured in biaxial resonant column tests,

which cannot be estimated by the "mean-effective-stress" method, can be

predicted quite accurately by the "three-individual-stresses" method AI

(Eq. 11.2).

11.3 RECO9IENDATIONS

Based on the findings from this study, the following recommendations are %

made if additional tests are performed with the LSTD.

1. For the measurement of oblique waves, equipment which functions in the

time domain as well as the frequency domain should be used. Shear wave

velocities calculated by a cross-correlation function or a

cross-spectrum analysis may be useful in understanding oblique shear

waves.

2. More accelerometers must be installed in the sand sample if shear wave

velocities for waves propagating along other than principal stress

directions are to be studied in detail.

3. If more samples are tested with different void ratios, the relationship

of the constants (C2 ) with void ratio could be defined.

4. Clayey samples should be considered in future research.

5. Additional membranes along with internal seismic sources may give a

better stress distribution inside the sample.

;.,'.,'.,....,.,-.-.',..,,-'-.'-. -'-,'.....-........."....'.....-....,........,........,..-..-.....-.......".............-....." ,
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6. Different types of stress and strain sensors should be considered for
measuring static moduli of the sample so that these moduli can be
compared with moduli measured under dynamic conditions.
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