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Abstract

The general purpose of this research is to pursue the correlationship between acous-
tic properties and strength properties of sands. Conventional methods for correlat-

ing these characteristics rely on in-situ measurements of the wave velocity and shear

strength, These measurements are subject to error from contamination by many un-
known influences. A combined lahoratory acoustic-triaxial testing cquipment was de-
veloped to study reliably the interrelationship between shear strength and shear wave

velocity by using piezoelect

ceramic benders to measure shear wave velocity in the
triaxial tests. In processing the wave signals, the Hilbert transform technique was

applied to precisely determine the wave propagation time.

An unified str

train model is proposed for predicating sand behavior under
loading conditions. It is found thal the popular hyperbolic equation is a special case

of the new model that can be applied to sands with a wide range of relative densities.

Shear wave velocity inereases with increasing confining pressure but decreases with
increasing void ratio. It is found that shear wave velocity increases with increasing axial
strain until reaching its peak strength and then drops. The rate of decrease depends

on the type of sand and confining pressure.

‘T'he microstructural analyses and experimental results indicate that the shear wave

velocity-axial strain relationship follows the same mechanism controlling stress-strain



behavior of sands. Therefore the new stress-strain model is modified further according
to experimental results to correlate shear wave velocity and shear strength. Unambigu-
ous results in shear wave velocity have been established as a function of stress ratio
and axiai strain. The comparisons between model and measured data indicate that the

proposed equation can describe well wave velocity chinges with stress and strain.
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Chapter 1
Introduction

Unfortunately, the |nxcmr]| activities in soil mechanics had one undesirable
psychological effect. iverted the attention of many investigators and
teachers from mamfohl limitations imposed by nature on the application
of mathematics to problems in carthwork enginceritg. As a consequence,
more and more emphasis has been placed on refinements in sampling ar.d
testing and on those very few problems that can be solved with accuracy.

- Terzaghi & Peck(1]

1.1 General

In this cra of intensive occan resource exploitation, there has been an increased in-

terest in the rapid and reliable determination of the geotechnical enginecring propertics

of the s n a securc and cost-effective

abed, for the development of offshore faciliti
way requires a knowledge of the physical and mechanical properties of the scafloor
materials. Towever, the relative inaccessibility of the marine sediments makes the re-
quired engincering parameters difficult to assess using traditional geotechnical testing
procedures such as sample recovery, penetration testing, pressuremeter testing, and

vane shear testing. These hnical tech

for site i igation can only sup-

ply limited information about the seabed because of the small quantities of sampling



or testing due to the hizh cost. In addition, those methods show significant variations
in soil properties even at the same site due to sample disturbance and many other

unknown factors influencing different testing methods. These asperities have led to an

intensive development of in-situ geophysical methods for geotechnical applications.

C ional geophysical techniques(2, 3], for instance, scismic surveys and bore-
hole measurements, have been used for many years to investigate the nature of the

seabed and the sedimentary structures. Tlowever, although substantial amounts of re-

search have been carried out. quantitative data from seismic surveys is not generally

useful for predicting the response of a sediment to imposed loadings. An alternative

geophysical approach to acquire and derive geotechnical data has emerged in recent

years. That is the application of acoustic methods which have recently attracted con-

iderable attention in soil explh Because of the case with which sound can he

transmitted in scawater, acoustic techniques Liave provided a wide range of tools for
accumulating knowledge of the environment below the seabed surface. The sedimen-
tary matrix influences the behavior of the sound propagation and hence furnishes the

basis for correlation of geotechnical properties and acoustic responses. The recently

aconstic for remotely sensing the ocean floor has been

especially useful to belter evaluate the properties of marine sediments{4]. ‘The non-

linear acoustic system is more potent than ordinary aconstic methods and may result

in more characteristic correlations, both fundamental and empirical, between aconstic

wave velocities and

In laboratory acoustic geotechnical tests, a new combined technique has been



developed(5, 6]. The core part of this technique is the piezoceramic bender element that
can generate shear waves in soils. The benders can be mounted in various conventional
geotechnical apparatus such as resonant column, triaxial apparatus and oedometers.

The bender technique has been widely used so far in the geotechnical laborateriee

hecanse of its low-cost, flexil

y and physical ch

Although the acoustic technique is unlikely to provide direct measurements of all
properties of soils, quantitative physical information about marine sediments can be
estimated throngl the acoustic wave propagation in the scafloor, and the mechanical
propertics can be inferred from these fandamental physical properties(7). In addi-
tion, two advantages make the non-lincar acoustic approach fairly attractive in marine
geotechnical engineering[§]. First, it remotely senses the seabed. Usually, the proper-
ties of a soil is measured by certain devices either in-situ or in the laboratery. Those
bulky devices must be in contact with the soil, which disturbs or even destroys the
soil structures and thereby changing the strength and other properties of the soil.
Nevertheless, the acoustic technique with non-disturbance allows iterative surveys of

sealloor characteristics and hence presents the possibility of monitoring sediment prop-

erlies in time series. Second, because of its casy depl and ical
it is possible to quickly make large numbers of spatially continual measurements. Un-

doubtedly, acoustic method is of economical and engincering signifi in

in-situ geotechnical properties quickly.

The application of acoustics to scabed i at M. ial University of

Newfoundland can be dated back to 19789, 10]. At present, physical property identi-



fication of sediments by their acoustic properties has been increasingly undertaken at
the Center for Cold Ocean Resource Engincering(C-CORE)(11, 12, 13]. Based on the
concept by Guigne[l4], a new non-lincar acoustic site surveying technique was devel-
oped. It is called IMAP(interactive marine acoustic probe). The IMAP prohe is an
intelligent stationary geophysical tool designed to measure the properties of the seabed

with unprecedented resolution in time and space. In the Fall of 1990, a comprehensive

1 program was

d offshore Terrenceville, Newfoundland by C-
CORE[15]. Also, several in situ acoustic measurements for soils were made using the
IMAP. The objective of this investigation was to acquire information on soil proper-
ties Lo provide correlations for the IMAP rosults obtained during the acoustic survey.
At present the IMAP uses only the transmission of compression waves to image the

seabed.

Nevertheiess, field studies such as these at Terrencevill

still very expensive and
often yield less than satisfactory results duc to the uncontrolled conditions. On the

other hand, as aforementioned, up to now, most acoustic-geotechnical measurements

are aimed at. determining the soil physical properties such as porosity, density, grain

size, subsurface geological profile, and a few mechanical parameters. The correlatic

of acoustic properties and shear strength of soils have until recently received little con

sideration in offshore geotechnical geophysics. As we know, shear strength is one of

the most important mechanical properties of soils, especially in the practice of ma-
rine geotechnical engincering. Regarding e importance of the shear strength of
soil Lo the geotechnical engincer, Schmertmann claimed “If they could know only one

property, many would probably choose the insitu shear strength®[16]. Shear strength



was even ranked the highest priority for U.S. federal funding of seafloor engineering
research(17]. Because of the weightiness of this parameter in the everyday practice of
geotechnical engincering, some direct or indirect attempts have been made to correlate
acoustic properties with shear strength but generally without satisfactory results. This
problem may be that reliable and accurate in-situ shear strength values are not easily
obtained. Actually, most of the previous comparisons were carried out between sound
wave velocity and the shear strengths measured by vane shear testing or other in-situ

methods.

Laboratory testing can provide a degree of flexibility, control, and economy not,
usnally achieved with in-situ testing[18]. To asscss the potential value of the acoustic
"

method and broaden its applications in seabed more inclusive

lahoratory experiments are required to examine the relationships between acoustic and

mechznical propertics of soils. Laboratory testing, correlation, and verification is an
essential complement. to the field work. The theoretical and empirical constitutive
relations should be established through laboratory studies with well defined, directly
controllable boundary conditions and uniformity of stresses and strains within the

sample.

1.2 Objectives

"Theoretically, there is no doubt that geophysical and geotechnical propertics of a
soil may be remotely derived using acoust! ‘s, Practically, if the propagation velocity
of a mechanical force in soil could be related to the strength of a soil, it would offer

a non-intrusive non-destructive method of characterizing soil strength. In the light



of li acoustic in geotechnical engineering, it scems
a quite promising undertaking to develop such a remote method for determining the

strength of soils.

As a preliminary investigation. and also in order to provide grotechnical laboratory
experimental data for the proposal being developed at C-CORE for the incorporation
of a shear wave source into the IMAP Lechnology, the principal objective of this re-
search is Lo investigate relationshiips belween shear wave veloeity and shear strongth

characteristics of sands in the laboratory wsing acoustic-triaxial testing, and further, to

establish a constitutive model to predict soil behavior from the measurement. of sound

speeds only or vice versa, The effects of relative density. ignal frequency ind

confining pressure are studied.

In order to better understand the acoustic behavior of sand when it is sheared,

the most dependable way ix to measure the shear strength and acoustic wave velocity

simultaneously. To fulfill this function, a madificd triaxial machine combined with

piezoelectric ceramic transducers was constructed as a part of this rescarch.

Accuracy in shear wave velocity data is essential in evaluating the dynaj

ie response

of soil. For reliable measurement. of the shear wave velocity, it is necessary to correctly

determine the travel time intorval of the outgoing signal from the Lransmitter 1o the

receiver, For this purpose, the Hilbert transform technigue was cmployed to suppl

the ordinary measurement using an oscilloscope.



Ultimately, this rescarch is aimed at contributing to the development, of practical
in-sitn measurement of shear strength using a rapid and economical acoustic method.

"The specific scope of this rescarch may be grouped as follows:

. Description of methodology. Literature survey of laboratory and in-situ mea-

surements of shear strength; ison of geophysical methods for

applications; correlation between geotechnical and acoustic properties of soils.

S

. Cliapter 3 describes the cquipment modification and set up. Tested materials

and the experimental program are also presented in the same chapter.

3. Introduction to the Hilbert transform and its performance in propagation-time es-

timation; comparison between ional analog and the Hilbert

transform envelop.

1. Presentation of the major cxperimental results and analysis.

. Summary and conclusions are presented in chapter 6. Recommendations for

future research are also included in this chapter.

6. Det.

s of experimental procedures, transducer calibration and some experimental

results are included in the Appendices.



Chapter 2

Literature Review and
Methodology

te for a

As is well known in soil mechanics, a nece

Ty prerequi ssful
application of a new finding is that the responsible engin a rather
thorough \mdclslandmg of the fundamentals of the new nu'lh()(l so that
he is familiar with the assumptions on which the development i ased and
has a feeling for its limitalions.

cor

1. Bjersum{19]

2.1 Overview

By heir very essence, soils as porons media are composite and multivhase. The

microscopic heterogeneity of soils induces a comnplex m copic physical hehavior

sensitive to slight variations of the solid structure, fluid content or external st

conditions. Because of these vicissitudes, it is very difficult to model soil behavior by

synthesizing between the rigor of the laws of mechanics and 1)

leged disorder of
porous soil. Being directed at untangling these predicaments, therefore, the acoustic

technique becomes one of the surest means available for the remote investigation of

soils. This approach plays a major role in th

study of marine deposits. After decades



of rescarch and development up to today’s non-linear acoustic technique, it has been

1 that acoustic ch istics as din soils can provide information not
only about the profiles of soil layering, but also about the physical properties, as well

as some mechanical prop Acoustic provide direct information on

compressional and shear wave velocities, Poisson’s ratio, attcnuation and impedance.
In addition, if the sediment density is known, dynamic values of compressibility, shear

modulus' and other elastic and even bility[20, 21] can be inferred.

However, althongh acoustic methods have been used extensively, they were in the
past. applied mostly to delincate the morphology or geometric image of the subsurface
and evaluate porosity, grain size distribution and other spatial variabilities. In con-
trast, relatively little use has heen made of acoustic waves for the determination of
soil strength propertics of direct interest to foundation designs and other geotechni-
cal engincering problems. In this regard, not much data in the cxisting literature is

available.

As to the shear strength of soils, it has been well documented through centuries of

accumulation. The theory of shear strength occupies an important place in geotechnical

I ic of soils is a i with which

gincering. The strength

an engineer has to deal in all aspects of engincering. In ocean expl

the rapid and accurate determination of shear strength of marine sediments is especially

i Generally, two cohesion and [riction contribute to the shearing

strength of clay. For sand, only frictional resistance attributes Lo the shear strength.

10r rigidity.



In order to focus on the acoustic-geotechnical interactions of porous earth media, we
only use dry sands as testing materials in this study. The use of dry sands allow us to
avoid many other influencing factors and concentrate on wave velocity-shear strength

correlation. The following literature scarch relates mainly therefore to sands.

2.2 Shear Waves and Compressional Waves

In the applications of acoustics, usually two kinds of ws

nsidered to travel

in the subsoil althongh at the surface Rayleigh waves exis

the compressional

or dilatational wave?, imes also called | 1or P waves', where P corre-

sponds to primary because these arc the fastest waves likely to propagate in an isotropic

linear elastic medium. In the case of compressional waves, the particle movement

along the axis of wave propagation. In elastic theory, the P wave velocity is defined

follows:
K +3G
[‘_a_ - (2.1)

where K is the bulk modulus, or incompres i

G is the shear modulus;

D is the constrained modulus = K +4G/3;

p is the material density;

m, is coeflicient of volume change or unidimensional compressibility.
C ional waves can propagate in both solids and fluids. However, it shonld he

noted that, if the soil is saturated with fluid, there exists two different compressional

Zllere the compressional wave velocity V), is for an infinite clastic 1
compressional wave velocity Vi in a rod where Ve = \/E/p, where [
3K(1 - 2), or equal to 2G(1 +v).

35ymbols used in the thesis are defined where they first appear and are arranged alphabetically in
the List of Symbols.

am. Vp is different from the:
Young's modulus, equal to

0



waves, one slow propagating through the the soil skeleton and one standard propagating
through pore fluid[22]. However, the slower onc s usually not significant. In the absence

of fluid, they merge with the P-wave.

Another type of sound wave is the shear wave. Shear wave velocity is an important
soil property for the evaluation of dynamic behavior of soils as well as static deformation
of the ground. Shear waves are also called transverse or § wave, where S stands
for secondary because they are slower that the P wave, In the shear wave, particle
movement is perpendicular Lo wave propagation dircction. Since fluid docs not respond

to shear forces, S wave can only propagate in the solid phase. Treated in elastic theory,

the shear wave velocity is given by* @

where v is Poisson’s ratio. Therefore V,/V, can be written as a function of Poisson’s
ratio in the form:

(2.4)

It is scen from this equation that 1, and V; are not independent parameters for a given
material. Provided one of them and also Poisson’s ratio is known, the other one can
be obtained from equation(2.4). For engineering convenience, an empirical equation

#Most. often, the shear modulus in cquation(2.2) is written as Gyuar that has a special meaning in
soil dynamics. Guar corresponds to the very small shear strain amplitude of about 10~° order.



known as the Chri: ion[23] was further developed

|2 n g
V: = [1 ~115 (e‘—l;”)] (2.5)

The Christensen equation relates P- and S- wave velocities with material density.

Originally, this cquation was not derived for marine sediments. IHowever, it would be
helpful in some cases to determine shear wave velocity V, because shear wave arrival
is usually more difficult to identify, especially in soils saturated with fluid, than the
compression wave due to the low signal level or acoustic noise. There are many in-situ
methods for measuring the shear wave velocity such as down-hole, up-hole, cross-hole,

sonic logging and suspension logging [24, 25, 26,

Among shear waves and ional waves, the c ional waves are more

intricate and it is usually difficult to extract useful information from them. Of par-

ticular consequence is the shear wave. Shear wave velocity V, is essentially dependent
on the stiffuess of the soil skeleton. Thereby, V; might be connected with soil strength

characteristics. In this rescarch, only shear wave is used as a tool to corr

ate with

geotechnical data,

2.3 Shear Strehgth of Sands

Because of different definitions, we have different points of strengths such as peak
strength, yield strength, residual and creep strength, as well as drained and undrained
strength(27]. Specifically, this research only considers the internal peak shear strength

of dry sands. The source of shear strength of granular sands is believed to be the

resistance against mutual displacements of those particles which are in mineral-to-

12



mineral contact. Described by the angle of internal friction @, the shear strength of

d i 1 98]

dry sands can be into four i

=ty + Gr + Ga+ Paeg (2.6)

. microscopic interlocking angle of particles, g, due to their surface roughness at

grain-to-grain contact points;

>

. interlocking angle of friction, ¢, due Lo restraints to relative particle movement

or reorientation affected by adjacent particles;

w

dilatancy component ¢4; and

-

. Gdey is attributable to particle degradation.

On the planes of weakness, a macroscopic failure will occur when the shear stress ex-
ceeds the total friction resistance. A slip surface or a series of slip surfaces are formed
and larger particle movement within those zones is further enacted. This phenomenon
is likely to occur when the shear strain reaches such a magnitude that a local reorien-
tation of particles starls to take place. The total strain® & of a sand is often considered

as having two attributes: an elastic strain, €., due to deformation of the individual

particles; and a plastic strain, ¢, due to slippage between particles which causes ir-

recoverable displacements and changes in the wiicro-fabric of the grain arrangements.

The definition of failure has not been given in general terms. The simplest and
the best known failure theory to constitute the behavior of soils is the Mohr-Coulomb
theory. In 1766, Coulomb proposed that the shearing resistance which can be mobilized

It could also be shear strain 9 which will not be discussed in this research.
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in a soil varied proportionally with the normal stress® o, i.c., the strength envelope of

a soil could be expressed by a straight line:
ry=ctotand (29

where 7y = shear stress at failure, i.c., the shear strongth;

¢ = cohesion.

‘Within sands, the component of cohesion is extremely small or equal to zero. Therelore,

the above equation takes the following form for cohesionless materials:
T =otlang (2.8)

From equation(2.8) we can obtain the failure condition cquation using pri

(o1 —a3)y

ol =sing (2.9)

where o) and a3 are principal stresses. Subscript. 5 refers to the condition of failure,

The limitations of the Mohr-Coulomb theory can be readily scen. For example, it
is observed that the frictional strength is influenced by the physical properties of the

soil as well as by the loading and deformation states. Generally, the eriterion governing

the failure of soils is most likely a strain criterion. However, the above equations do

not consider the cffect of strains or volume changes that a sand experi on its

way to failure. In addition, the Mohr-Coulomb theory does not consider the effect of
the intermediate principal stress a,. Nevertheless, most studies show that the Mohr-
ds. In Lhis r

Coulomb theory docs give satisfactory predictions for most ch, the

Mohr-Coulomb theory is used to interpret triaxial data,

In the text, we only use the expression of total stress. For effective stress, one prime symbol is
used to indicate the difference, for example, o’.
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The strength parameters can he determined by in-situ and laboratory tests and an-
alytical procedures or a combination of them. A scries of in situ Lests can be employed

for this purpose, including on testing(29), testing[30, 31], and

vane shear tests[32]. In addition to these standard tests, new methods have been de-
veloped to measure field performance, It is reported that the shear strength changes

can be i l by ing pore water [33]). Acoustic emissions in triax-

ial compression tests were also found to be related to strength characteristics[34, 35).
Some of those methods are listed in table(2.1). A summary of the advantages and dis-

advantages of these methodologics is given by Chancy et al{36] as shown in table(2.2).

‘I'riaxial Lest may be used for a variety of determinati for instance,

permeability parameters, wave velocity and so forth. But its main function widely used

in laboratories is for measuring shear strength. Triaxial tests have some advantages

such as relative simplicity, versatility and reliability(37). However. after many ycars

of usage, problems still remain, arising from errors in test procedures and difficulties
in interpreting the results of laboratory data. Yong and Tabba[38] suggested that
the intrinsic nature of soil and sampling and testing techniques are two major sources

attributed to the random scatter of measured shear strength.

The conventional triaxial test involves the application of normal stresses to all the
sides of cylindrical specimen of a soil. 1t is commonly assumed that the stress and

strain relations

are uniform throughout the specimens. Yet it is found that different

conditions may exist near the ends of the specimen because of the restraining effects of

15



Table 2.1: In-situ and Laboratory Strength Tests

In-situ Methods

Laboratory Methods

borehole shear

triaxial tost

plate bearing load

unconfined compression (est

field direct shear

direct. shear Lest

vane shear test

acoustic emission

hydraulic fracturing

torsional shear

Tskymeter

porewaler pressure monitoring

standard

quasi-static

dynamic

conc penetration

piezocone

fall-cone

acoustic penctrometer

pressuremeler

Menard tricell type

sell-boring type

OYO monocell type

TEXAM monocell Lype

stressprobe push-in type

Marchetti dilatometer

TFugro full-displacement

Cambridge highpressure dilatometer




Table 2.2:

Comparision of In-situ, Laboratory and Analytical Approaches
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7. economic if
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the specimen cap and base[39]. Nonuniform distribution of stress is caused around the
ends of the specimen. The distribution of strain is also nonuniform. The end effects
can be neglected only if the failure band is outside the end-restraining zones of the
specimen. In addition, membrane strength and the penetration of the membrane into

the spaces between particles may cause some extra errors[40, 41].

Variations in sand behavior resulting from different methods of sample preparation
have recently received considerable awareness. The friction angle ¢ of cohesionless soils
has conventionally been regarded as a property that depends primarily on the relative
density D, of the soil. But recent laboratory studies show significant differences in
the behavior of sands having the same relative density prepared by different methods.
Besides, in ordinary triaxial testing on solid cylinder specimens, oy is equal cither to
o1 or to o5 and only a jump rotation of 90° in the principal stress directions can be

achieved. In spite of all these limitalions, it is argued that the triaxial testing method is

still a useful means to measure the strength and deformation characteristics of soils[42].

The same technique is employed in this research,

2.4 Correlations: the state-of-the-art

2.4.1 Methodology

With the increased need for a more diversified view of the characteristics of sub-
soils in order to solve geotechnical problems, greater accuracy and rapidity of in-situ

measurements are required. This nccessitation calls for re

arch and development, of

correlationships between geophysics and geolechnics. As a matter of fact, correl

on

h have long been

ployed in many fields of science and technology. Becanse
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(1)

Soil Systen |—m

Figure 2.1: Soil "fransfer System

of the complexity of the soil system, introducing correlation methodology into geotech-

ni

al engincering becomes more exigent[43]. We have known that some engineering
characteristics of soils can be conjectured from index properties, and of particular im-
portance is the shear strength [95]). With respect to the dynamic testing methods, we

can nse the illustration

hown in figure(2.1) to demonstrate the principles of correla-
tion. In this study. we are interested in the acoustic approach. Therefore, let the input
(1) be the acoustic signal, for instance, a shear wave which will impose vibrations on

clements in the soil system. If the properties of the soil and its constitutive relations

between stress and strain were known, we could decide quantitatively the output signal

(1) which is a time dependent of the input signal.

CGenerally, the soil system is a “black box”. What is known is only the input y(1)
and output 2(1) from which, hopefully, the mechanical properties of the “black box”

ate going to be determined. Specifically in the present study, 2(t) is the measurement



of the shear wave propagation time T' from which V, and G can be derived, i.c.

:(t):T—.v.:%—»G:,»v,’ (2.10)

where L is the travelling distance. In the real situation, the inpi to the soil sys-
tem usually is a function f(a,¢) of the mechanical parameters, stress o and strain <,
not the acoustic signal y(t) that is applied only for intermediate purpose to initiate
an output as an easily detectable and readily interpretable signal. From the output
signal we can extract information relevant to the soil behavior under f(a,e). Some

engincering properties can be deduced from such acoustic 1

urements. Part;

tlarly,

in this research only the strength characteristics 7(a,¢) is concerned. Therefore, we
can use another a more practical miniature as shown in figure(2.2). That is the model
used throughout this research. In the laboratory, a signal y(!) can be generated from
piezoelectrical benders as used by the author or a resonant. column device as used by
Hardin and Richart[44]. The input f(o,¢) is from the triaxial device in our laboratory.
In figure(2.2), S() is a function of physical parameters(lumped into 7) of the soil
system. There are many variables in 3 which affect the strength (g, ¢) of soils. From
a geotechnical point of view, variables which have relations with soil strength can be
illustrated in table(2.3)[45]. In the table, the plasticity and moisture is applicable only
to clay. Within the present study, only the relative density is considered. T summary,

the above description can be charted simply as follows:

Floye) ML gy corrstation (211)
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Figure 2.2: Diagrammatic Model Adopled for the Present Study

2.4.2 Acoustic properties vs. physical properties
With respeet to the physical propertics of soils, usually we refer to grain size,
porosity”, moisture®, density. Sound velocity is an important physical parameter in

s of soils, The relationship between sound velocity and

determiining those properti
porosity has reccived considerable attention in the past. Hardin and Richart[44] found
that sound velocity varied lincarly with void ratio and the prosence of moisture in a
sand reduced the velocity of the wave due to the mass of the water moving with the

frame. They also reported thal grain size had no effects on the shear wave velocity.

However, several geophys stablished that a definite relationship existed between
sound velocity and mean grain size which governs the bulk and textural propertics of
wnconsolidated marine sediments(85, 87). The general conclusion is that a decrease in

porasity and moisture content is

reflected by an increase in sound velocity. There is

or 0. Porosity n and void ratio ¢ have the following relationship: n = ¢/(1+ ¢).
10r water content.




Table 2.3: Physical Variables Affecting Soil Strength(after Saiki, 1986)

Lumped ¥ Characteristics

1. Grain size Grain size distribution, maximum grain size, mean grain size,
cocfficient of uniformity, shape of particles, content of fine
fraction

2. Density Void ratio, relative density, dry density, specific gravity

3. Plasticity Liquid limit, plastic limit, shrinkage Timit, plasticity indnx,
consistency index

1. Moisture Natural moisture contert, degree of saturation

5. Texture Type, proportion & structure of mincrals and organic matiers,
orientation of particles

6. Stress History | Age of deposition, number &

pericnce, weathering & phys

Sagnitude of §
ico-chiernical effects

an increase in sound velocity as the wet density of the sediments inereq

. But dry

density has little hearing on the transmission of sound through sediments.

2.4.3 Acoustic properties vs. stress and strain

Stress is an important. factor that affects the magnitude of wave velocity, Sev-
eral investigations have been conducted to study the relationship between shear wave

velocity® V, and the stress imposed on the soil. It was confirmed that the velocity is

function not only of the void ratio but also of the intergramular pressurc[d6]. Lawrence

designed an ultrasonic pulse apparatus using a barium titanate ery:

al transducer{47).
With this device. sand was placed in a steel tube and a vertical load was applied

while ultras

nic pulse was propagating throngh the sand. Similar devices were also

“Considering the equation (2.2), Gyuar and V, will be used equally for the discussion in this chptes
although V, is the only dircct measurenient.
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developed by other rescarchers[48, 49, 50] to investigate the dependency of acoustic
wave velocities on the stresses in soil. Hardin and Richart pioncered a laboratory in-

vestigation method using a resonant column device[44]. They found both shear and

wave velocities varied imately between 1/2 and 1/4 power of the

confining pressure, for round-grained sands:
V, = (19.7 — 9.06¢)(0,)*%* (2.12)
and for angular-grained materials:
V, = (18.4 — 6.2¢)(a,)>* (2.13)

where e is the void ratio and o is the average eflective confining pressure.

Instead of using void ratio. lidil and Luh[51] developed the following empirical

relationship using the relative density D, for uniform-sized dry sands:
Gar = 10" % (0.3050%5¢P" + 4.0200%" — 5.899) (2.14)

where o, is the mean principal stress. Shear wave velocity 1, was also empirically

related by Seed and Idriss[32] to the mean principal effective stress o), for sand:
Giruer = 1000(c,,)** K2 (2.15)

2222392 5}, o} and o} are effective principle stresses:

K3 = parameter used in defining shear modulus as a function of shear strain

and confining pressure.

“Phis equation is similar to the foregoing ones. But it can be improved by considering the

effect of shear strain although a specific description of the parameter K, was not given.
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From these results we can sce that V, depends only on the average stress. Iowever,
very recent studies indicate that V, is influenced by the individual components of the
confining pressures, i.c., V, depends about cqually on the principal stresses in the
direction of wave propagation and the direction of particle motion, and is relatively
independent of the third principal stress[53, 54]. Yu and Richart[55] introduced a stress

ratio k, to consider this cffect:

(2.16)

Gonar = A Fle) I’u(%’ﬂ (217)

where parameters A and F(¢) depend on particle shape and void ratio; Pa i atmo-
spheric pressure; a,, = () +0,)/2, and o, is the normal effective stress in the direction
of wave propagation: a,, is the normal effective stress in the direction of particle vibra-

tion.

Strain developed in the soil is also a critical ingredient controlling wave veloci-
ties. Schultheiss[36, 57] conducted combined acoustic-triaxial tests and showed that

V, increased with axial strain and deviator stress, but a drop in V, occurred when

the sample is tested Lo failure as shown in figure(2.3). Nishio and Tamapki[58] also
indicated that V, increased at the initial stage of the triaxial compression Lests, and

decreased gradually until the failure of the specimen. They speculated that the inc;

and reduction in V, with shear stress was principally cansed by the rearrangement in
the soil structure which could nol be evaluated by the change of void ratio. These
experiments are of significances in the sense of correlation of acoustic properties and

shear strength of soils. Acoustic measurements are valid only when the deformations
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Figure 2.3: V, vs. Strain for a Sand in the Triaxial Cell(after Schultheiss, 1983)



are very small. But shear strength is an indicator of large deformation. Those tests by
Schultheiss and Nishio and Tamapki shed light on the possibility of relating these two

different deforming properties.

Except for the above direct correlations between V, and stress, V, can even he

correlated with N-values from standard penetration test to obtain dynamic properties
of soils[59, 60]. In addition, correlations between acoustic shear or compression wave

locities and liquefaction of sand have i

ingly attracted attention [61, 62, 63, 64].
These investigations, from a different perspective of deformation hehavior, give us more

insights about acoustic-geotechnical interralations of soils.

2.4.4 Acoustic properties vs. shear strength

As carly as 1960, experiments on concrete showed that good correlation cxists

between compressive strength and pulse velocity[65], but. there have heen for some years
no comprehensive experiments or theoretical considerations that relate the propagation
velocity of mechanical waves to the strength of soils. Towever, it is well docnmented

that the porosity is closcly interrelated with strength[66). Figur

) shows the relation
of porosity versus strength[67). A unique relation scemingly exists between porosity
and shear strength for cach soil structure. Actually, porosity is a primary properly
governing sand strength and can be correlated with the angle of internal friction[68].

On the other hand, porosity has

rong corrclations with acoustic velociti

as pointed

out in the foregoing sections. The following can be used to illustrate their relationships:

wave velacity(V, or Vy) = porosity = shear strength (2.18)
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Figure 2.4: General Relation hetween Porosity and Strength(after Keller, 1979)

Further, in figure(2.3) it is quite obvious that the relation between shear wave veloc-
ity V, and axial strain is similar to that between stress and strain, Intuitively, this
similarity leads us to the consideration that certain inherent linkages belween wave ve-
lacity and shear strength remain undiscovered. It is reasonable, therefore, to consider
that acoustic properties, especially shear wave velocity V4, is closely related to shear
strength. Lee and Baecher(69) demonstrated from their studies that if the acoustic
propertios of a marine sediment. was known, the preliminary estimates of the strength
of the material could be derived. Sutton et al[70] explained higher velocities in their
experiments as the combined result of shear strength and low effective porosity. More
importantly, Bely ot al[71] pointed out. that an increase of cohesion caused V; to rise

and that. the shear strength and the angle of internal friction were conneeted with V.

The carliest laboratory investigation of shear wave velocity and shear strength prob-

ably i that by D' Andrea{72]. 1e studied marine scdiments with high porosity and de-

9
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veloped empirical relations from which sediment shear strength can be predicted from

the precise in-situ measurement of only sound speed:

V= 170.5L 4+ 4906
9

and

Vo 177402—’ +4915

where ' is sound speed and g is shear strength. Subscripts ; and . refer to conditions

at failure and at. primary lidation respectively in lidated und,

1 triaxial
shear strength test. After testing the sediment cores, Buchan et al[73] concluded that
sound velocity has a positive correlation with shear strength, i.c.. the greater values of
velocity correlate with the greater values of shear strength'®. DeRoock and Cooper[74]
reported a high degree of linear correlation Istween propagation velocity of an impact
wave through the soil and the resistance Lo penetration of the cone info the soil. A

higher penetration resistance corresponded with a higher propagation veloe

they did not distinguish between shear wi

s and comp:

of in-situ tests were conducted by Torn et al[75] who plotted shear strongth

sound velocity. The data fall into distinct groups. There is an overall inerease in sound

velocity as the shear strengths get larger. Sced and Idriss[52) observed that the ratio

(2.21)

From the survey of 39 in-situ samples, Deness et al[76] also obtained clear correla-

tion between the velocity of sound and the undrained shear strength. Hara o

al[77)

1They even found a reasonable correlation hetween shear strength and acoustic attenuation!
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Figure 2.5: Shear Strength vs. Vy(after Nacci et al, 1974)

developed an empirical relation for clay:
Gomaz = 487(S5,)"% (2.22)

This equation is similar to that by Seed and Idriss. Linear relationships also exist

between compressional wave velocity and log shear strength as shown in figure(2.5)[78].

Recently, a more specific relationship between the static strength and the shear
wave velocity was developed by Chae and Chiang[79] for lime- and lime-fly ash treated
sands:

Grmas = 13.867 + 0.419(01 ~ 03) (2:23)
where the strength data was obtained from triaxial compression tests at 138KPa confin-
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ing pressure. The failure criterion was set at 1% axial strain. From the above equation
we can see dynamic shear modulus G has a linear relationship with strength as shown
in figure(2.6). Using results from triaxial and resonant column devices, Saxena et al[80]

established a similar equation at 1% axial strain of static triaxial drained tests:
Ginar = T247P, + 1109.22(0, — 03) (2:21)

where P, is atmospheric pressure. 1t should be recognized that valid applications of
equations (2.23) and (2:21) are very limited because they were derived under special

conditions. As an important index of shear strength, the angle of intern

friction ¢ was
used by Zhang and Lin[81] for evaluating the correlationship with shear wave velocity

of tailings. They showed the following equation:
V, = 0.012(¢)*™ (2.25)

Unconfined compressive strength c, of clay is also often used by engineers. 1t wax

related with shear wave velocity by Tonouchi et al [82]:
V, = 134(c,, ™™ (2.26)

Al of these investigations confinn further that shear wave velocity is a valuable geotech-

nical tool for corrclation with strength (83)

On the contrary, however, scatter still exists among test results. Lori

et al[s4]
showed that the acoustic valuc of shear wave speed was about 45 times greater than
that derived from the vane shear testing. From his in-sitn investigation of cohesion

and sound velocity, Hamilton[85, 86] indicated that there was no usable empirical

relationship between sound velocity and shear strength'! and accordingly concluded

Tin Hamilton's paper, the shear

sth refers only to colesion.
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Figure 2.6: Dynamic Shear Modulus vs. Shear Strength(after Chae & Chiang, 1978)

that ical propertics of lidated deep-sea sedi were not a reliable
indication of the shear strength,
2.4.5 impedance vs. geotechnical properties

The acoustic impedance is defined as Z = pV, where V can be V, or V,,. This property
determines the amount of encrgy reflected when sound energy passes from one medium

into another of different impedance. It is reported that density and porosity show

almost perfect linear 1 to i d: Imped.

increases with density(87).

In-situ tests were carried out by Smith[88] who developed an equation as follows:
Z = 2.733 4+ 0.00145 — 0.721W, (2:21)

where S = vane shear strength;

Wy, = liquid limit.
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It is very useful to note that the above equation relates acoustic impedance Z with

shear strength although I

pparently it s only for ils. 1fa piczoclectric coramic
transducer is employed in acoustic testing, the electric impedance of the transducer can
be concurrently measured and related to acoustic impedance{$9, 90]. This method was

only tried to distinguish between different sediments.

2.5 Discussion and Summation

As static and dynamic properties of soils are required for design purposes, a rongh
correlation between them is inevitable. One approach is to caleulate dynamic properties
from measured acoustic velocities and to correlate them, through laboratory experi-
ments, to static properties at different strain levels. However, it is argued that the good
agreement between the measured values could be fortuitous. ‘The correlation technique

certainly has merits as well as demerits. Owing to the paucity of d

led data, & criti-
cal assessment of the variation of shear wave velocity with shear strength is difficult to
make. Yet, special attention should be paid to several subjects so that the nexus and
difference between shear strength and acoustic properties could be understood fully in

order to take advantage of the merits of the correlation technique.
2.5.1 Strain rate

Various reasons can be postulated for the disagreement between static and dynamic
tests. To begin with, the strain rate is different in these tests. While trying to correlate
acoustic properties with strength characteristics of a soil, we are really attempting (1)
to relate static and dynamic moduli, and (2) to make use of a tacit assumption that

shear wave velocity V, is a usable measure of cohesion and internal friction. Usnally,
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static moduli are d from st L under’ ively a large
range of strains. Dynamic moduli are calculated from the relationships of elastic stress
waves as given by the equation Gner = p(Vi)?. It is reported that, under the same test
conditions, the dynamic moduli were considerably greater than the static moduli[91,
92] and the dependency of the dynamic modulus on the effective confining pressure
was less than for the static modulus. Similar results were obtained by Schultheiss[56,
57] who conducted acoustic-ocdometer tests and triaxial tests with acoustic benders.
Hamilton[85] studied the cohesion and shear modulus of sediments and found that
usually dynamic rigidity was abont 4 orders of magnitude greater than cohesion. Seed
and Idriss [52] stated that shear wave velocity was poorly related to undrained shear
strength of clay because of the relative large variations in their results as shown by the

ratio in the cquation(2.21).

The disagreements mentioned above may be caused by the drainage conditions or
strain rates considering that most of those results were from cohesive soils. Drainage

is not accounted for in the elastic formulation Gpar = £(15)% In the acoustic test,

apart from at very low fr ies, the modulus is determined under
a very high strain rate: thus, there probably is insufficient time for cither a change

in the structural 5 of the i particles or of pore wa-
ter pressure. In the static test, the strain rate is so slow that the soil has sufficient
time to undergo changes in structure or to expericnce a pore water pressure increase.

‘The combined effect of these factors is a larger deformation and, therefore, a smaller

modulus in the static tosts.



In spite of the anomalies, some researchers assert that it is still possible to make

an assessment of strength magnitude from acoustic information [88). The sitnation is
different with cohesionless soils where there are no serions drainage problems. Whitman

et al (93] found in their experiments that the static modulus of dry sand, measured

using very small stross increments, roughly agreed with the dynamic modulus, Based
on the experimental results from resonant, column tests, Bolton and Wilson[94] also

reported extremely good correlation between static and dynaniic moduli for dry sands.

They even concluded further that dynanne Lests on dry

w0 he considered

unnecessary. These favorable correlations may be because

s i dry sand i

strain-rate independent. which is not true for cohesive mate

2.5.2 Strain level

Another factor which could be responsible for the above difference is the different

values of strain involved in the two different techniques. As far as its stress Ain

behavior is concerned, sand is by its nature nonlinear. When the strain level is low

enough, a linear clastic model is of moderate precision, which is the case with respeet

the st

to wave propagation. In the dynamic ¢

ain is gonerally small enongh to

be considered in the pure elastic range. The highest shear modulus s obtained at

lower shear strain levels. Therefore, the valne deduced from acoustic imeasnrements is

relevant to clastic deformation. Ba

ential

ally, this stipulation has to be met,

condition as required by the equation(2.2). However, in the triaxial test, the strain

extends beyond the pure elastic region resulting in a plastic shear deformation in soil.

From the above discussions we can sce the pivotal point that Lo oblain the
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hanical ; for hnical applications it is essential to use a dynamic

clastic model of soil to predict its static and dynamic plastic behavier. On the other
hand, in the acoustic measurement the strain is the shear strain 4 corresponding to the
dynamic modulus G. Otherwise in the static triaxial test, the strain is the axial strain
¢ corresponding to Young's modulus E. In the past decades, several experiments were
conducted to study the effects of y on G. As discussed before, ¢ affects V, as well. In
the present rescarch, the shear strain  is kept small enough while ¢ is increased until

failure of the samples occurs.

2.5.3 In-situ and laboratory techniques

IFrom equations (2.19) to (2.27) we can sce that most of the previous correlations

were made between in-situ undrained strength and acoustic velocity V; or Gz for

cohesive soils. 1t should be noted that the undrained shear strength S, is influenced by
the mode of failure and the rate of strain and therefore there is no unique value of the
undrained shear strength(95, 96]. Unfortunately, our knowledge and skill in interpre-

tation of in-situ undrained states are more limited. Usually, different types of in situ

strength tests measure different values of S, because those tests cause different modes

of

wre and strain rates[97, 99 Wroth[98] suggested that specialized laboratory
tests should continue to play an important role in determining strength parameters
and the conventional triaxial compression test should be adopted for any comparisons

or correlations.

With respect. Lo the correlation between acoustic and mechanical properties of soils,

the need to launch extensive laboratory-based investigations is more conspicuous than
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ever before. The resonant column test can be designed to operated simultancously with
the triaxial test, but it is costly and complicated. It certainly can not be used in situ.

Therefore, it is nocessary to develop integrated techniques to model the prototype. The

s more cconom

acoustic bender technique is one of those. The hender technique Land
convenient, and has been widely used now in laboratory Lesting[100, 101, 102]. Phe

comparative studies prove that the shear strain amplitude from an acoustic bender
transducer is of the order of 107® and the measured shear moduli are quite close to

that measured from resonant column Lesting,

2.5.4 Summation

The correlations between 1V, and major geolechuical strengthy propertios are dosir-
able since conventional methads of measuring soil strength can be affected by the fact
that undisturbed samples are difficult to obtain for laboratory festing. From a review

of the existing research results, it can be concluded that the cor

clation Lechnique can

be applied to sands with confidence but more luhoratory

tudies and theoretical consid-
erations are nceded before extrapolating the laboratory results to in-situ applications.
The acoustic bender method is a promising approach for the purpose of bridging lab-
oratory tests and ficld methods. However, no successful breakthrough has yet been

achieved in providing reasonable strength charact

ization Uhrough acoustic measure-

ments. A complete understanding of the interrelationships betaveen static and dynamie
properties is still unavailable both empirically and theoretically. The correlations as
discussed above remain Lo be perfected further. 1 is necossary to better understand
their physical background, to develop new correlation models, and improve laboratory

and in-situ testing methods.



Chapter 3

Equipments, Materials and
Experimental Program

The par
mechanic

by laboratory testing in the successful application of soil
il engincering problems depends both on the uniformity of

playe
Lo ¢
I strata and on the expericnce and skill of the engineer.

- Bishop & Henkel[103]

e objectiveof this rescarcs is to correlate shear strength with relevant acoustic
properties of soil. Currently. our laboratory has only triaxial testing cquipment, a

direct shear machine and a miniature vanc shear device that can be used to measure

shear strength of soils. The triaxial device was chosen for the research. In order to
measure soil shear strength and acoustic propertics simultancously, modifications were
done on the existing triaxial cell. This chapter presents modifications and designs of

all equipment employed in the experiments. The soils used in the program are also

deseribed in th

hapter. The details of the test procedures are included in Appendix
A. The technique of ITilbert transform was employed to estimate the propagation-

time of shear wave travelling through the soil samples. This novel technique and

tion are presented separately in the following chapter.
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3.1 Triaxial System
3.1.1 General Description

The triaxial loadframe used in this study is the Digital Tritest 50 from ELE In-

ternational, England. This 50KN capacity machine compriscs a rigid twin column
construction with an integral fully variable microprocessor controlled drive unit. ‘The
machine is bench mounted for ease of installation and operation. All operating controls
are mounted on the front panel of the machine. The machine is shown in figure(.1).

Originally, the crosshead position was difficult to he adjusted by moving four nuts on

two columns up or down. Therefore, one slot was cut at one end of the crosshead so

that it can swing on one column Lo casily accept a wide range of test apparatus.

The use of a microprocessor controlled drive system provides the Digital Tritest 50

with the following main advantages:
o single range fully variable speed control from 0.00001 to 5.99999 nim/min:
o speed set by direct reading digital switches;
« accuracy of platen speed & 1% in cither the unloaded or loaded condition; and

o self-check routine every time the machine is switched on.

The microprocessor and an RS232 port situated at the rear also enables the machine
to be controlled remotely or to operate under external computer control, considerably
enhancing its scope and performance, All functions of the load frame can be controlled

through the RS232 interface including: speed, load and unload, and stop. Under

these control conditions, typical geotechnical applications can be performed including:

38



Figure 3.1: Digital Tritest 50 and Control Panel
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constant rate of load, constant rate of stress, cyclic loading and stress path tests, Other
features of the machine include: platen overtravel limit switches with flashing LED’s
to indicate travel limit, 25mm/min rapid approach/unloading speed and re-settable

thermal overload to prevent drive system damage.

3.1.2 Triaxial Cell

The triaxial cell was manufactured at the Engincering Machine Shop of Memorial

University of Newfoundland. Usually, the cell chamber is filled full of water and the

load cell' is mounted outside the chamber along the loading ram. In this way, howeve

the frictional force hetween the loading ram and the teflon bushing will be included
in load cell readings. The frictional force changes from time to time and is diflicult
to be offset. by calibration. In arder Lo overcome this shortcoming, a modification was

introduced by moving the load cell into the triaxial chamber and adding a smaller inner

cylinder for keeping water or other kind of liqui

surrounding soil sample to deter air
migration into the sample. A metal grid guard was put on the outer cylinder to prevent

an explosion when the chamber pressure is high.

In the acoustic s s, when freq ies are low, the sbrie divergy

effect may become important. As a rule, operations should he carried out, at distances

from the wave source such that the emitted wave is virtually a plane wave. The range

of this working interval depends on th of the bender element, the wavelength
emitted, and the distance between the emission and observation points. Considering

the possible reflection of shear wave by the membrane and the osei

loscape ability to

'Or load transducer.



measure the wave travelling time through the soil, the sample diameter was therefore
enlarged to 50mm and the length to 100mm. On both top and base plates, there
are several ports for transducer wires, air pressure, water and drainage. The whole

assembly is shown in the figure(3.2).

3.1.3 Control Panel

All ports fromn the triaxial cell assembly, except some electrical ones, were connected
by tubes to the control panel. Pressure transducers and gauges, volume transducer and
valves are mounted on the control panel. The volume transducer was designed and man-

ufl

ared at the Engincering Flectronic Shop of Memorial University of Newfonndland.
The calibrations of transducers are presented in Appendix A. These transducers are
connected Lo the A /D board in the computer. A current-to-pneumatic transducer and
a pressure amplifier are also installed on the control panel. This I/P transducer is
comneeted Lo a D/A board in the computer and can provide a 3 to 15 psi output pro-

portional to a NC milliampere input from the computer controller. The arrangement

of the control panel is illustrated in figure(3.3).

A closed control loop was then set up for the experimental operations. The com-

puter program acquires data from the pressure transducers and LVDT and does real-

time analyses to calculate stross, strain and pore pressure. These measurements are
then compared with parameters preset in the program. According to these compar-

isons, s

ignals are consequently sent out to /P transducer and microprocessor in the
Digital Tritest 50 loadframe. Through the combination of pressure flow by adjusting

the control panel and the movement of the motor, we can do several different tests
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such as strain controlled, stress controlled, cyclic loading and stress path tests. The

complete acoustic triaxial device assembly is shown in the Appendix A.

3.2 Hardware and Software for Data Acquisition
and Control

3.2.1 Hardware
The data acquisition/control system used for the experimental program is made up
of four main pieces of hardware, The largest part of the system is a 3865X-20M 1z

computer that is a high speed, highly integrated Intel’s 80386SX microprocessor. The

motherboard has a socket for 16/20M11z Intel 80387SX numerical coprocessor and a

total of cight expansion slots, from which an advanced data acquisition and control

system can be built.

Inside the computer, one MetraByte's DAS-S(analog to digital converter) hoard
and one CIO-DDAO6(digital to analog converter) board were installed on the mother
board. The DAS-8 A/D board contains 8 analog input channels with 12bit resolution.
The full scale input of cach channel is £5 volts. Inputs are single ended with a commmon
ground and can withstand a continuous overload of £30 volts. The CIO-DDA0G D/A
board provides 6 channels of 12bit resolution analog output. It has five voltage output

ranges from 2.5V to £10V.

External to the computer are one C10 mini-terminal and two MetraByle's universal

expansion interface EXP-16 multiplexers which take input from the 16 channels on top



of cach board. Each EXP-16 concentrates 16 differential analog input inta one analog
output ta the DAS-8 board. Thercfore, totally we can use 8 EXP-16 boards to have 128
differential analog inputs. The EXP-16 can also provide signal amplification, filtering

and conditioning.

3.2.2 Software

Although software is included with A/D and D/A boards, it is not very user-friendly.
In this study, a low-cost but powerful software CONTROL EG was used. This software
was specially programmed for data acquisition and control with compatible MetraByte

products of DAS-8, CIO-DDAOG and EXP-16.

CONTROL EG is an extremely powerful menu driven automation software for PC
based measurement and control systems. It combines the features of data loggers.
programmable controllers and closed loop PID controllers in one easy to use integrated
package. CON'TROL EG requires no programming. Complex formulas can be entered
in simple algebraic notations. All options are immediately accessible through single
keystrokes. The user can alternale between seven real-time displays while the system
is collecting data. CONTROL EG can output data to a printer or to a disk file. These
data can be subsequently input into popular analysis programs such as Lotus 1-2-37M,

The entire data acquisition and control system is shown in figure(3.4).
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3.3 Acoustic Measurement Equipment:
3.3.1 General Description

“The central acoustic elements used in the research are piczoelectric ceramic benders.

A piczoclectric substance possesses a useful combination of electrical and mechanical

properties. The piezoclectrical pk was 1 by Picere and Jacques

Curic in the 1880's[104]. Piczoclectricily is a property of certain classes of crystalline
materials. When an electric field is applied Lo one of these materials, the crystalline
structure changes shape, producing dimensional changes in the material. Conversely,
when mechanical pressure is applied to one of these materials, the crystalline struc-
ture produces a voltage proportional to the pressure. These malerials are used as

clectromechanical transducers.

Piczoclectric properties occur naturally in some crystalline materials and can be
induced in other polycrystalline materials. Many contemporary applications of piezo-
electricity use polycrystalline ceramics instead of natural piczoelectric crystals[105].
‘These piczoelectric ceramics are more versatile, Their physical, chemical, and piezo-
electric characteristics can be tailored to specific applications. The hard, dense ceramics
can be manufactured in almost any given shape or size. The ceramic bender element
was first employed for geotechnical measurement by Shirley et. al in 1977(90, 106, 107).
So far it has been widely used in geotechnical laboratories because of the advantages

pointed out in the first chapler.

‘There are two different types of piezoceramic benders because of the different clec-
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trical connection of two plates: one is connected in series with the polarization of the
ceramics oriented in opposite directions for cach plate, and the other one is connected
in parallel in which the polarization of the ceramics is in the same direction for hoth
plates. An applied voltage generates a greater bend in a parallel connected element,

when used as a transmitter or genera or of shear waves(electrical to mechanical energy).

A series connected element generates a higher voltage when bent, which is used as a

shear wave receiver or generator of clectrical signals(imechanical Lo clectrical energy).

In this research, the piczoclectric ceramic bimorph BM500 manufactured by Sensor
Technology Limited was used. The bimorph is a double plate ceramic hender ele-

ment. Two plates are bonded together so that they amplify their piezoclectric actions.

The bender clement dimensions are 15x10x0.5mm. BM500 series ceramics are lead

sirconate titanates with a high coupling cocfficient and piezoclectric charge coefliciont.

3.3.2 Installation of the Benders in the Triaxial Cell

The bender clement is a high impedance device that cannot. be exposed to moistire
as this could electrically short the transducer. A layer of eposy was therefore coated

around the element before it was mounted in the slots on the pedestal and cap in

the tria

ial cell. Epoxy was also used to fix benders in the slots. The porons brass

disc with a corresponding slot. was glued with epoxy to the pedestal and top c

piece of thin rubber was put between the bender and brass disc so that uo part of the

hard brass was in contact with the bender to prevent movement. ‘T bender elements
I}

protrude about 10mm long into a soil specimen. The longest dimension aligns with

the longitudinal axis of the soil specimen. Figure(3.5) shows the mounted soil sample
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Figure 3.5: Soil Sample with Bender Elements at Bottom and Cap
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with bender elements at the bottom and cap. The wire leads to the transducer are

run through holes in the pedestal and cap and exit the cell throngh pressure-proof

fittings in the cell base and top. The detail installation of bender clements

figure(3.6).

show

When the bender is mounted, it protrudes into the specin

rver and

a can

causes a shear stress to develop when voltage is applied. Soil particles surrounding of
the bender move in the same direction as the tip of the clement. This will result in
shear wayes which propagate through the specimen in a direetion paratlel to the length

of the relaxed element. In the triaxial cell, the shear wave transmits upwards. The

shear wave will be detected in a reciprocal manner by the receiver bender element that

is connected with the oscilloscope. The relatively large displacements which can he

obtained for small applicd voltages, coupled with the low resonant freque

bender clements quite suitable as shear wave transducers for experiments within a

triaxial cell.

3.3.3 Measurement of Shear Wave Velocity

Due to the very short. propagation time of the shear wave: throngh the soil sample

scope of high resolution and accuracy is needed to record the wave history. A Tektronix

2211 oscilloscope was used in this study. The Tektronix 2211 is a combination analog

and digital storage portable oscilloscope. ‘The resolution is 12bits. It Al

s dnal ver

input channels with an analog bandwidth of DC to 50MIlz, a digital handwidth of DC

to IMHz, and a CRT readout and eursor measurement display. ‘The enrsor display

makes it extremely convenient and accurate to determine time-difference between the
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Figure 3.6: Installation of Bender Element
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positions of the cursors on the displayed waveforms. ‘The recorded waveform can also

be plotted out using a plotter. Figure(3.7) sketches the connections. All the electrunic

equipments used in the experiment are shown in figure(3.8) .

A square wave with a frequency of 5 to 100 11z was used to generate a shear wave.,

The signal from the receiver bender was monitored by the oscilloscope from which the

traveling time was taken by using cursors between the rise of the trigger signal and the
first arrival of the recciver signal. Figure(3.9) shows a picture of the typical waveflorm
and travelling time recorded on the oscilloscope. 1t is assumed that the shear wave
travels from the tip of the transnzitter to the tip of the receiver. Let I be the tip-to-

and

ip length of soil sample and 7' the propagation time. The shear wave velocity

corresponding shear modulus can be determined as follows:

(1)

In our experiment, the average travelling distance? L=

During each test, a L\D'T was nsed to hit the external trigger button on the oscil-

loscope front panel. Every strike will trigger the oscilloscope to recorc

rm
on its screen. At the same time. the displacement of the LVDT will be recorded by the

computer together with other data from the triaxial shearing test. Those data were

logged into the same data file from which we can locate the aconstic measurement,

and the corresponding shear strain at that specific point. This procedure allows s

to calculate the

2L = Lo — 21, where L, is the smmple hight. Particular value of L in each tests may be: different.

from 73mm. It depends on each measureinent of Lo.

ar wave velocity and the corresponding strain and deviator

ress
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Figure 3.7: Setup for Acoustic Measurement in Triaxial Test
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Figure 3.8: Electronic Equipment Used in the Acoustic-triaxial Test
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Figure 3.9: Record of Traveling Time and Shear Wave Received with an Oscilloscope
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while the soil sample is being sheared. Therefore, we can compare shear wave velocity

and shear strength on the same strain scale to study their relationship.

3.3.4 Discussion

With respect to the above measurements, difficulty arises in determining acenrately

hear

the first shear wave arrival. Although the bender clement presumably generat
wave, compressional waves are very likely present as well. The receiver bender is very

sensitive to the mechanical movement. A small vibration will generate a detectable

electrical signal. On the other hand, the instruments employed in the experiment will
affect in some way the excitation signal and the reccived signal. Actually, the recoived

signal is a combination of shear and ional waves, waves reflected by membrane,

instrument noise and even the noise from the crushing and shearing of soil particles.

Therefore, it is very difficult and arbitrary to determine the first avrival of shear wa

form.

This problem may be overcome by changing the direction of the particle vibration

retaing

so that the shear wave reverses polarity but the compression wave pola

the same as shown in figure(3.10). Dyvik and Madshus[108] used the reversed polarity

property of shear wave to check the first shear wave arrival and concluded that the

receiver clement was monitoring only shear waves. However, by the anthor’s experience

, it is difficult in acoustic triaxial experiments to obtain exact mirror images of Lwo

s's Lrace curves

shear waves in the opposite di

tions. Actually, Dyvik and Madshy

before the arrival of the shear wave, The curved trace makes it fuzzy to identify the

point of the first arrival of the shear wave. As shown in figure(3.11), the received
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Figure 3.10: Polarity of Shear Wave Arrival

signal was recorded with test DT363 just before the sample was sheared. 1 the signal
was a pure shear wave, then the measured travelling time should be AT = 190.004s.
From equalion(3.1) we can obtain the shear wave velocity V;i=384.21m/s. This value
is obviously greater than the reasonable one. As a comparison, using Hardin-Richart
cquation(2.12), we can obtain an estimated value V,;=342.31m/s. The difference is
about 13% between them. In the next chapter, the Hilbert transform will be introduced

as a means to overcome these difficulties.

3.4 Materials Tested

In total, five sands were used. All are standard silica sands with different index
properties as shown in table(3.1). Following ASTM D8543, the specific gravity was

obtained at the temperature 20°C. The maximum and minimum void ratios were

"3 Refer to Anmal Book of American Society for Testing and Materials, Vol.04.08.
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TFigure 3.11: Typical Waveform(DT363) Recorded by Plotter
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Table 3.1: Index Properties of Soils Tested

Sand 1: silica sand #0
Sand 2: Ottawa sand, ASTM 20-30 mesh

Sand 3: Ottawa sand, CN-501

Sand

lica sand #1

Sand 5: Cube test sand, ASTM C-109

Soil Type

Dyo(mm)

Dyg(mm)

Cy

Ce

G.

Cmin | Cmar
Sand 1 1.00 0.65 1.54 | 1.33 | 2.65 | 0.65 | 0.83
Sand 2 0.78 0.69 1.13 | 1.43 | 2.65 | 0.49 | 0.62
Sand 3 0.86 0.45 1.51 | 1.51 | 2.65 | 0.50 | 0.65

nd 4 0.50 0.32 1.56 | 2.67 | 2.65 | 0.68 | 0.94
Sand 5 0.36 0.24 1.50 | 1.19 | 2.65 | 0.51 | 0.74




measured using the procedures outlined in ASTM D4253 and D4254.  Figure(3.12)

shows the grain size distribution curves. The curves and classification wore obtained
from standard sieve tests(ASTM D421, D422 and D2487). From the distribution curves
we can see that the sand particle sizes are quite uniform with no big difference among

five sands. Therefore, similar mechanical behavior should be expected for each sand.

3.5 Experimental Program

Strain rate is not loo important for dry sands. The motor speed was fixed at

1mm/min which corresponds to an axial strain rate of 1.08%/min. The relative density
and stress state are two major factors which would affect the shear strength and shear
wave velocity of sands. Because the sands are uniform, high density samples are difficult

to achieve. On the other hand, a low density will influence the bender behavior by

of the poor coupling between the acoustic bender and the soil particles. Four relative

densities, i.e., 50%, 60%, 70% and 80% were used during the experiments Lo cope with

these problems. Considering the capacity of transducers and electronic measuring
equipment, confining pressurcs wore sclected ranging from S0KPa to 300KPa. All of

these combinations are summa

ed in table(3.2).

Testing of homogeneous samples wnder uiform states of stress and strain is re-

quired for fundamental studies of soil property charact lion.  As mentioned in

the last chapter, the sample preparation method will also affect soil behavior hecause

various preparation method would cause different soil structures. ‘Theoretical analy-
sis and experimental evidence[109] suggests that reconstitution by pluviation is the

most, promising te-hnique for obtaining wniform samples in the laboratory and allows

60



a convenient study of mechanical response of natural sands. In this research, an air
pluviation technique was used to prepare the samples for testing. Additional vibration
by tapping the side of mold was also necessary to densify air-pluviated samples to

achieve the required relative density.
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Table 3.2: Acoustic Triaxial Test Program

Sand |

Sand 2 | Sand 3 | Sand 4

Sand 5

Axial Strain Rate

1.08(%/min)

medium

50

60

D,
(%)

dense

50

100

200

300




Table 3.3: Porosity and W, Used in the Test Program

Di(%) 50 60 70 80

n(%) | 4253 | 41.93 | 41.31 | 40.69
c 0.740 | 0.722 | 0.704 | 0.686

Sand 1 ;
W,(g) | 281.10 | 284.03 | 287.03 | 290.10

n(%) | 3560 | 3515 | 34.60
c | 0555 | 0512 | 0.520

Sand 2 ¢
W,(g) | 314.54 | 317.19 | 319.89

n(%) | 36.51
¢ | 0515
Wi(g) | 31054

Sand 3

u(%) | 4.7

Sandd [_e | 08I0
W(g) | 270.22
n(%) | 3846

Sand 5[ ¢ | 0.6% | 0. 0.
W,(g) | 300.99 309.76 | 314.34

NOTES

Void 1atio ¢ = Cmar = Dy(Cmar = Cuiin)
porosity n=y

for dry sand, solid particles weight W, = &
unit weight of water 7, = lg/on’

sample volume v = 12 L,,

sample radius r=25min

sample height L,=94min

e
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Chapter 4

Hilbert Transform and
Propagation-time Estimation

When you can measure what you arc speaking about, and express it in
uimbers, you know somet hing about it; but when you cannot measure it,
when you cannol express it in numbers, your knowledge is of a meager and
unsatisfactory kind; it may be the beginning of knowledge, but you have
scarcely, in your thoughts, advanced Lo the stage of science.

- William Thomson(Lord Kelvin)

4.1 Introduction

The precise caleulation of shear wave velocity depends on the accurate estimation
of shear wave travelling time through the sample, Chapter 3 included a description of
the method used with the digital storage oscilloscope to measure time delay between
the triggering signal and reccived signal. As discussed before, this approach faces a
major difficulty, i.c., identification of the shear wave front or the first arrival of a shear
wave. The caleulation shows about 13% difference between the measured value and the
estimated value from equation(2.12), This problem may be improved by the Hilbert

transform.
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Transformations of data from one form to another are common in signal analys

and various techniques are used to extract significant information from time se

Interpreting data from different points of view often results in new insight and the

discovery of relationships not otherwise evident. The conventional aco

e Lra

be viewed as the real component of a complex trace whicli can be uniquely caleulated

under usual conditions|110). The complex trace permits the unique separ:

of en

lope smplitude and phase information and the calenlation of instantancuns frequency

Expressing acoustic data in complex form also y

elds computational advantages.

In virtually all types of experiments in which a response is anal; a funetion

of fi v or time, transform techniques can significantly improve data acquisition

and/or data reduction. The Ililbert transforni is one of the techiigues. Parti

arly.

the Hilbert transform detects hidden signals. 1t has a variety of applications; the one to
be mentioned here concerns solving the problem of determining wave propagation-time.

By means of Hilbert transform, the envelope of a time signal be calenlated and the

estimation of propagation fime can be obtained. Such a transform technique offers i

least two main advantages for acoustic signal proce st. the tr

g,

wform provides

a variety of simple procedures for manipulating digitized data, such as smoothing or

filtering to enhance signal-to-nois

ratio and resolution enhance 1. Second, the

transform technique can be used to move any known irregularit the excitation

waveform, so that the corrected response reflects only the properties of the sample,

and nouv the effect of the measuring instrument. Oscilloscopes use the ree of

signals in an analog way. but the Hilbert transform teehnique proce

first then extracts information from the treated data in a digitalized way. With the



Hilbert transform technique, it is not necessary to pinpoint the first arrival of shear
wave and hence it is possible to climinate the arbitrariness and external influence in

the determination of shear wave travelling time.

4.2 Hilbert Transform

“The Hilbert transform is a method of separating signals based on phase sclectivity,

which uses phase shifts belween the pertinent signals Lo achieve the desired separation.

When the phase angles of all components of a given signal wave are shifted by £90°,

the resulting function of time is known as the Hilbert transform of the signal. Unlike

Uhe Fourier transform X (f) which moves the independent variable of a signal X (1) from
the tine domain to the frequency domain, the Hilbert transform leaves the signal X (t)
in the same domain. The Hilbert transform X (1) of a real-valued time signal X (¢) is
another real-valued fime signal. and the Hilbert transform ¥(f) of a complex-valued
frequency function X (f) is another complex-valued frequency function.

There ave three different s to define the Hilbert transform. The easy and useful

one is to introduce an analytic signal Z(1) to compute the Hilbert transform X (t) of

the given signal X (1) as follows(111]):
2= X(O+35 X0 (1.1)
where j = /=T, This equation can also be written as
Z(1) = V(1) (4.2)
‘The Hilbert transform ,\"(I) is the imaginary parc of Z(1), i.c.,
X(0) = HX(O) = 8[4(1)] (4.3)
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where V(1) is called the instantancous amplitude or cuvelope signal and @(1) is called

the instantaneous phase signal:

V() =/ X2(0) + X2(1) (4.4)

and

é(1) = tan™ (1.5)

Acoustic measurements results in a time signal containing a rapidly oscillating

component. By using the Hilbert transform, the rapid oscillations can be removed

from the signal o produce a direct reprosentation of the envelope alone, which allows
detailed study of the envelope. ‘The envelope often contains important. information
about the given signal. The envelope has another advantage, Since V(1) is a positive
function. it can be graphically represented using a logarithmic amplitude seale to enable
a display range of 1:10000 or more. The original signal X (1) includes hotl positive and

negative values and limits the displa

ange to about 1:100.

The propagation time from point. X Lo point. ¥ of a signal is wsnally estimated by
measuring the signal X(1) at X and the signal ¥(£) at ¥, and calenlating the eross-
correlation function Ryy(t). Like the autocorrelation function, the cross-correlation

function provides a measure of the similarity between a signal and the time-delayed

version of a second signal:

Lo
Rey= EX(Y (14 7)) = Ji / XY (L4 Thdr (1.6)

o 3T Jor

where [ | is the expected value of the item within Lthe brack From the cross-

correlation function, we can obtain the signal travelling time as shown in figure(4.1).
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CROSS-CORRELATION

r——

Figure 4.1: Cross-correlation to Find Travel Time

Towever, cross-correlation function includes all values in the range (—co, 00). The
positive and negative peaks or, most of time, none of them could indicate the propa-
gation time. Instead, by using the Hilbert transform, the correct propagation time can
be casily and solely found from the envelope of the cross-correlation function Rey(t),
whether or not the peak of R;,() corresponds to the travel time. The maximum of
the envelope always indicates the correct wave propagation time. This is the principle
used in the experiments to determine propagation time of shear wave travelling from

the bottom to the top of the soil sample in the triaxial cell.

4.3 Instrumentation and Data Analysis

‘The equipment used for recording signals is multichannel waveform recorder DATA-

LAB DL1200 at C-CORE of Memorial University of Newfoundland. The DL1200 is a
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digital instrument designed to acquire multi-channel analogue signals. An 1BE-{88
interface board was plugged into 386SX computer so that the Datalab recorder was

connected to the computer through a GPIB interface cable.

The software for acquiring signals and performing the Hilbert transform was also

developed al C-CORE. After Datalab captures the time series of wave form and plots
it on the screen, the program can further carry out Hilbert transformation of the signal
and plots its envelope below the original wave form. All the data can he converted into

HPG files which can be put into a Wordperfect, file for printing,

As a comparison, under the same soil sample conditions of DT363 as shown in
figure(3.11), the test was repeated with DATALAR recorder. Fignre(1.2) shows the
record of the original time signal and the corresponding envelope by Hilbert transform
obtained by DATALAB software. From the figure of the envelope we can find the
correct propagation time AT = 212s. We can see that this value is not equal to the
one in time series corresponding to the peak of the signal, nor does it cqual to the
value obtained in figure(3.11). From the envelope meastrement and the equation(3.1),
the shear wave velocity can be obtained Vyy = 3#4.31us that is very elose to that from
Hardin-Richart equation(2.12) where Vi = 34231 ps. The difference hotween them is
only 0.59%. Referring to the results in the Section(3.3.4), we can see that, the Hilbert

transform technique is much better than using an oscilloscope.
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Chapter 5

Experiment Results and Analyses

Sclenurc undus«amhm, proceeds by way of (mhl.m(lm!, and analysing
models of speets of reality nnde The purpos
these mndck nol to give a mirror image of reality, um “to inelude all its
clements in their exact and proportions, but to single out and
make available for intensive investigation those ¢ c‘nu-uls which are deci-
sive. We abstract from non-essentials, we bolt out the unimportant to pet
an unobstructed view of the important, we magnify in order fo improve the
range and accuracy of our observation. A model s, and must he, nnreal-
istic in the sense in which the \\md most. commonly used. Neverthe
and in a sense, paradoxically, i a good model ii. provides the key to
understanding reality.

Baran & Sweesy|112)

strain relationship

The demand for more reliable methads of predicting the stre

V important to develop a seliable madel to acenrately

of marine sediments makes it ver

evaluate the behavior of soils under various luading conditions. Loose sand ane dense
sand behave differently in the triaxial tests. The following hyperbolic model is usnally

applicd in the case of loose sand:

(5.1)

ot be

But for dense sand, up to now there is no concise model. “This chapter presents i new
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model whereby the shear strength of sand can be compared and studied based on their

behavior during shear. Following the establish of the st in rel
the aconstic propertics of the sand are studied. The shear strength and shear wave
velocily are correlated using the new constitutive equation. As foregoing chapters have
shown, the correlationships between static and dynamic test data are variable and the

few mechanisins involved are mostly subject to considerable debate. Therefore, in this

chapter, the eri al results are first 1 in each section, and then, the data

are interpreted Lo understand the causes behind the physical phenomena.

5.1 Stress-Strain Relationship

I the triaxial test, confining pressure and rel.ive density arc two primary effects

controlling the shear behavior of sands. As shown in figure(5.1), three samples of sand

#5 with the same relative density were sheared respectively under three confining
pressures. The igher the confining pressure, the stiffer the sample and hence the

higher the shear strength. In order o find the value of internal friction angle ¢, the

test data were plotted again in the py vs. q; figure. 1t can be seen in the figure(5.1)

that three g7 points on stress paths are very close to the average K line. These results

demonstrate that. the new (i

xial testing system, including the main frame, modified

tria

jal cell, all transducers and data acquisition/control software, works fairly well
and can provide excellent measurements. The experimental data were also analyzed
by constructing Mohr circles and drawing Molr envelope, Other experimental results

are included in Appendix B.

For granular sand, the shear resistance is considered as having several attributes.
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Shear Strength q(KPa)
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Figure 5.1: Effect of Confining Pressure on Strength



‘The major one is the resistance against relative particle movement or reorientation.
Therefore, relative density and particle size distribution should have cffects on the
strength of sand. Usually, the denser soil has higher strength due to more interlockings
among soil particles, which is shown in figure(5.2). Yet the effect of relative density is
not as notable as that of confining pressure. In figure(5.3), we can sce that the deviator
of the c

stres arsor sand(D'T'182) is greater than that of the finer sand(DT582). From

a qualitative viewpoint, it is probable that mutual displacement ameag coarse particles
is more difficult to ocenr hecanse a sand particle must use more energy to move over a

bigger one.

rom foregaing fignres we can observe tiat. for soil samples with relative densities

from 50 to 80 per cent, the deviator stresses increase with increasing axial strain to
the maximum values, then deerease with axial strain. After examined the results from

ial tests on sands, the author found that the stress-strain behavior

about. forty tri

of sands with relative del from medinm to dense could be described using the

following equation:

z (5.2)

cquation, stress ratio 24 is used so that all parameters are dimensionless. In addition, in

this research, for cach soil sample, confining pressure a3 is kept unchanged. Therclore,

ation(5.2) can be rewritten in the following form for the purpose of convenience in

ing the data:

(o = 03)'™" = o} ™(1 4 de)= (5.3)

-
=
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Figure 5.2: Effect of Relative Density on Strength

Deviator Stress(KPa)

S L 1 i L

0 2 4 6 8 10

Asial Strain(%)

Figure 5.3: Effect of Grain Size on Strength
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It is noted that equation(5.2) becomes a hyperbolic equation when ¢ = 0, which

is shown in figure(5.4). When very large axial strain occurs, both equation(5.2) and

the hyperbolic equation will take asymplotically the same value of ultimate strength
(01 = 33)u.. Virtually, the equation(5.2) can be applied to soils with a wide range of
relative densities from loose to dense. Figure(5.4) also shows the measured data with
the test DT262. 1t is seen that with properly chosen parameters, the above equations
can model well the measured stress-strain curve. With the same parameters obtained
in the test D262, the equation was used Lo fit the results from tests D583, DT582
and DT581. Comparisons are shown in figure(55.5) in which we can see that, for cach
Lest, the curves from model calenlations can fit the measured ones. Especially the data
from the model are very close to the measured values when the sample is about to reach
its maximum strength and after the failure. However, discrepancies exist. before the
failures occur. The difference between the model and the test data is more remarkable

for the test DTH82.

From the examinations on all experimental results, it is found that the paramicters
b e and din the model remain almost unchanged with different sand type, relative den-
sity and confining pressure, Because of the transcendental property in equation(5.2),

the usual regre

sion methods are not suitable to obtain parameters in the equation.
‘I'herefore, optimal parameter identification technique is used. For each parameter,

an initial value i

given. The caleulated values are then compared with the measured

Based on the comparison, the secand value is further chosen for cach parameter.
After several iterated interpolations, optimal parameters can be finally obtained. In

this study, the following values were used:

-
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Figure 5.4: Test Data(DT262) and Modelling Curves
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Figure 5.5: Comparison of Model and Test Data(D, =80%)



b=1.2
€=0.0067
d=35.5

However, the parameters a and n change slightly with different conditions. a varies
from 0.0013 to 0.002 and n varies from 1.07 to 1.1. It is further found that a relates
to the axial strain magnitude aud n te the confining magnitude. More comparisons
between the model and the test data are shown in figure(5.6) and also in the Appendix

B.

Deviator Stress(KPa)

s . L L

6 8 10 12 14
Axial Strain(%)

Figure 5.6: Comparison of Model and Test Data(a;=100KPa)
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5.2 Acoustic Experiments

Varions factors exert influences on the shear wave velocity in the soil. Among them

onfiing pressure, void ratio, amplitude of strain, degree of saturation, soil fabric,

stress strain history, and so forth. 1t has been shown that for lower shearing-strain
amplitndes, shear wave velocity is essentially independent of each of these variables
except for confining pressire and void ratio. This can be expressed in the following
form:

Vi = [(0oyc) (5.4)
in which o, is average effective confining pressure and ¢ is void ratio. The frequency

of the aroustic

ignal has only a minor effect on the measured shear wave velocity in
this study. The following table indicates small increases in velocities with increasing

signal frequency. But when the frequency is oo bigh. the measured travelling time is

not carrect.due to the Timitation of the equipment used. Therefore, the frequency of

abont 811z was used in this study.

Table 5.1:

Effect of Signal Frequency

Test DT46

5 15 20 50 80 100
201.66 | 201.01 | 200.89 | 202.24 | 205.89 | 210.96

=

In the acoustic experiments, two different. tests were conducted. One was carried

out to measure the shear wave velocity before the soil sample was vertically sheared.
The other one was carried ont. after starting shearing soil sample. To begin with, before

the shearing, acoustic measurements were taken from the sample under the confining

80



pressure. It was found that, for all kind of sands used in the t the shear wave

velocity decreases lincarly with increasing void ratio. which is shown i figure(5.7).

Figure(5.7) aiso illustrates clearly the significant effect the confining pressure has on

the shear wave velocity of sands. In detail, it is obscerved that the shear wave velocity

increases nonlinecarly with increasing confining pressure, The curve was fitted through

the test points corresponding Lo the different confining pressures. For cieh sel of tosts

sure on shear wave veloci

with different types of sands, the effect of confining p:

shown to be significant. From regression analyses. the following equation was obtained:

(Vo)o = (19.76 — 8.68¢)al*" (5.5)

where (1), is the shear wave velocity coresponding to te zero aial strain. The wave
velocity from this equation have cousistently been found to agree with those abtained

ical hars. With

in the tests. The error ranges are indicated in figure(5.7) using the v

confining pressure at 300KPa, the error range of shear wave veloeity is within 59
However, when confining pressure is lower, for instance, 50K Pa, the e ror range of shear
wave velocity could be as wide as £20%. This is hecause at low confining pressure,

the coupling between soil particles and bender elements is poor. which cinses errors

fion

in the acoustic measnrements. However, from equation(5.5), the maximnm va

of shear wave velocity with change of void ratio may still be evalnated for any sand

ling to the i and

by considering the values of velocity cor

void ratios and a given confining pressure. These valies will bracket the correct valie

for shear wave velocity for this sand in-situ subjected 1o this same value of confining

pressure.

When a vertical stress is applied to shear the sample, the aconstic characteristics
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Figure 5.7: Effect of Void Ratio and Confining Pressure on Velocity



of the soil will be different in some ways. The above equation cau not closely match
the measured values. As discussed in Chapter 2, while large axial strain occurs, soil
structure changes. for instance, due to particle reorientation. When this happening,
the shear wave velocity is no longer independent of the strain and soil structure. If
shear wave velocity is plotted versus axial strain as shown in figure(5.8). it can be found
that during the first stage of shearing, the shear wave velocity increases with incieasing
axial strain. After reaching its maximum value, the velocity varies slightly for a while
although axial strain still increases. However, when axial strain develops further, the
shear wave velocity drops slowly. The rate of decreasing in shear wave velocity depends
on the type of soil and the magnitude of confining pressure. In figure(5.8), it can also
be scen that, in every case, an increase in velocity occurs with increasing effective
pressure, but this increase depends substantially an the type of soil concerned, which

will be discussed in the following paragraphs.

80 (e g e
2 400} DTS63
E .
z2
g
S
§ a0l TS61 1
ES
g
& 250 1
\ . .
200 5 10 15

Axial Strain(%)
Figure 5.8: Effect of Axial Strain and Confining Pressure on Shear Wave Velocity
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It should be noted that the relative density of the mater’.) has a negligible influence
on the shear wave development with axial strain. If we examine the wave velocities

normali

e with (V,), shown in figure(5.9). it can be seen that they are quite close for
the Lests 'T352, 11362 and DT382, even thongh the relative densities for the three

samples are 50, 60 and 80 per cent respectively. In cach case, only a slight increase in

velocity ocenrs with incr tive density for the same type of material. However,

sing

for a different type of sand, the shear wave velocity may changes substantially. For

miple, in figire(5.9), the shear wave velocity of DT362 is much higher than that of

DT562. Both samples are of 60 per cent relative density and wnder the same confining

in the Sec-

pressire g <200K Pa, but are two different sands. According to the analysis
tion(5.1) that, under the sam confining pressure, conrser sand has higher rigidity than
finer sand does, the phenomenon shown in the fignre(5.9) is ready to be nnderstood.
en that the

Referring to the particle size distribution curves in the fignre(3.12), it i

particle size of sand#£3 is bigger than the particle size of sand#5. More specifically

in the table(3.1). we can find that for sand#3. Do=0.86mm. D;,=!

.45mm, and for

sandgEh, Dep=0.36mm, Dyp=0.21mm. Averagely. the particle diameter of sand#5 is

only the hall size of sand#3.

If we

efully observe fignre(5.9) and fignre(5.1), it is inevitable Lo take notice of

ity between the stre in relationship and the velocity-strain relationship.

For the convenience of comparison, it is helpful ta put them in the same figure as shown

in figure(5.10). Like the deviator stress, shear wave velocity increases with axial strain

during shear, Velocity reaches its maximum value approsimately when the deviator

<. The maximum values of both deviator stress and shear wave

stress no longer inere
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Figure 5.9: Effect of Relative Density and Type of Sands on Shear Wave Velocity

velocity correspond approximately to the axial strain at failure. With test DT561, the
shear wave velocity drops immediately after the failure of sample. However, with test
DT283, because of the higher confining pressure, the shear wave velocity varies slightly
even though the soil is sheared to fail. This fact indicates that the highest shear wave
speed could be an indicator of shear strength or shear failure state. This phenomenon
is not fortuitous and two mechanisms may explain the behavior of velocities during

shearing samples.

Shear wave actually is the vibration caused by shear stress and propagates through
the soil skeleton. Such a conduction of shear stress depends on the particle contact.
If the particle contact is too weak, the shear stress acting on a soil particle can not

be transmitted fully to the adjacent ones. In addition, if the number of contacts is
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Figure 5.10: Stress-Strain-Velocity Relation(DT561 and DT283)
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very small, a soil particle could slip slightly hecause of the shear stress. Inmediate

e The results are loss in ¢

transmittal of vibration ta the nearby arca is iniposs erey

and hence a drop in the propagation speed. In the initial stage of shearing, hecause

an increase of effective stress means that the grains within the mineral skeleton are

presscd more tightly together, it becomes

incre: ise slid

singly harder to ¢ 1 hetween

the grains. Also the contact points are increased hed

e of the higher ambient stress.

The shear wave velocity therefore increases. Higher confining pressures

shear wave speed.

Tlowever, when the soil is sheared close to failure, large strains and rearr:

7

of the soil structure are required to mobilize the friction. Withi

this stage, the soil

particles can rotate a little around their contact points and thus, they will not cor

tribute to resistance against further movements, Therefore, in the weak arca, a she

banding is formed. The formation of shear bands in triaxial specimens is i common

occurrence generally assumed to be

ssociated with failure of the specimen. Within

the shear band, particle contact hecomes very weak and the number of contacts al:

decrcases. The shear banding area rapidly heco

B, major

parts of the specimen. Therefore, soil can

ot resist further axial loading, Similarly

the shear stress by vibration can not cas

v transmit through the shear band heea

the soil in the shear band seems

bulfer

[action that acts

and absorbs encrgy, which causes a drop in velocity, The formation of

shear band depends on the confining pressure, Phe lower the confining pressure, the

quicker the formation of shear band. Therefore, the shear

velocity it the sample

under the lower confining pressure drops f

er than the shear wave velocity does in



the sample under the higher confining vressure. Also in figure(5.10), we can also see

that the: relative de;

sity has the similar effects on shear wave velocity development,

with axial strain.

5.3 Correlation of Strength and Wave Velocity

From the above results and descriptions we can see that shear wave velocity-axial

strain relationship follows the same mechanisin controlling stress-strain behavior of

sands. Although shear strength is a large delormation property and shear wave is a

cally correlated, Actually, shear wave is

small deformation excitation, they are intrir
the manifestation of shear stress transmitting. On the other hand, the foregoing exper-
imental results macrascapically indicate that not only does the maximum shear wave

velocity coincide with the peak of the stress-strain curve hut also the entire velocity-

nilar to the siress

- takes the shape s strain curve. These extraordinary

similarities reveal the po ity of using equation(5.2) to correlate strength, strain

and shear wave velocity into an integral from which the strength characteristics of

a suil conld be predicted by measuring acoustic propertics, for example, shear w

velocities in this research.

as a function of (ria

The variations of veloci al stress are closely dependent on

three parameteis: the ratio of the principle stresses. the axial strain developed during

shearing, and the direction of application of the stress in relation to the propagation

direction of the waves analyzed, Synthesizing preceding experimental results and analy-

ses, the following equation is introduced to model shear wave velocity-stress ratio-strain




relationship:

= o, 4
[CAN 14 a() + ds)&F o=y

in which (1%), is the shear wave velocity corresponding to zero axial strain. (13), can

be obtained from divect measurement or calenlated from equation(5.5). Afl parameters

are the same as used in equation(5.2) except that o is a new parameter introdueed. o

can be obtained from regression analyses. It varies hetween 0.

b and 0.090.

As a comparison. the measured data in fignre(5.10) are plofted agai

in fignre(5.11).

Numerical data are also presented in the figure. 1t can he seen that the proposed uode]

can fit very well the measured data. Because (V) corresponds s the

at failure and the peak strength of the sample, if (V)may and € are substituted into

equation(5.6), the maximum stress ratio can be calenlated from aconstiv measurenents,

Other experimental results are included in the Appendix B. Some diserepaneies o in

the tests wnder low confining pressures. Howeve

when the confining pressre is higher.

the measured data are close to the model carve, Those figm; d tables ind

ate goud

agreement between the measured strength and the calenlated strength from model.
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Figure 5.11: Comparison of Model and Test Data(DT561 and DT283)
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Chapter 6
Summary and Conclusions

No honest business man .1m| o s |( n\]x‘i'liug.
put forth a new schen
it is sustained by at lr:N r.‘.rly a(ll‘qual(' o

fentist can be expected 1o
“working proposition” unless

caphil11:8]

In order Lo overcome the shortcomings in the conventional correlation teclniques, a

combined laboratory acoustic-triaxial machine was modified 1o me:

sive shear strengtl

and shear wave velucity

at the same time. The piczoclectric ceramic benders were nsed

as shear wave transmitte: and re

er. The wave propagation time determined

by both oscilloscope and Hilbert transform. Forty tests were condneted nnder vari ms

conditions of sail type, relative de

ity. confining pressure and aconstic signal fiequency.

Based on the strength experimental results, an unified stres:

rain model was pro
posed to predict soil behavior under loading condition. 1t can be seen that. the populae

hyperbolic model is a special case of the new mod

Thes proposed cquation requires

five parameters. However, it is fonnd in this study that three of 1 ers do

ki

not. change with diffe

t conditions. The other two parameters depend on the con-
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fining pressure, soil type, relative density. The stress strain cnrves predicted from the

model show pood agreement with those obtained from the experimental data.

Before the sample is sheared, the measured shear wave velocity is found varying

with void ratio and confining pressure. An empirical equation was developed. This

equation predicts linear decrease in wave velocity with void ratio and nonlinear increase

with confining pressure. Velocities vary rather slightly with acoustic signal frequency.

Althongh the shear stiength is a large deformation property of a soil and acoustic

measurement is from a small deformation excitation, they are connected in the sens

of microbehavior.  The same mechanism controls both of them. It is observed in

this study that the stress strain curve is guite similar to that of shear wave velocity

rain. In the first stage of shearing, the shear wave velocity increases with

increasing axial strain. The shear wave velocity reaches its peak value almost at the

same moment as the de

iator stiess does. The enrrent test results provide a wealth of

information on the correlations hetween strength and - hear wave velocity. Therefore.

the proposed constitntive equation was further modified and introduced to reconcile

id theory. Comparisons hetween the estimated strength values

and these obtained in the tests render compelling evidence that shear streneth can be

obtained from the proposed models,

However, the results from this laboratory research can not

vet be directly employed

to the in-situ application. Especially, it remains to understand the factors influenc-

ing parameters required by the new models. Further rescarch must be pursued both
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in the laboratory and in-situ. The effect of changing shear rate was not studied in

this program. In addition. a wide range of soil types. relative densities and confining

pressures should he used to validate and improve the proposed model. The combined

tic-triaxial-rese column test is
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Appendix A

Test Procedures and Calibration of
Transducers
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A.1 Test Procedures

The complete acoustic triaxial device assembly is shown in the figure on the follow-

ing page. ILis important for the user to be familiar with all connections and working

les. Detailed test procedures are described as follows.
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1. Check the cap to make sure the bender element in good condition as shown in

the following picture.




2. Check the pedestal to make sure the bender element in good condition as shown

in the following picture.
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3. Mount sample mold and membrane. Apply vacuum between the membrane and
the mold. Fill the mold with premeasured sand. Use air pluviation method to achieve
required relative density. Tapping the side of the mold and hand-compaction with a
small rod may be used. Make sure the sample is as uniform as possible and the bender

element not damaged.
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4. Mount cap carefully not to damage the bender element. Remove the vacuum

between membrane and the mold.




5. Apply certain vacuum within the sample and then remove the mold.

w
~
w
w
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6. Place the inner cylinder and connect all tubes and electrical wires.

11



7. Place the outer cylinder. Put on a metal grid guard around the outer cylinder.
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8. Mount the triaxial cell top and the load cell. Fill water into the inner cylinder.
If the sample is dry soil, it is not necessary to fill water. Connect triaxial cell with
control panel. Apply certain confining pressure in the cell. Remove the vacuum in the

sample.
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9. Connect all transducers to the proper electrical equipment and data acquisition

board in the computer.
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10. Check the whole system to make sure everything in good condition. Apply

fining pressure to the required value.
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11. Set the axial strain rate to the required value. Check the computer program
to make sure each channel works. Start the motor to shear the sample. Start the

computer to acquire data.
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A.2 Transducer Calibration

17



Load Applied(ib)

Pressure Applied(KPa)
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‘| Vertical Loadcell Calibration(May 28, 1992)
~=0.1004x 1b/mv
4001 yy;ouatssx kg/mv 1
300+ & |
2001 b
100 T
0 L . L L
0 1000 2000 3000 4000 5000
Output of Loadcell(mv)
400 T T T T
Pore Pressure Transducer
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Displacement(mm)

Pressure Applied(KPa)
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Appendix B

Experimental Results
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B.1 Strength Tests

There are two ways to find the value of internal friction angle: (1) construct Mohr
circles and draw the Mohr envelope; or (2) plot values of py and gy draw the K -line,

and then compute the angle. Both methods are used in the following manipulations

of triaxial test data. For the convenience of later comparison, cach test in a series is
plotted separately. The true internal friction angle should take the average value in

the same series.
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B.2 Acoustic Data Samples
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B.2.2 measurements by Hilbert transform
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B.3 Stress-strain-shear wave velocity Data
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