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CHAPTER |

Introduction

1.1 Introduction

The occurrence of strain localization in soils is one of the significant matters
in geotechnical engineering problems. This phenomenon leads to an instability within
the soil mass. When the strain localization or zone of shear bands occurs, the
discontinuity within soil mass will present.and result in the change in the physical
properties of soil, e.g. the low density oftsoil-particles.and relatively high strain within
the zone of shear band. Furthermore, the load carrying capacity of soil is slightly
decreased after failure because of this emergence of shear band zones. Although strain
localization has been™ ohserved: for a long time both by theoretical studies and
laboratory experimenis, it is only ddring the last 20 —40 years that many scholars
have conducted the in-situ and Iaboratory tests as well as the numerical studies to
investigate strain localization in solls, esp_e'giiéily In sand. Those studies started from
the seventies by Roscoe (1970); Arthur et_';;":l'i;",(1977) and Vardoulakis et al. (1978).
These investigates had provided valuable "dé_ta}ils and innovate concepts concerning
shear band characteristics In sand. Latér, various. -theoretical, numerical and
experimental studies®have been continuously carried out. The results of these
systematic studies reveal that the principal characteristics of strain localization, i.e.
thickness and orientation af*shear bands, and. the strain level at which a shear band
forms, depend primarily of a number ‘oftfactars.including fthe initial state of the
material (mean effective stress and void ratio), grain particle characteristic (grain size,
uniformity, contact,surface, ete.) and size and slenderness of the specimen. Moreover,
among the experimental studies of these past works, e.g. Lee (1970) and Peter et al.
(1988), they indicated that strain localization can be visually observed through shear
bands under plane strain than under conventional triaxial compression. Hence, it can
also be noted that shear band formation is highly dependent on loading condition or

boundary condition.
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To obviously explore strain localization characteristics, additionally from
plane strain and conventional triaxial test devices, complicated instrumentation
techniques have been used, for example, Gamma-rays, Stereophotogrammetry, X-ray
Computed Tomography, Digital Image Analysis (DIA) and Digital Image Correlation
(DIC). These techniques can used to explore the strain field pattern inside the
specimen during the entire test. This capacity of the modern apparatuses, as a result,
can characterized the crucial features of strain localization, i.e. the pattern of shear

band formation, time and evolution of strain localization.

Roesler (1979) reported that the shear.wave velocity (V) of sand depends on
the stresses in the direction.ef-wave propagation. and particle motion, and that the
velocity is independent of thesstress narmal to the plane of shear. Many studies on
shear wave velocity and determination of small strain shear modulus of soils from
various researchers, e.g.#Stokoeg et al. (19535) and Bellotti et al. (1996), also confirm
Roesler’s finding. In addition to the confining stresses, the shear wave velocity also
depends on the void ratio./\oid ratio functions are proposed to express the effect of
void ratio dependence on shear..wave velecity and shear modulus (Hardin and
Drnevich, 1972 and lwasaki "€t al. (197;8).‘"""'|\/I0re0ver, stress history, degree of
saturation, grain characteristics,; frequency,"é\g‘lng effects and soil structure also affect
shear wave velocity (Richart-et-al; 1970). A few studies in the past also indicated a
sudden drop (deviation from the general accepted elastic shear modulus path) of the
elastic shear modulus before and after the failure of clayey soils (Teachavorasinskun
and Akkarakuny 2004 and Teachavarasinskun and Amornwithayalax, 2002). However,
these phenomena, though clearly observed in the laboratory tests and theoretically
confirmedthy the theoryof elastic wave ‘propagation;havemnot-heen [investigated in

details.

As mentioned above, from the literature of strain localization and shear wave
propagation in soil, we may imply that the strain localization and shear wave velocity
(V) of soils primarily influence by the same dominant parameters; e.g. void ratio,
confining pressure and grain characteristics. A brief introduction to this study is that

the propagation of shear wave through the body of localized sandy sample will be
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adopted to characterize the mechanism of shear band formation using the laboratory
tests; i.e. conventional triaxial test. The main assumptions of this method are that;

1) There must exist clear shear bands (rupture surfaces) after peak stress level
and the thickness of shear bands is uniform,

2) The densities of the intact and localized zones should be distinctly different
and

3) Since the velocity of shear wave is dependent on both void ratio and stress
state, it is therefore necessary to carry out a detailed investigation on the stress state

and void ratio dependency characteristics of shear wave velocity.

1.2 Objective of the Study

1) To observe thesshear wave propagation inside the sandy soil under isotropic
consolidation and triaxial‘Compression test"

2) To investigate sthe /mechanism and the evolution of strain localization of
sandy soil sample under triaxial compression test using shear wave propagation

technique and Digital Image Analysis (DIA) .

A4

1.3 Scope of the Study

To clarify the-problems; a titerature study will be-conducted including several
topics. These topics consist of;

1) The ideas of strain localization and shear band of granular materials

2) The'factors affecting strain localization and shear band

3) The shear wave propagation technique for geotechnical applications

4) The factors affecting shear wave propagation inside granular materials

5) The bender element testing within triaxial apparatus

After the systematic review, the experimental study to examine the correlation
between shear wave velocity, void ratio and stress state of sandy soil sample by the
modified triaxial apparatus will be performed. The correlation between shear wave
velocity, void ratio and stress state should be established and the identification as well

as the evolution of strain localization within the soil mass should also be evaluated.



CHAPTER II

Literature Review

The present localization theory is established and developed from the Mohr’s
strength theory published in the year 1900. This original theory of stress analysis has
given a fundamental and crucial knowledge to various disciplines of engineers
particularly in civil engineering. Mohr’s theory describes the stress at a point by using
the graphical illustration of circle. The drawing.of this stress circle provide a clear
understanding of stress eonditions at failure. To-explain the stress failure criterion,
Mohr used the example of«cast iron which was tested to failure in compression
(0c), in tension (o) and ia‘pure shear (7..). He then drew the linear lines contacting
the compression and tension circles. These lines are extensively called “Failure

envelopes” as illustrates indFigure 2.1.

Figure 2.1 Mohr’s stress circles and strength envelopes for cast iron (Parry, 1995)

Previously in 1773, Coulomb proposed various topics relating the strength
properties of materials, i.e beams, earth pressure and shear strength of soils. A well-

known equation concerning a shear resistance of soils was presented,;

Tf = ¢+ optang (2.1)
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where 7/ is the shear strength per unit area; c is the soil cohesion; o, is the normal

stress on the shear plane and ¢ is the shear resistance angle.

Although there are some differences of idea between Mohr and Coulomb
failure criterion, however, the important conclusion is identical. Namely, both of
original theories implied that the shear resistance of the materials will depend on its
state of stress. This stress-dependent criterion is widely known as the “Mohr —
Coulomb failure criterion”. The stress analysis by the use of Mohr stress circle and
the Mohr — Coulomb failure criterion can reveal an explicit view of stress conditions

at failure in geotechnical engineering.

In the classical paperof Mohr in 1900, he finally summarized his findings by
pointing to the following™ general’ property of localized deformation: “ ... The
deformations observed in.@ homogeneous body after the elasticity limit [is reached]
are not confined in the"smallest domains of the bady. They consist more or less in the
fact that parts of the bady of finite dimensions, displace with respect to each other on
two sets of slip bands ... "(Vardoulakis and __S'u-'l-em, 1995).

2.1 Strain Localization in Granular Soils =

In granular materials, when the applied load is high enough, the occurrence of
strain localization will-present. The inter-particle slip“‘and rotation between particle
surfaces will be.generated Which, turn to.strong dilatancy as, well as high deformations
of the material inside the localized-zone. Because of the ‘stability and deformation of
the soil mass will be primarily influenced by the“development of-strain localization,
therefore a'research ‘onstrain localization problenmin'soils-has been ‘carried out in the
field of geotechnical engineering for many years ago by theoretical, numerical as well
as experimental works. As mentioned above, the basic concept of strain localization in
sand has been evolved from a theoretical approach, i.e. Mohr - Coulomb criteria, then
following by a numerical approach. In addition to the main developments of soil
modeling in strain localization by theoretical and numerical approaches, various kinds

of experimental studies have been attempted to clarify the crucial behaviors of strain
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localization. These investigations have provided physical features, i.e. shear band
orientation and thickness, as well as localization initiation time and evolution to the
geotechnical engineers. Those research results also evidenced some influences of
parameters affecting the nature of strain localization in sand, for example, an initial
stress state, initial packing condition, grain characteristics of soil particle, specimen
geometry and property of microstructure. The literature reviews of these

investigations are as follows:

2.1.1 Theoretical and numerical approach

The theory of strain locaklization is an eriginal work of Mohr to analyze strain
localization in materials..it"Wwas applied to investigate the orientation of shear bands,
i.e. inclination angle of shearband zone, within various types of materials, including
elasto-plastic soils and rocks. A numberr'-;of theories by many scholars have been
proposed to make clear ginderstanding about strain localization phenomena. Those
theories can be liberalized as follows:

2.1.1.1 Theory of shear band inclination

Currently, There are two well-known theories in soil mechanics that
can explain the physical property of strain localization, €.g. inclination of shear band.

Those are Mohr - Coulomb theory and Roscoe theory.
e Mohr - Coulomb Theary.

The Mohr - Coulomb theory, whi¢h is merely based on engineering
static, can explicitly describe theorientation of the shear.band in tefms of inclination
angle. This inclination angle of the shear band primarily depends on the mobilized
frictional angle between grain particles. The Mohr - Coulomb theory states that the
shear band plane of strain localization will parallel to the surface which passes
through the failure stresses (o, 7.) on the Mohr - Coulomb failure envelope. The

calculation of this classical theory can be displayed as in equation 2.2



(2.2)

0. =

N
o |-

where 6. is the angle between the major principal stress direction and shear band, ¢ is
the value of the mobilized friction angle at failure. By definition, the mobilized

friction angle, ¢, is calculated from the major and minor principle stress, o1 and o3

sing = (2.3)

Figure 2.2 shows the inclination angle (6.) between the idealized plane
of shear band and the plane.ef major principal stress. In should be noted that this

concept excludes some parameiers aifecting strain localization mechanisms.
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Figure 2.2 Mohr'= Coulomb solution‘to'shear-orientation
* Roscoe Theory

Roscoe (1970), unlike Mohr’s theory, proposed the strain circle on
failure. He related the inclination angle of shear band with the angle of dilatancy as

well as the major and minor principal strain increments. The expressions of these
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correlations as well as the graphical explanation of Roscoe’s finding can be displayed

in equations 2.4, 2.5 and Fig. 2.3, respectively.

(2.4)

Or =

I
no |-

where 0z is the inclination angle between the idealized shear band plane and the

n, de1, and v is the angle of dilatancy at
p/ btained from the major and minor

major principal strain increment direc

failure. By definition, the dila

principal strain increment

(2.5)

Figure 2.3 Roscoe solution to shear band orientation



e Arthur findings

Arthur et al. (1977) proposed the empirical equation concerning both
parameters mentioned by Mohr and Roscoe, i.e. frictional angle and angle of
dilatancy to comprehensibly explain the angle of inclination of shear band. His

expression is as follows;
o =Tal ¥ (2.6)

where 64 is the inclination angle of the shear bands which include the effects of
friction angle and angle“of diatancy. This equation was verified by theoretical and

experimental study by Vermeer(1982) and Alshibli (1995), respectively.

Bardet (1990) compared egﬁerimental results of shear band inclination
angle of various researchers, i.e, Arthur et.al: (1977), Vardoulakis (1980) and Desrues
et al. (1985), with the theoretical calculatid_n of Mohr - Coulomb and Roscoe theory.
He inferred that Mohr - /Coulomb estimation underestimates the shear band
orientation and this orientation-toes not varym function of ¢ as stipulated by the
Roscoe theory. In contrast to the Mohr - Coulomb theory, Arthur’s equation
overestimates the shearband inclination angle: The use of the local dilatancy, 1,
established by Desrues et al. (1985) by using stereophotogrammetric technique,
instead of the global dilatancy, 1, slightly improves the prediction of shear band
inclination angle. Finally he concluded that the theory of Arthur et al. (1977) and
Mohr - Coulomb give an upper and lower bound value, respectively, for the shear
band inclination jangles whichare more accurate than the-prediction from the Roscoe
theory. However, neither Mohr - Coulomb nor Arthur’s equation accounts for the
orientation of shear bands in all circumstances. It is therefore necessary to utilize a
modern theory of strain localization to describe the emergence, orientation and

mechanism of strain localization.
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2.1.1.2 Theory of strain localization
» Theory of bifurcation

The theory of bifurcation has been established for more than 40 years
ago in order to investigate the discontinuity inside the material body to study the
behavior of strain localization in the post-bifurcation circumstance. The main idea of
bifurcation theory is that the deformation inside the material will progress from a
continuous mode to both continuous and discontinuous modes. When the localization
initiates to present inside the mass body, the‘material will be divided into three main
parts; the localization zone.and two of intact zones..Fhe mathematical concept of this
bifurcation theory can properly describe the discontinuity inside the continuum. The
unambiguous detail of these'studies can be found in Vardoulakis (1979, 1983), Sulem
and Vardoulakis (1990), and Vardoulakis and Sulem (1995). The bifurcation theory
can be applied to the frictional’and cohesive materials. It.can be employed to simulate
various modes of failurg; 1.e: necking, buIQ_ing, splitting and shear banding, inside the
material. However, the failure mode. of the_oﬂ'ry"'-is yet influenced by many factors such
as the loading conditions, boundary conditi_(‘),ﬁ‘ri-s"@s well as the constitutive model. As a
result, a careful attention shouid be paid nt_d__a}vv_oid an undesired outcome from the
analysis. It is also crucial to noted that tHis theory of .bifurcation contains three
important limitations:#1) it can only simulate the emergenee of strain localization but
cannot analyze its progression and development, 2) There is no warranty that during
the analysis the strain localization will be manifested or not and 3) the determination
of shear band'thickness'is ot possible’ bécause of some limitations, i.e. no length

scale, of continuum mechanic concepts.

» Cosserat continuum or Micropolar continumm

According to an ordinary continuum theory, the materials are ideally
assumed as the continuum media. This assumption requires only translation degree of
freedom of the particles. Therefore, this hypothesis is solely valid when the material
response does not exhibit any discontinuity inside the body. It is widely recognized,

however, that a non-homogeneous deformation inside the body will present after
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reaching a peak state of stress. This discontinuity will take to an intense deformation
within a finite zone of localization. Very high strain gradient variation followed by
grain rotation, sliding and dilation will be observed within this zone. Due to the
lacking ability of a conventional continuum and the complexity of strain localization,
the Cosserat or Micropolar continuum can transcend those limitations by
incorporating the rotational degree of freedom together with couple stresses in the
analysis. The Cosserat theory can perfectly describe the grain rotation in addition to
grain translation for the study of strain localization. Since the grain particles will
rotate and translate when subjected to a subsianial amount of pressure, for an analysis
in the Cosserat continuum Of a single grain, spx degrees of freedom will be analyzed.
The widely known studies of strain localization by using Cosserat continuum
approach can be found ia"Kanatani (1979), Muhlhaus and Vardoulakis (1987),
Vardoulakis and Sulem(1995).and Oda and lwashita (1999).

 Strain gradient theory

Due to lack of some capacities of the conventional continuum
mechanics to explain a complete behavior of Strain localization, various researchers
have proposed many new calcutation techniques. One of these new approaches is the
strain gradient theory.-Fhe-advantages-of this-method-are for example the capability to
solve the mesh dependency in numerical simulation and the micro-scale of size
effects. Aifantis (1984, 1987), Zbib and Aifantis (1988) included the length scale
coefficient in their gradient plasticity model ‘with shear bant-width to interpret size
effects in metals. Vardoulakis and Aifantis (1989) used the second-order gradient
theory«in studying thetheterogeneousideformation in‘the granular imedia. They had
also modified a flow theory to incorporate high-order gradients and investigate the
liquefaction problem in granular materials. During 1991, Vardoulakis and Aifantis had
extended their works in 1989 to integrate the second-order gradients into the flow rule
and the yield function, they were able to calculate the shear band thickness. Oka et al.
(2001) used gradient dependent viscoplastic constitutive models to study the
localizations in saturated soils. They had used the second-order strain gradient in the

hardening function and found that strain localization is highly dependent on the strain
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gradient. It may be implied that the results of strain localization simulation will be
more accurate if strain gradient theory is combined with Micropolar theory in the

analysis.

2.1.2 Experimental approach

Experimental studies of strain localization in granular materials have been
performed by a series of researchers: Vardoulakis and co-workers (Vardoulakis et al.,
1978; Vardoulakis and Graf, 1985; Han and Vardoulakis, 1991), Tatsuoka and co-
workers e.g. (Tatsuoka et al., 1986; Tatsuoka ei-al., 1990), Arthur (Arthur et al., 1977;
Arthur and Dunstan, 1982), Eiang and co-workers (Finno et al., 1996; Finno et al.,
1997), Desrues and co-werkegs (Desrues et al., 1985; Desrues, 1990; Desrues et al.,
1996; Mokni and Destues, 4999; Desrues and Viggiani, 2004). These researchers
experimentally clarify .many Mhelpful ariéwers relating to strain localization in

geomaterials. The conclusions among them are as follows:

+ Strain localization inside the geome}'té"rials, I.e. sand, can be observed in the
conventional and madern laborator);',iésxs for example triaxial test, plane strain

test, direct shear test and holiow cyIjnd_ric;aI test

» The complex igcatization patterns might be the result of size and slenderness
ratio of the specimens as well as loading conditions. In a short specimen, when
test in a compression triaxial device, the complex pattern of shear band zones
might be emerged due to the effect of baundary condition. However, those

intricate’shear bands will be vanished in a long specimen.

o At peak stress In stress=strain curve, many researchers, usingvarious detection
techniques, reported full establishment of strain localization or shear band
zones. Plane strain experiments on sand performed by Desrues et al. 2004,
using stereophotogrammetry to detect graphically the onset of strain
localization, showed that the initiation time of strain localization is always

observed at or before the peak stress-strain curve.
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Besides the conventional tests in geotechnical engineering, i.e. plane strain
and triaxial tests, various experimental techniques have been performed to help in
studying the emergence and evolution of strain localization. Those techniques can
quantify shear band volumetric, capture density variations quantitatively within shear
band, measure physical characteristics, i.e. inclination angle and thickness, within
shear band. The complete review of those testing methods are detailed in the

following sections.

2.1.2.1 Plane strain test

Plane strain _test-or biaxial test is_an ordinary test in geotechnical
engineering to simulate_the 1n-situ cases of soil behavior, i.e. strip footing and slope
stability analysis. Several researchers, e.g. Lee (1970), Arthur et al. (1977),
Vardoulakis (1977 and 1980), Vardoulakis'-;et al. (1978), Peters et al. (1988), Finno et
al. (1997), Desrues (1998) and Alshibli et al. (2003), have conducted the plane strain
tests in many types of testing conditions to.observe the localized deformation inside
the soil sample. The higher peak valte of stress followed by strain softening of stress-
strain relation has been documented for sand of';Various packing conditions. The stress
value also increases as the confining pressurﬂe'“increases. Moreover, the difference in a
mode of failure between-plane-sirain-compression-iest-and triaxial compression test
can be evidently observed. The failure pattern of specinien in plane strain test is really
uniform and distinct whereas in triaxial compression test the complex pattern of shear
band can be detected. ‘However, a'unique‘and uniform width-of shear band might be
perceived in adong height of specimen under triaxial test. The emergence time of
strain docalizationis , alse jinfluenced: by: the“conditionoof “leading: [INamely, strain

localization under plane strain test occurs faster than that of triaxial test.

The experiment works of Vardoulakis (1977 and 1980) and
Vardoulakis et al. (1978) at Karlsruhe University can show clearly an idea of plane
strain compression test. In the apparatus shown in Fig. 2.4, wherein a sample 4x8x14
cm? was wrapped into a rubber mould of 0.3 mm thickness. A so-called Karlsruhe dry

sand was used. The index properties of sand were: mean grain diameter dso = 0.45 -
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0.50 mm, grain size among 0.08 mm and 1.8 mm, uniformity coefficient U = 2,
maximum specific weight 47 = 17.4 kN/m3, minimum void ratio e, = 0.53,
minimum specific weight v, =14.6 kN/m3 and maximum void ratio en. = 0.84.
Two side plates used for the condition of plane strain; they carried polished stainless
steel plate and a silicone grease to prevent boundary friction. The base and top plates
were also polished and lubricated and carried 10 mm diameter porous stone to keep
the sample in the center position. The base plate was placed on a movable roller
bearing. In some tests, Fig. 2.4, the specimen did not include any artificial
imperfection. In some other tests, Fig. 2.5, a small.artificial initial imperfection (side
notch or loose sand inclusion) was included. The-test results showed that an internal
shear zone was formed at the“peak of| the stress-strain curve. The thickness of the
shear zone was about 3-5.mmy L€, (10 - 15) x dso, and the inclination angle of the
shear zone was approximately52 +67°. This inclination angle was in accordance with
the formula by Arthuret ali (1977). The shear zones were less steep in initially looser
samples than in dense samples. The shapé of the shear zone was influenced by the
type of the imperfection (shear zones with a;,q'natch were slightly curved). Looser sands
were more sensitive than'dense..ones. 'I:t:iéy.;maximum angle of internal friction

decreased almost linearly with increasing void ratio.

(@) (b)

Fig. 2.4 Plane strain compression apparatus: (a) System 1) top plate, 2) base plate,

3) side plates and 4) roller bearing, and (b) Photograph
(Vardoulakis, 1977)
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@ (b)

Fig. 2.5 Formation of shear.zone.in dense specimen (a) without initial (b) with initial
imperfection in the form ofdoese sand inclusion on the basis of X-rays radiographs
(Mardoulakis, 1977)

Other wellskngwn plane straih compression tests to study localization
in sands are perform Dy Despues (1985) :'a_nd,. later modified by Hammad (1991) at
Grenoble University. The Schematic diagram.of a plane strain apparatus can be shown
in Fig. 2.6. The results of thew waorks sho@éé” that various patterns of shear zones
were observed including even parallel aﬁd'-écrossing shear zones depending on
boundary conditions and-sienderness-of-the-specimen:—Fhe onset of shear localization
took place slightly before the peak of the stress ratio. The inclination angle of shear
zone decreased with increasing pressure. The shear zone thickness decreased as the
confining stress;and initial’density ‘increased. The reductionjofthe specimen size or its
slenderness delayed the onset of strain localization. For higher slenderness ratio, other
bifurcationimodesy 2, g.cbucklingswere mare likelyyteroceur. The:shear|zone thickness
increased with increasing particle size and its inclination angle was not affected by the
mean grain size and non-uniformity of sand grading. The inclusion of material
imperfection dictated the location of the shear zone and acted as a trigger for the onset

of shear localization.
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@)

(b) (c)

Fig. 2.6 Schematic diagram of a plane strain apparatus at the University of Grenoble:
(a) specimen geometry, () piane strain device and specimen,
(c)ypressurescell and loading device
(Besrues and Viggiani, 2004)

2.1.2.2 Triaxial test 22l

Two types of conventional triaxial test,/i.e. triaxial extension and
triaxial compression.test, have been performed continuously since 1970 to investigate
the behavior of strain localization within soil samples in laboratory. Roscoe et al.
(1963) demonstrated that.the conventional.triaxial extension test has substantially
more problems associated with strain localization than the, triaxial compression test.
Yamamuro and Lade (1995) investigated the behavior of granularmaterials in triaxial
extension test both, drained and undrained test of .cylindrical specimens to study the
influence of plastic strain localization in granular materials. They found that the
failure was rapidly occurred in all conventional extension tests and the strain
localization appeared to begin very early during the shearing process. They also
concluded that the conventional extension test is inherently unstable and exhibits the
high scattered testing results. The axisymmetric conventional triaxial compression
test, CTC, is the most common experiment used by geotechnical engineers to observe

the strength and deformation responses of soils. However, in the CTC experiments
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localization patterns are more difficult to detect and describe. In CTC, there are two
modes of failure that can be occurred, localized shear plane mode or bulging diffuse
mode, depending on the density and geometry of the specimen and the confining
pressure. Alshibli et al. (2003) indicated that the confining pressure and specimen
packing condition have a profound influence on the behavior of CTC specimens.
Specimens show a very high-peak friction angle followed by severe softening for
specimens tested under very low-confining pressures and the amount of softening
decreases as the confining pressure increases. All CTC specimens show nearly the

same residual stress regardless of the confining pressure value.

Desrues et al..(1996) performed. the axisymmetric CTC tests. The
diameter of the sand speeimenwas 100 mm and the height was 100 or 200 mm. A
special anti-friction sysiem was used. The shear zones were detected using X-ray
tomography. The tests were carried out qh-;dense and loose sand with lubricated and
non-lubricated specimens: In initially dense specimens, localization of deformation
was observed to depend greatly on:test conditions. In a dense specimen with non-
lubricated ends, the slightly curved shear zone was created (Fig. 2.7). When the
specimen was short, the localized deformafioﬁ';i/vas initiated with a single rigid cone
attached only to one of the platens but the Ot’h'er-platen did not generate any cone (Fig.

2.8).

(@) (b)

Fig. 2.7 (a) Evolution of the stress ratio and void ratio (b) formation of a shear zone during
the experiment with a high dense specimen and non-lubricated ends
(Desrues et al., 1996)
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(@) : (b)

Fig. 2.8 (a) Evolution.of the stress ratio-and void ratio (b) formation of shear zones
during the experiment with a low\dense specimen and lubricated ends

(Desrues ét al., 1996)

i

2.1.2.3 X-ray imaging techni_ltjl]celjs,_.

The visual investigations of strain localization mechanisms have been
carried out over theryears-—Fhese-technigues-are-for-example X-ray radiography,
Computerized Tomography and Digital Image Analysis (DIA). Roscoe (1970)
performed experimental studies on plane strain models of different geotechnical
structures such, as retaining ‘walls.. He Used 'an X-:ray-technique to measure the
displacement of small lead shot distributed in the sand mass. He could observe the
dark bandsien the radiegraphs; then istated:that, “this@ark band represents the rupture
surface in which the sand has dilated to the critical state”. The same observation was
made using the same X-ray technique by other researchers in triaxial test, plane strain
biaxial test, simple shear apparatus, and directional shear cell. Though, these X-ray
measurements have given most valuable qualitative information on localization
patterns in sand specimens, but they generally contain three limitations: the lack of

quantitative data on the observed density changes, the limitation to plane strain
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experiments, and the lack of providing the 3-D radiograph or images. Fig. 2.9 shows

the result of the X-ray photography acquired from plane strain test.

Fig. 2.9 X-ray photography-used on-plane strain models-aliowed Roscoe and his collaborators
to show the large dilataney taking place in shear zones in the modeling of retaining wall
(Roscoe et al., 1970)

2.1.2.4 Stereophotogrammétric method

Stereophot@grammetry, firsfly ‘applied to soil mechanics experiments
by Butterfield et al. (1970), provides thé',?mqasurement of local volumetric strain
increment in sand. This method had been fqrtﬁér developed and extensively used by
many scholars, i.e. Vardoulakis (1979, 198"0):~ir'i-KarIsruhe and Desrues et al. (1985).
Desrues and Viggiani (2004) explained in their paper that the advantage of this
technique was an ability to capture non-hemogeneous strain throughout the test. The
method of “False Relief’ Stereophotogrammetry” (FRS) is based on the analysis of
photographs taken from a.fixed viewpoint at different times during the loading
process. An essential feature of FRSris that the deformation can be directly perceived
as a fictitious relief by using the well-known stereoscopic effect on successive pairs of
photographs. In the application of FRS to observe strain localization of sand, the
difference of deformation between successive images will be calculated and recorded.
When these two photographs are viewed in stereo, displaced regions appear elevated,
with the elevation proportional to the magnitude of displacement. In the presence of a
shear band, the deforming specimen appears as two planes of different elevation
connected by a slope. For a given pair of photographs and thus a given increment of

the global axial strain, the shear band can be therefore completely characterized, in
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terms of both width and orientation. These systematic analysis of successive
photographs of the deformed specimen allowed for observing the evolution of
localized deformations throughout the test. The use of stereophotogrammetry as a
quantitative tool can use to present the evolution of localized deformation in terms of
incremental strain fields. Fig. 2.10 shows the stereophotogrammetry-based
incremental fields of shear strain intensity and volumetric strain. Although digital
image correlation software nowadays becomes a competitive method to study strain
localization. This numerical image correlation is easier to use and requires less efforts
in the analysis. However stereophotogrammetiy has some benefits especially when

strong discontinuities present in the body.

Fig. 2.10 Stereophotogrammetry-based incremental fields of shear ‘strain intensity (top row)

and volumetric strain (battom row)
(Desrues, 1985)

2.1.2.5 Gammametry techniques

Gammametry technique is used for local density measurements. This
conventional technique has been used by several authors for many years. In the
studies of strain localization, this technique was used in Grenoble by Desrues (1984),

and Desrues et al. (1985) to perform quantitative measurements of mass density
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changes in the localized shear zones of sand specimens subjected to plane strain

loading (Fig. 2.11).

Fig. 2.11 Gamma-ray device used to meastrethe local density in shear bands

in plane strain specimens.(Desrues, 1984)

The studies by DeSrues was performed on both plane strain and true
triaxial tests. In both cases, the specimens was loaded to failure then unloaded and
kept to a constant volume by applying a vacuum pressure to the specimen. This
temporarily hardenedsample was then trgnsferred to a Gamma-ray device in order to
measure the density profile W|th|n the shear band zone. The intensity of the attenuated
beam was measured by a detector In both gases significant dilation can be captured
in the shear band zones. Fig. 2.12= and 213 é_h},ow the density profile across a shear

band and density profile before and afteﬁ_lgading in plane strain test of dense

specimen with low gepfining pressure, respectively.

Fig. 2.12 Density profile across a shear band in plane strain test of dense specimen with low

confining pressure recorded by Gamma-ray absorption (Desrues, 1984)
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Fig. 2.14 (a) Experimental device: specimen, triaxial cell, scanner field measurement

and reaction frame (b) the technique of CT scan (Desrues et al., 1996)
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The uses of CT technique to study the strain localization in
geotechnical engineering can be found in the literature. Raynaud et al. (1989) and
Vinegard et al. (1991) had published their works of axisymmetric triaxial tests and
showed that CT technique could describe some important characteristics of strain
localization, i.e. density variations, inside rock specimens. Hicher et al. (1994) used
CT to study strain localization in clay specimens. Their studies showed the density
alteration inside the localized zone. Namely, the density in the shear band zone was
increased relating to the rest of the specimen. However, in undrained tests, no density
change could be observed within the shear“band zone, though direct visualization
confirmed the emergence Of strain localization in these tests. For the granular
materials, CT technique™is extensively used to acquire a series of images of shear
band as well as the evoluion. of strain localization from both of plane strain and
triaxial compression test by Desrues (1984), Desrues et al. (1996), Alshibli et al.
(2000 and 2003), and Batiste et al. (2004). Their results reveal that the inception and
the development of theflocalization in sand specimens could be well detected and
described, both qualitatively and quantitatiyéiy. Fig. 2.15 shows the images of CT
scan technique of two orthegonat axial se'éfibqs and two cross sections taken at one
third and two thirds of the specimiefns heigh_t '_l“Jr{der conventional triaxial compression

experiments with various test conditions (Alshibli et al.;, 2003).

2.1.2.7-Pigital Image Analysis (DIA)

Most.0f the experimental studies on strain localization were dependent
on the visual observations of deformation profile.within the specimens. Because of a
rapid revolution of ‘computer industry both in software and hardware development.
Digital Image Analysis (DIA), to some extent, allows the researchers to capture and
analyze local strain within the specimen as a function of global strain for the strain
localization analysis. During the loading process, DIA was used to monitor the entire
specimen uniformity, initiation time of localization as well as to determine the

specimen dimensions.
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Fig. 2.15 shows CT scan technique 6f two orthogohal axial sections and two cross sections
taken at one third-and two thirds of the spéciméhs height under conventional triaxial
compressionexperiments-with-various-iest-conditions (Alshibli et al., 2003)

Alshibli and Sture (1999) used the DIA to study localized deformations
in granular materials testedyunder-plane strain’condition=(Fig 2.16). They used two
independent DIA techniques to measure the shear band thickness. In the first
technique,sthe ~digitized .optical -images of,a~grid printed on the datex membrane,
known as a surface ‘measurement, were used to measure the shearband orientation
angle and thickness (Fig. 2.17). The second technique used an ultra-low viscosity
resin to harden the specimen in preparation of epoxy impregnation and thin-sectioning
to study microscopic images of the internal fabric (Fig. 2.18). The observation of this
microscopic images is a quantitative analysis of local void ratio of sand. Void ratios
are calculated based on the relative areas occupied by voids and particles within these

slices.
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Fig. 2.16 Schemaiic of experiment apparatus to study strain localization by DIA
(Alshibli and Sture, 1999)

Fig. 2.17 Specimen image (a) before compression (axial strain'= 0 %) (b) deformed specimen
at 3.8% axial strain (c) magnified image showing-grid relative displacement within shear band
(Alshibliand Sture, 1999)

Alshiblicand, Sture(1999) finally concluded; that DI Asdemonstrates an
excellent,ability in"accurately measuring localized deformations in granular materials.
Localized deformations of granular materials can be easily and accurately monitored
and measured using surface digitization. Moreover, they summarized that microscopic
image measurements, from epoxy impregnation and thin-sectioning, of the void ratio
variation can be accurately used to measure the shear band thickness. Shear band
thickness measurements obtained from membrane surface digitization and epoxy

impregnation techniques are also very close.
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Fig.2.18 (a) Schematic-of'cross.section of specimen resin impregnation setup (b) typical
microscopiefimage of-the tested sand after hardening in the epoxy
(Alshibli-and Sture, 1999)

Sachan and Penumadu ZZOO?) used DIA to evaluate the strain
localization mechanisms, ie. evolution 6f—__sh_ear bands with respect to the loading
boundary conditions, in the solid cylindric@l_ Kaolin clay specimens sheared by using
lubricated end both in compression and ek;teh*é'ion triaxial tests. A latex membrane,
thickness of 0.3 mm with dots-marked n a-grid pattern, was placed on the cylindrical
specimen used for triaxial testing, which was confined in-a-Cast-acrylic cylinder filled
with water. The dots-on the membrane were tracked-using high resolution digital
images taken by a 2.1 million pixel resolution (1792 H: 1200V) of digital camera.
This digital camera was placed at @about'562 mm distance frem the outer wall of cell
and mounted ona two-axis controller, which allowed for precisely adjusting camera
positionsinstwo-directions:-A soft-light,was alse usedite provide sniform illumination
of the triaxial specimens and significantly reduced shadows in‘the digital images. Fig.
2.19 shows the digital image setup and prepared Kaolin clay specimen for triaxial test.
After finishing an experimental work, all captured images will then be downloaded to
a personal computer to measure the coordinates of the dots by image analysis
software. After processing the images taken during triaxial test and developing the
contour plots to illustrate the strain field, they found that corresponding local strain

contour plots indicated the formation of strong localized deformation zones at high
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strain levels. As a result, these contour plots could present the evidence of the
occurrence of strain localization due to shear banding within the clay specimen.
Moreover, the variation in strain localization patterns of soil specimen could also be
used to evaluate the influence of confining stress, loading conditions, stress history,

drainage conditions, and soil’s microfabric in lubricated-end triaxial tests (Fig. 2.20).

(@) (b)

Fig. 2.19 Strain lecalization using DIAtechniques (a) digital image setup

(b) prepared Kaolin clay specimen (Sachan and Penumadu, 2007)

Fig 2.20 An example of contour plots and the digital image of shear band formation

(Sachan and Penumadu, 2007)

2.1.2.8 Digital Image Correlation (DIC)

The basic concept of Digital Image Correlation (DIC) is the correlation

of a group of points or pixels between two digital consecutive images taken at
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different times in a deformation process. By overlapping these groups of pixels, a
complete field displacement can be obtained and identified in the computer software.
Rechenmacher and Finno (2004) had performed the plane strain compression
experiments on dense sands by the technique of DIC to quantify directly internal
strain field. They found that the use of DIC technique is a highly accurate technique
for quantifying localized displacements in sands. Fig. 2.21 illustrates the images of

displacement fields from DIC techniques.

e

e #

Fig. 2.21 DIC.measured displacements surrounding a persistent shear band
(a) DIC displacements (b) contour fitted to displacements (c) shear band displacement points
isolated for strain localization (Rechenmacher and Finno, 2004)

2.2 Factor Affecting Strain Localization

There are amumber of factors that influence the physical mechanisms of strain
localization or shear band, i.e. thickness, orientation as well as the initiation time of
strain localization. These factors include the initial stress state, confining stress, grain
characteristics and the geometry of the specimen. The influences of these factors will

be further discussed in the following sections.
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2.2.1 Mean effective stress and confining stress

Desrues et al. (1989) performed the testing program to find the dependency of
shear band on mean stress level and density in sand. Tests on water-saturated RF
Hostun sand were conducted on both dense and loose specimens with initial packing
conditions of approximately 95% and 25%, respectively. The initial mean stress
applied to the dense sand varied from 100 - 800 kPa with the specimen slenderness of
3.35 for all tests. The results are shown, in Fig. 2.22 and 2.23, in terms of stress ratio
t/s” and volumetric strain, ¢,, as a function/ofiaxial strain ;. Stereophotogrammetry
indicated that for all four tests, shear banding.initiates at, or shortly before, a point of
peak stress ratio and the subsequent stress ratio-drop is associated with the complete
development of a singlesShear band. The influence of initial mean stress on the
conditions for the onset.of shearbanding is obvious from stress-strain responses from
dense RF Hostun sand (Fig.2.22). The hig'her the confining effective stress, the later
the strain localization og€urs. Also the peak value of ¢/s” clearly depends on the
confining stress, namely Jt increases with«decreasing of confining pressure. In
conclusion it can be stated that for:a grven density of sample, an increase in the initial

¥ 4 - -
mean stress delays the appearance of strain localization.

(a) (b)

Fig. 2.22 Stress strain responses from four tests on dense RF Hostun sand:

(a) stress ratio (b) global volumetric strain versus global axial strain (Desrues, 2004)

Fig. 2.23 shows the results from four tests on loose RF Hostun sand in the
same range of initial mean stress as for the dense specimens. The specimen

slenderness was kept constantly at 3.35 for all tests. In these tests, the curve of the
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effective stress ratio and axial strain does not exhibit any sharp peak, which is typical
for loose specimens. Moreover, the increase in the confining pressure also delays the

onset of strain localization as on the dense specimens.

(@) (b)

Fig. 2.23 Stress'strain responses from four tests on loese RF Hostun sand:
(a) stress ratio; and (b) global velumetric strain versus global axial strain (Desrues, 2004)

Desrues (2004) also reported. that the: shear band thickness depends on both
initial density and mean effective.siress, as first suggested by Tatsuoka et al. (1986).
He stated that for a given sand the width of"th‘eﬂ”’shear band decreases as the confining
stress and the initial _density increase. For dense Hostun sand, shear band thickness
reduces from 22 to 13dso-as theeffective confining stress increases from 100 to 800
kPa. A similar trend is observed for loose Hostun sand, the range of measured shear

band widths being 31 to 17 dso over the same range of confining stress.

Alshibhi et alv (2003) ' investigated the effects‘of confining pressure on strength
properties and localization phenomenon in sands:*A uniform subreunded to rounded
natural silica sand»known ‘astF-750Oftawa 'sand was used in their.investigation. A
series of conventional triaxial compression (CTC) experiments were tested under very
low-confining pressures, 0.05 - 1.30 kPa, in addition to the results of normal to high
confining stress, i.e. 10 - 70 kPa, to investigate the effect of confining pressure on the
constitutive behavior of sands. Fig. 2.24 illustrates the outcome of some tests. They
concluded that the confining pressure have a profound influence on the behavior of

CTC specimens. Specimens show a very high-peak friction angle and dilatancy angles
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followed by severe softening for specimens tested under very low-confining pressures
and the amount of softening decreases as the confining pressure increases. Both
angles decrease as the confining pressure increases. All CTC specimens show nearly

the same residual stress regardless of the confining pressure value.

@ 7 (b)

Fig. 2.24 Principal stress ratio versus axial strain‘and volumetric strain versus axial strain for
CTC (a) confthing pressure = 1.30 kPa (b) confining-pressure = 1 - 70 kPa
(Alshibli et al., 2003)

2.2.2 Loading conditions

It is widely known that the stress-strain behavior and failure pattern of
granulary materials:tinder<plane strain (PS) test -are cdifferentfrom (the conventional
triaxial compression (CTC) test. The failure of plane strain specimens always occurs
along a unique and uniform shear plane. In the axisymmetric triaxial tests either
localized shear plane or bulging diffuse failure modes occur depending on the density
of the specimen and the confining pressure. Lee (1970) performed a series of drained
and undrained PS and CTC experiments on fully saturated fine-grained sand. The
results revealed that PS specimens reach higher values of maximum principal stress

ratio than do CTC specimens, and the difference decreases as void ratio increases.
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Moreover, PS specimens fail at smaller axial strain with a severe softening compared
to CTC specimens. He finally concluded that the difference between PS and CTC
results is greatest for dense specimens tested under low-confining pressure and that
the difference decreases as confining pressure increases. Marachi et al. (1981) also
performed a series of PS and CTC experiments on sand. Specimens were prepared to
various initial void ratios. All experiments were performed under drained and air-dry
conditions. Fig. 2.25 shows a comparison of the stress-strain relationship for both

cases. The results are very similar to the behayior reported by Lee (1970).

Fig. 2.25 Stress-strain relationship for plane strain and triaxial specimens
(Marachi et al. 1981)

Fig. 2.26 shows-the results of experimental investigation between CTC and PS
tests under low and high confining pressure of silica sand performed by Alshibli et al.
(2003)4PS specimens,showed higher-peak stress value followed-by severe softening.
In all cases, the CTC experiments show very similar principal stress ratio versus axial
strain responses. A very small strain softening can also be observed after the peak
stress value and the specimens reached the residual stress condition at about 10%
axial strain. They also concluded that the failure of specimens subjected to PS loading
condition is characterized by distinct shear bands accompanied by softening in the
stress response depending on the specimen density and confining pressure. In

contrast, the specimens in CTC experiments bulge uniformly in the vicinity of peak
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stress and develop complex multiple symmetrical radial shear bands at higher axial
strain levels. Therefore, It is quite clear from those results that the deformation
processes and the stability behavior are quite different between triaxial and plane

strain tests.
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Fig. 2.26 Comparisorjibeﬂmeen@l@andﬁs—expeﬂmemsgt derise specimens tested under

(a) low confining pressures and (b) high confining pressuf'és (Alshibli et al. 2003)

2.2.3 Specimen:geometry

Desrues et al. (1996) studied strain localization in triaxial tests on sand to
observeéwold ratio evolution inside shear bands by.using computed tomography (CT).
Two of their tests performed with long specimens (slenderness ratio = 1.94 and 1.90).
The result showed that a long specimen exhibits a single shear plane, though not
perfectly planar, at a global axial strain (¢a=7%) and remained the unique localization
structure for larger strain (Fig. 2.27). In contrast to the above rather simple
localization pattern, a short specimen (Slenderness ratio = 1.00) gave more complex
localization pattern. Namely, a rigid cone, attached to the end platen, can be observed.

This cone is delimited by a circular shear surface which is the locus of a large
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dilatancy (Fig. 2.28). Moreover, the onset of localization was significantly delayed in

the short specimen comparing to the relatively long specimen.

.
/3
e
3 9 —
’X (b)
Fig. 2.27 Trace of the si edr pl,ane m Iong specimen of Triaxial test on sand (a) in a

section perpendicular to the axis (1 nta|n| ng the axis of the specimen (Desrues et al. 1996)

Fig. 2:28Tworcrossssections recorded in a shart'specimen; revealingcomplex localization
patterns' (a) near the upper platen(b) at the middle’height of the specimen
(Desrues et al. 1996)

The effect of specimen geometry can also be observed in a paper carried out
by Desrues (2004). He performed a number of plane strain compression tests on both
dense and loose RF Hostun sands by varying four different values for the specimen

slenderness (0.5, 1, 2, and 3.3). Three main conclusions can be summarized as
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follows: the reduction of specimen slenderness ratio has the effect of (i) retarding the
onset of strain localization (ii) reducing the steepness of the shear band and (iii)

increasing the thickness of shear band.

2.2.4 Grain size

There are substantial experimental evidences showing that strain localization
in sand depends on microstructure, i.e. grain size of the particles. For a certain stress
state and loading conditions, different size of.sand grain exhibit different responses
both in terms of orientation and width of shear"bands as well as the strain level at
which shear banding occurs..Fhese behaviors cannot be only explained in terms of
macroscopic aspects such+as wvoid ratio and stress state. Many parameters such as
shape and angularity ofegrains.and grain size distribution profoundly influence the
strain localization mechanism. \Viggiani et al. (2001) investigated the influence of
grain size distribution on sirain “localization in sand. The tests performed under
different gradations of thg same .sand in terms of both the mean grain size and
uniformity. Saturated specimens .of the different sands were tested in plane strain
under drained conditions starting fromr" ,H‘t"'gjh relative densities. False relief
stereophotogrammetry was used {6 captur"é the onset of strain localization and for
accurately measuring-the-width-and-erientation-of-sheat bands. The results confirm
the dependence of the Shear band thickness on the mean grain size (dso). The testing
results indicate that the ratio between shear band thickness and the mean grain size

tends toward a eonstant limit value of approximately 7 forthefargest grain size.

2.2:5°Role ¢f,imperfection

Desrues et al. (1996) and Desrues (2004) had investigated the influence of
material imperfection on the behavior of strain localization by placing an artificial
inclusion, i.e. a cylindrical of paper, cotton sphere and compact wood with a rough
surface, into the sand specimen during sand deposition in the mold. The results
showed that the location of the shear band is dictated by the location of the inclusion
(Fig. 2.29) but the global stress—strain responses do not show any major deviation

from the responses obtained from all the other tests performed at the same confining
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pressures and initial density but without any inclusion. The plots of incremental strain
field also reveals that in many cases strain localization initiates at more than one
locations within a specimen. As the deformation progresses, a process of competition
occurs among these different localization structures, with only one well-defined
structure eventually taking over the others. On the contrary, in an imperfect specimen
strain localization goes immediately to its final structure. This is a remarkable effect
of the imperfection. Desrues, however, reported that the nucleation point for the
initiation of localization in an imperfect: specimen would not be occurred if an
inclusion was placed in an axisymmetric position; i.e. on the axis at mid-height, inside
the specimen (Fig. 2.30). This means that, in order to act as a localization attractor, an
imperfection has not only t0_be Sifong but also it has to break the symmetry of the

specimen. ﬂ
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Fig. 2.29 Stereophotogrammetry-based incremental fields of shear strain intensity for
soft (top row) and hard (bottom row) imperfection. (Desrues, 2004)
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Fig. 2.30 Reconstruction of void ratio field in an axial tomogram of sand specimen: dark disc
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in the middle of the picture is a soft imperfection placed on the axis of the specimen;

localization zones did not pass through'the imperfection (Desrues et al. 1996)
2
2.3 Bender Element Test and-Shear Wave Velocity in Particulate Materials

i

2.3.1 Bender element PR

_—

The original concept ‘of bendﬁfer “element application for geotechnical
engineering was the work™ of L.-awrence'-:é_l%s and 1965) who used piezoelectric
crystals to generate one dimensional cdfﬁbression waves through sand and glass
beads. Then, Shirley (1978) was the first;'io;J:lﬁse piezoceramic bender element for
generating and receiving shear-waves in Iéﬁdlrét(jry tests,-Generally, bender element
consists of two sheets—ofpiezoelectric-ceramic matefial such as lead, zirconate
titanate, barium titanéte, or lead titanate sandwiching a cehter shim of brass, stainless
steel, or other ferrous nickel alloys to add strength to it ('Fig. 2.31a). When a electrical
voltage is apphied to'the bender-element; the polarizationjwill cause a bending
displacement and, thus, the bender, element acts as a signal generator. When the
element is‘forced to bend,a voltage is-generated and; thus, theibender element can act
as a signal receiver. If one end is anchored, the other end generates a shear wave, or

S-wawe in the longitudinal direction of the crystal and compression or primary waves,

P-wawve, on the sides (Fig. 2.31Db).

Over the years, bender elements have broadly employed in a number of
geotechnical testing apparatuses. Bates (1989), Brignoli et al. (1996), and Pennington

et al. (2001) measured shear wave velocity in triaxial specimens using peizoceramic
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bender elements. Dyvik and Madshus (1985) measured small strain stiffness, Gz, Of
soil specimens in resonant column, odometer, and direct simple shear apparatuses
using bender elements. Kawaguchi et al. (2001) measured Giq., in an odometer using
bender elements. Agarwal and Ishibashi (1991) used bender elements in a triaxial

cubical box device.

deposited electrode

piezoelectric ' ’ A)(Y
metal shim : ]
piezoelectric =~ iSs—m—mmarTT : <—1—> S-wave

refraction

deposited electrode .4 — ‘\f\>

Fig 2.31 Bender elements (a) scher.fwatic representation of a bender element

(b) directivity: beth Po@nd S-waves are generated (Lee and Santamarina, 2005)
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Among the different typeé of pié’;oelectric ceramics, lead zirconate titanate
(PZT) is the most commen used. Dependlqg on polarization, there are two types of
bender element: x-poled and yr poled From ghe energy point of view, there is no
difference between x-poled_ar]d .y-poledg-‘],‘_lggt_h the x-poled and y-poled bender

elements act simil'ar':ly when connected in a series ;"'c_onnection and a parallel

connection, respectiVé‘ly. The bender element types and cbn'nections can be illustrated

in Fig. 2.32.

(@) (b)

Fig. 2.32 Bender element types and connections (a) x-poled with series connection

(b) y-poled with parallel connection (Lee and Santamarina, 2005)

In the bender element test for shear wave velocity measurement, a pair of

peizoceramic of bender elements is used. One of the elements acts as the shear wave
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transmitter and the other elements acts as the receiver. A schematic diagram of the
bender element system is shown in Fig. 2.33. By measuring the travel time of the

wave, the shear wave velocity, V, is determined as follows:

(2.7

where L is the tip-to-tip distance between transmitter and receiver of bender element
and t is the travel time of the shear wave from transmitter to receiver (Fig. 2.34).
Since L can be easily measured by a dial gauge attaching in the apparatus, the error in
the shear wave velocity calculaion is mainly due t0 an inaccuracy of travel time

determination and interpretation:

(@) (b)

Fig. 2:33 Schematie-0f:bender, element system (a)-setup of-test equipment
(b) detail 6f bender.element'connection to soil sample
(Piezoceramic bender element test data sheet of Norwegian Geotechnical Institute, NGI)

2.3:2 Travel time determination

Based on a number of previous works, it is generally accepted that the travel
distance is the distance between the tip of two bender elements. However, there is
considerable uncertainty regarding the determination of travel time. Various
waveforms, such as sine and square waves, with various frequencies, have been

recommended as an excitation signal. Also, various methods have been studied for
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determining the travel time such as time of flight techniques, i.e. first arrival time, the
travel time between the characteristic points, and a cross-correlation method, and
phase-sensitive detection technique. The details of each method can be explained in

the following sections.

Fig. 2.34 Schematic rgpresentation of the conventional travel time measurement
for shear wave yelocity calculation (Blewett et al. 1999)

2.3.2.1 Time Of flight techniques,

The time of flight techniques use a_single pulse as the transmitting
signal. Initially, single square-excitations-have-been-used-as seen in Fig. 2.35a. Many
authors have then reported the difficulty in identifying the exact time of arrival signal.
Thus Viggiani and Atkinson (1995) suggested the use of a single-shot sinusoidal
excitation pulsg, shown in‘Fig: 2.350,10 identify the paints of similarity between the
input and output waveform. Three different methods of travel time interpretations
were generally~used im ordersto-find thectimes of, travel from source to receiver. A

detailed description of these three methods is provided below.
- First time of arrival

Kumar and Madhusudhan (2010) described that the first time of
arrival, to, is the different time between the source signal and the receiver signal. In
the case of the S-wave measurement, the initial weak signal for the receiver was found

to be present in all the cases as indicated in Fig. 2.36a; this weak signal indicates the
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presence of the near field effect. On the other hand, in the case of the P-wave
measurements, the arrival of the receiver wave was quite distinct and there was no

presence of any initial weak signal at all; see for instance Fig. 2.36b.
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Fig. 2.36 First time of arrival (to) and the time between first peak to peak (tpp) with Dr = 80%
and a3 = 100 kPa (a) with S-wave and (a) with P-wave (Kumar and Madhusudhan, 2010)
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- Travel time between characteristic points

Travel time of shear wave can be taken as the time between two
corresponding characteristic points in the single sinusoidal input signal and the output
signals. The most commonly used characteristic points are the first peak, first trough,
or the zero crossing of the input and output signals. The measurement point, i.e. first

peak to peak (tpp), of this technique can be shown in Fig. 2.36a and 2.36b.
- The cross-correlation methed

Travel time.of the shear wave-ean be taken as the time shift (tcc) that
produces the peak correlation-between a single sinusoidal input signal and the output
signals. This method is«the method which produces the most accurate shear wave
velocity results since this method eliminates the ambiguity from visual estimations of
other methods. The cross-correlation funcfion CCyx(t) Is a measure of the correlation

between the receiver signal, X(t)'and source signal, Y(t) versus the time shift (7):

P =S

CCyy ()= Jjlnn l/ IX(‘t)Y(t—i—T)dt (2.8)
F

where T is the total duration of the time record. Typical results with the use of the
cross-correlation method are shown in Figs. 2.37a and 2.37b with reference to the

propagation of the S- and'P-waves, respectively.
2.3.2.2 Phase-sensitive detection

Blewett, et al. (1999) .explained in their- paper. that phase-sensitive
detection'is a standard instrumentation technique. A signal is emitted at a particular
frequency. This signal is then combined with noise during its transit to a detector, and
then undergoes further degradation before arriving at the final measuring or display
device. Even though the signal is now a mixture of many frequencies, the user is
usually interested only in that part of the signal at the original emission frequency. A
conventional lock-in amplifier can be used just before the final device. This amplifier

is fed an electrical copy of the drive signal and derives a reference frequency from it.
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The amplifier is also fed the received signal. By multiplication and filtering, the lock-

in amplifier extracts information about the strength of the component in the received

signal which occurs at the reference frequency. The system can be thought of as a

tuneable filter, whose output is usually a direct-current signal proportional to the

strength of the reference frequency component within the input signal, as shown in

Fig. 2.38.
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The relationship between the change in phase angle and travel time can

be determined by:

do
dt = 3607 (2.9)
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where dt is the change in time-of-flight in seconds, dé is the change in phase angle in

degrees, and f is the frequency of the driving wave in Hertz.

Depending upon the drive frequency used, small changes in time can

result in multiple revolutions of the phase angle and therefore extreme sensitivity.

Fig. 2.38 (a) Representation/of the lock-in amplifier as a tuneable filter. (b) representation of

the output of the dual-phase lock-in amplifier as a vector (Blewett et al. 1999)

2.3.3 Potential problems.in bender element testing
2.3.3.1 Néar-field effect

The travel time of the S-wave can be taken as the first arrival of the
receiver signal(Leongetial2005):Reversal of the'received signal’s polarity when the
polarity of the transmitting element is inverted is often taken as the arrival of the S-
wave. However;, numerical studies by soeme-researchers have shown that the first
deflection of the'S=wave signal may not'correspond to the-arrival of the S-wave but to
the arrival of the so-called “near-field”” component, which travels with the velocity of
the P-wave. In addition, inverting the polarity of the transmitter element does not help
to eliminate the near-field effect as it produces the reversal of all the waveform

components including the near-field components.

Sanchez-Salinero et al. (1986) showed that the S-wave signal is always

accompanied by the propagation of another signal of opposite polarity that travels
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with the velocity of the P-wave. In other words, the bender element that produces
mainly shear displacement will also generate a component that travels at the P-wave
velocity. This phenomenon is known as the near-field effect, which is quantified in
terms of the ratio of wave path length (Lx) to wavelength (1), L«/A. The near-field
effect amplitude decays rapidly with increasing number of wavelengths between the

transmitter and the receiver element.

Jovicic et al. (1996) indicated that the near field effect can be lessen down
by increasing the frequency of the input signal. In the literature, most of the bender
elements tests have been_done at a frequeney lesser than 10 kHz. Kumar and
Madhusudhan (2010) also_coneluded f%at the extent of the near-field effect signal
clearly reduces with an_increase in the Ifrequency of the input signal. The near-field

characteristic of shear wave signal at different frequencies can be displayed in Fig.

a &
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Fig. 2.39 Near-field effect of received shear wave signals at different frequencies

(Kumar and Madhusudhan, 2010)

2.3.3.2 Electromagnetic coupling - crosstalk

Lee and Santamarina (2005) explained in their work that electromagnetic
coupling between source and receiver bender elements manifests as an output signal

with an early component that is quasisimultaneous with the input signal. This
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“crosstalk” can be very important in wet soils. Fig. 2.40a shows typical crosstalk
effects observed with two series-type bender elements without grounding; the
received signal resembles the discharge of a capacitor. Crosstalk can be effectively
removed by grounding either the source or the receiver (Fig. 2.40b). The outer
electrodes in a parallel-type connection have a shielding effect when connected to

ground. Still, crosstalk can be observed in the series-to-parallel combination when the

series element is not shielded and grounded (Fig. 2.40c). Crosstalk vanishes when two

parallel-type bender elements are used r 2.40d).
S\

"

08T
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Output (mV]
)
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Output [mV]

Fig. 2.40 Crosstalk effects: (a) series-to-series without grounding; (b) series-to-series with
shielding and grounding; (c) parallel-to-series without shielding and grounding; and
(d) parallel-to-parallel without shielding. Time “tist” corresponds to S-wave first arrival
(input: step signal, tip-to-tip distance: L = 100 mm) (Lee and Santamarina, 2005)
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2.3.3.3 Time or phase lag

The transfer functions relating the physical wave forms to the measured
electrical signals introduce significant phase or time lags that are different at the
transmitting and receiving benders. The time lag of the system as a whole can be
measured by putting bender elements for generating and detecting waves in direct
contact with each other. This calibration method was originally proposed by Dyvik
and Madshus (1985), who found a nil time lag for small bender transducers. This
method was later used by others, e.g. Gajo et al. (1997), who found a time lag of 5 us

and 2.8 us for larger benders.

2.3.3.4 Wave.interference and reflection at rigid boundaries

Arulnathan”et al. (1998) performed bender element tests to investigate
how the interference offincident and reflected waves at rigid boundaries can affect the
determination of travelstime. The transrﬁi_tter and receiver caps are assumed to be
perfectly rigid boundaries and finite elemerj'tsdsanalyses were done. The results of the
finite elements model shows that the corré&-;ravel time can be obtained when the
ratio of bender separation L to wave lengt_ﬁ‘_@i_g more than or equal to 1/4. In other
words the wave length A must be less than or équal to 4L, ‘or that there must be at least
a quarter wave within the sample separation L. As L/A decreases below 1/4, travel

times are progressively-underestimated, and hence shear-wave velocity overestimated.



CHAPTER 11

Methodology

3.1 Material Properties

There were two types of sand samples in this study. The first sand sample was
taken from the eastern region of Thailand in Chonburi province. The grain particle
slightly varies from rounded to sub-angulasshape with low sphericity. The sand
samples were then sieved to-separate the grain particle to be in various dimensions.
The sand particles resting.enthe steve number 16 and 40 of U.S. standard size which
has the opening equal.io'1.18 and 0.425 mm., respectively would be selected as the
test samples in the experiments. These aniformly graded sand samples will be called
later by D16 and D40_TheSecond sand :sémple was the commercial standard Silica
test sand which has the well rounded shape of grain particle with high sphericity. This
Silica test sand conforms t0 the ASTM C-778#20 - 30. The mean size particle, dsg, is
approximately 0.60 mm. The shape of grai'ri,':‘particle of entire test sands can be shown
in Fig. 3.1. To clearly observe the particleﬁ 'sf;'élpe, the photo effect from the photo
editing software was:carried out. The resunl'ts.“ of thateffect can be displayed in Fig.
3.2.

The basic engireering properties of sand samples shows in Table 3.1. It should
be note that because of] the low o mediumysphericity <and=angular shape of each
particle the mean size number (dsg) of D16 and D40 samples was the average value
for the,whole.grain~The sample,.after.sieving,~was, washed out hy.Clean water and the

moisture was'dried out in‘the electronic oven before the'experiment.
3.2 Sample Preparation

Though, it is significantly understood that the sample preparation techniques
for such a test of cohesionless materials can greatly influence the tested results.
However, these types of preparation methods have their own advantages and

disadvantages. For example, moist tamping method, though easy to perform, might
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partially produce very loose to dense conditions of sample which consequently make
a nonuniform specimen regarding of its entire density or particle size gradation. The
air pluviation technique produces fairly uniform specimens depending upon the
technique used. A higher drop height results in a higher energy of deposition and thus
a denser soil specimen. Nevertheless, air pluviation of well-graded sand is not suitable
because well-graded sand may become segregation when deposited by pluviation
through air, especially if it has a considerable amount of fine contents. On the other
hand, the influence of this segregatn‘n‘ f /)ell-sorted or uniformly graded sand is

quite small.
-n_ﬁ_

©
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In this study, the air pluviation technique was adopted because of the
uniformity of the test sand particles and to prevent the separation between each layer
in the composition procedure due to the difference in compaction energy of tamping
method. Creating and maintaining a uniform sand rain during specimen reconstitution
is really crucial because this is the main characteristic of pluviation and controls the

uniformity of fabric and density. Five layers of test sand sample would be
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consecutively dropped from a funnel with a constant height depending upon the
required density of the specimen. Namely, the higher the drop of sand rains, the
higher the density of the specimen. To prepare for very loose to loose conditions of
the specimen, the nearly attached distance between the edge of the funnel and the
reconstituted specimen, or null drop height, would be done. On the other hand, the
medium to dense state would be performed by larger gap between the funnel and the
top of the sand layer, i.e. about 5 - 8 cm. high. Moreover, to be certain that the desire
relative density (D,, %) would be acquired, the amount of the test sands would be
calculated and weighted according to their basieengineering properties, e.g. minimum
and maximum void ratio, specific gravity and dry density as in equations 3.1 and 3.2.
The qualitative description of-granular soil deposited into a specimen would follow

Table 3.2.

Table 3.1 The basic enginegring properties of sand samples

Basic property D16, 4 D40 Silica sand

Low to medium Low to medium High sphericity
Shape of grain particle sphericity with. 9 sphericity with with well

angular shape =~  angular shape rounded shape
Mean size particle, dso (mm) 1.18 4= 0.465 0.60
Specific gravity, G 2:69 Pl 2 2.65
Maximum void ratio, emaz 1.06 1.12 0.6
Minimum void ratio, emin 0.713 0.808 0.459

Gs
e = E 2l (3.1)

where e is the actual void ratio, G is the specific gravity of soil, pqis the dry density

Do(%) = —mer = 5 100% (3.2)

€max — Cmin
where D, is the percentage of relative density and e, eq: and eni, is the actual void

ratio, maximum void ratio and minimum void ratio, respectively.
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According to the literature, i.e. Desrues et al. (1996) and Desrues and Viggiani
(2004), about the slenderness ratio of the sample, this study attempts to stay away
from the unusual results form the triaxial tests. Desrues et al. (1996) could observe
the complex patterns of shear band in a relatively short specimen, e.g. slenderness
ratio = 1.0. However, in a long specimen, i.e. slenderness ratio = 1.94, the shear band
exhibits itself in a form of single unique plane. They finally reported that the
slenderness ratio greatly influences the strain localization in sand. Therefore, to avoid
the complex pattern of shear band as well as some undesirable outcomes, the
dimension of the specimen would be maintained to have the appropriate slenderness
ratio; about 2.0. The typical height ands width varied between 11.20 - 11.80 cm and
4.80 - 4.95 cm, respectively. Fhe-slenderness ratio, H/D, is therefore approximately
2.30 - 2.45.

Table 3.2 Qualitative description of granular soil deposits

Relative density (Dy %) Description o_f soil deposits
0-15 \ery loose
15 - 50 Loose
50-70 Medium
70 -85 Dense
85-100 \ery dense

It should also be noted thatto reduce the friction effect between the specimen
and the top / bottom end platens (filter paper), the silicon grease should be lubricated

on the‘surface of both-ends everytimeprior to the test.

3.3 Bender Element

Depending on polarization, there are two types of bender element: series-type
(x-poled) and parallel-type (y-poled). From the energy point of view, there is no
difference between x-poled and y-poled bender elements. The bender elements used

in this study were both series- and parallel- types. The parallel-type bender element
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was used as a source and the series-type bender element as a receiver because the
parallel-type connection gives twice the displacement of the series-type connection
(Lee and Santamarina, 2005). One of the most important aspects associated with the
use of bender elements is the waterproofing of the elements. Since piezo-ceramics are
high impedance devices that may short circuit when contact with moisture. Therefore,
the waterproof material, i.e. epoxy glue, was entirely coated to all surface of bender
elements. The shielded wires were then connected with the bender element according
to its type of connection. The shielded wires were used in order to minimize noise

interfering with the signal.

The bender elements.were then fixed into the slot of the top and bottom
pedestals of the conventienal iriaxial apparatus by resin hardener. The protrusion of
the bender element was9.65/mm. for top cap and 9.80 mm. for top bottom cap. The
schematic view of the installation of bendef element in the pedestals can be shown in

Figure 3.3.

Figure 3.3 The installation of parallel- or series-type of bender element
in the top / bottom cap of the triaxial apparatus
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3.4 Digital Image Analysis (DIA)

Nowadays, DIA techniques are very powerful for gathering information to
study the fabric and deformation of granular materials in geotechnical engineering. In
the study of localization and shear band in soil sample, one of the simple and
extensively used methods is the visual observation from the deformation profiles of
the sample surface, i.e. membrane surface. Though, this technique cannot be used for
the microscopic study of the deformation and failure mechanisms but can use to some
extent to measure the thickness and inclinationsangle of the shear band. The series of
square grid or dot will be imprinted on the membrane surface and the images will be

captured by high resolution digital camera or video camera.

In this study, the surfage of membrane would be lined by a waterproof and
permanent pen. The dimension oOf these: blue square grids is 5 x 5 mm. Figure 3.4
shows the square grid‘patiern/of the specimens. The high resolution image, 2848 x
2136 pixels, was acquired hy Fuji Finepii S6500fd digital camera. A series of image
captures would be performed before, du_riﬂh;cj- and after the compression test. The
digital camera was mounted on-a camera_‘ét'-an_l_d In the fixed position for the entire
process. It should be note that during the tri,ei_)_(i.ql compression test, the images of the
sample would be taken in every 0.5 mm. of aXiaI deformation. When the axial strain is
approximately more‘than 10% or when the shear band i1s obviously developed, the last
snapshot of the failure specimen would be performed. However, because of the
unpredictable zone of the loealization inside-the failure sample in the triaxial test, the

suitable plane of thetfailure sample.would be selected for a final shot of the image.

3.5 Triaxial Compression Test by Vacuum Technrigue

Due to the necessity of shear band observation by DIA, the conventional
triaxial compression test by applying water pressure as a sample confinement will
interfere the snapshot of specimen pictures during the test. Therefore, the triaxial
compression test by vacuum technique would be adopted in all tests. The confining
pressure was obtained by applying an internal vacuum inside the specimen, without a

confining cell. However, the vacuum capacity is very limit, i.e. about 90 kPa.
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Therefore, in this research, the maximum isotropic confining pressure would be
around 80 kPa. Before filling the test sands into the mold for constituting the
specimen, the partially vacuum pressure, e.g. 8 - 10 kPa, was applied to help
smoothing the membrane attaching inside mold surface and to support the constituted
specimen after disassembling of the mold. Any of the test procedures are similar to
the conventional triaxial test. All of triaxial compression tests will be in dry condition.

No pore water pressure and volume change would be measured and recorded.

(aﬁ' urface of the specimens

Figure 3.4 The p_b]"]ted square grid on't
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Figure 3.5 The schematic view of triaxial testing by vacuum technique
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3.6 Experimental Works

The major apparatuses required in this research are;

1) Conventional triaxial compression apparatus modified to
accommodate the bender elements

2) Bender elements installed in the top cap and pedestal of triaxial
device

3) Oscilloscope and signal data acquisition software

4) Function generator (squarewave trigger)

5) High resolution digital caméraand stand

6) Computer

The schematic view©f the bender element test setup incorporated in a triaxial

cell apparatus can be shown in‘Figure 3.6. «

Figure 3.6 Thesschematic view of the bender element test setup
incorporated:in a triaxial cell apparatus

The commercial digital oscilloscope model, ADC-212, and wave data
acquisition software by Pico Technology Limited was employed in the experiments.
Because of many electrical devices e.g. personal computer and oscilloscope, used in
the testing system, the ground of every apparatus was connected directly to the
ground of the computer to minimize interference. The square wave function generator
was connected to the oscilloscope and the transmitter bender element. The

oscilloscope would then analyze the signal of both transmitter and receiver signals
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and transferred theses signals to the data acquisition software in the computer for
further signal processing. These data would be stored for future calculation and
numerical analysis of Vs traveling inside the specimen. The figure of the transmitter

square wave and received wave from the software shows in Fig 3.7.
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Figure 3.7 The graphical display of typical transmitter and receiver wave
from oscilloscope processing

Before starting any triaxial compression tests, the entire system would be
calibrated to correct some existing errors. of the travel time and shear wave
measurement ‘as well-as to" minimize "the 'interference; from the noise of the
surrounding apparatuses. It was found that the received signal was alway intervened
by the‘nearhy electiical devices: The‘appropriate grounding of all devices should be

carefully;performed.

The triaxial tests would be carried out with the vacuum confinement of 25, 50
and 80 kPa. Three types of test sand, i.e. D16, D40 and silica were reconstituted into
various conditions, e.g. very loose, loose, medium and dense state. It should be note
that the cases of very loose and medium condition were tested only for silica sand.

The measurement of shear wave travel time and the snapshot of specimen before,
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during and after testing would be performed and saved into the computer for further
analyses. It should be noted that during the triaxial compression test, the loading
machine would be momentarily halted, i.e 1-2 seconds, in every 0.5 mm of axial
deformation while the specimen image was being captured by digital camera at its
surface membrane. Although, this action might somewhat influence stress-strain
relationship of the test but can considerably minimize the interference signal and

vibration from the electrical motor machine.

The data of axial loading from proving ring and the axial deformation from
dial gauge would also be recored to observe_ ine stress-strain relation of the sample.
This stress-strain relation can.explain to some extent the initiation of the shear band or

localization inside the sample under triaxial test.

Summary of testing and specimen conditions can be shown in Table 3.3 and

the schematic chart of #€sting procedures can be shown in Figure 3.8

3.7 Calculation of Travel Time and Shear _Wave \elocity

To calculate the shear wave velocity, Vs, traveling between transmitter and
receiver bender elements, a conventional equation as.in 3.3 is widely used among the
researchers.

. Ltr
ot

Vs (3.3)
where Ly, is the distance between tip of transmitter to receiver bender element
and t is.the traveling time.(time-of-flight), of shear wave.from transmitter to receiver
bender element! Though this ‘equation ‘can ‘easily caleulate*'the~Vs propagating
throughout the soil specimen but the determination of t is still ambiguous. There are
many controversial methods, e.g. first deflection, first bump maximum, zero crossing
after first bump, and major first peak, to determine the first arrival time of propagated

shear wave inside soil sample by using the bender elements.

Viggiani and Atkinson (1995) concluded from the numerical analyses that the

travel time of the signals from bender elements tests on a reconstituted boulder clay
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sample should not be taken as the time corresponding to the first deflection of the

received signal. The travel time corresponding to the first inversion of the received

signal is more accurate.

Table 3.3 All testing conditions and specimen properties of this study

Sand Confining Relative density Specimen dimension Image
pressure capture
(kPa) H D* Slenderness
(cm) (cm)  ratio (H/D)
43.75% Loose 11.49 4.79 2.39 Yes
25
80.98% Dense 11.80 481 2.45 Yes
47.26% Loose 11.22 4.82 2.32 Yes
D16 50
73.09% Dense 11.67 4.86 2.40 Yes
38.738% Loose 11.22 4.87 2.30 Yes
80
75.66% Dense_ 4 | 11.54 4.87 2.37 Yes
2865% [ Loose| 4 ‘127, 48l 2.34 Yes
25
79.32%F  Densedd 1135, 14.85 2.34 Yes
30850 © Loose s, 1121 & 4.79 2.34 Yes
D40 50 dia
81.60% Dense ===4311 .45 4.82 2.37 Yes
32.48% -oose — 11.27 4.95 2.27 Yes
80 = -
81.58% Dense 11.67 4778 2.44 Yes
13.58%  Very loose 11.51 4.91 2.34 Yes
25
56.83% Medium 11.50 4.90 2.35 Yes
38:99% Loose 11.44 4.82 2.37 Yes
Silica 50
77.09% Dense 11.19 487 2.29 Yes
22.77% L.oose 11.49 4.87 2.35 Yes
80
60.66% Medium 1144 4.89 2.33 Yes
* D= Dtop + 2Dmiddle + Dbottom

4
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Sample preparation by S .
air pluviation technique Digital image analysis

Initial state of sample;
very loose, loose, medium and dense

Measuring shear wave travel time (t)
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J
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!
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Figure 3.8 The schematic chart of all testingprocedures

Leong-et al. (2005)-comparedthe;travel, time of asmudstone residual soil
specimen at"a confining pressure of 800 kPa.” between the" ultrasonic test and
conventional bender element tests. The travel times for both the bender element test
and the ultrasonic test are the same only if the first deflection of the receiver signal

was used for the bender element test.

Lee and Santamarina (2005) described various techniques to determine the

first arrival time between source and receiver bender elements as in Figure 3.9. They
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also demonstrated that suggested criteria and recommendations to measure this first

arrival time vary depending installation, application and input signal.

Figure 3.9 Typical 8-waye signal within near field A) first deflection, B) first bump
maximuna; C).zego afterfirst bump, and D) major first peak
(Lee-and!Santamarina, 2005)

Therefore, it can be discerned from those previous reports that the method to
choose the first arrival time of received sigﬁétl’ ~t(.)‘. calculate for Vs slightly varies among
the past experiments. There are a aumber of ré':asons which make this traveling time
calculation complicated, for example, the inhténrférence beiween P-waves and S-waves
(shear wave) at the'first part of the received signal, the excitation frequency of the
input signal as well as the near field effect. The P-waves which are also generated
from the transmitter bender.element generally reflect from the cell wall and always
arrive earlier than the shear wave. Therefare, these reflecting P-waves will mainly
disguise the interpretation of the first arrival time of the shear wave. The near field
effect Is.usually occurred in short specimen and when ;44 is/1eSs than 2. This effect

will decrease as L/4 increases (Sanchez-Salinero et al., 1986 and Brignoli et al.,

1996) where 4 is the wavelength of the shear wave.

In this research, because of a broad range of shear wave velocity
determination in one test, i.e. from zero strain to failure, the variation of stress state
and void ratio during shear will certainly affect the shear wave propagation

characteristic. At any certain strain level the near field effect as well as the reflecting
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P-wave may dominate or diminish depending on that current state of the soil. As a
result, the manual visualization and interpretation of captured high-resolution image
of signal from oscilloscope processing to select the appropriate first point of shear
wave arrival would be adopted to calculate the shear wave velocity propagating
throughout the specimen. The influences of P-Wave and near field effect would be
carefully accounted in the result interpretation. Figure 3.10 shows the interpretation
practice to point out the first arrival time of shear wave transmitted from the source to
the receiver bender element justified for the near field effect and reflecting P-waves. It
can be seen that the position of line Y is‘approximately the same as point B (first
bump maximum) in Figure 3.9 where line X 1sthe starting time of generated signal of
transmitter bender element. The tiaveling time, t, will'be the different between line X
and Y. Figure 3.11 shows _the effect of the near field and reflecting P-waves of the

receiver signal.

Y, A mv
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Figure 3.10 The interpretation method to point out the first arrival time of shear wave
justified for the near field effect and reflecting P-waves.
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CHAPTER IV

Results and Analyses

4.1 The Stress Strain Responses from Triaxial Tests

It is widely recognized that the global stress-strain response during
compression of a sand is dependent upon:the initial density and initial mean effective
stress. At a given stress level, initially densespecimens of sand will expand when
sheared, while initially loese specimens will"Contract. The stress strain relationship
from all tests; very loose,400se, medium and dense state with the confining pressure
of 25, 50 and 80 kPa en"D16; D40 and Silica test sand ean be shown in Figure 4.1 -
4.3. It can be seen thawthe higher the confining pressure the higher the load carrying
capacity of the soils. The abrupt drop of:sfress-strain curve after peak strength level
could be observed in the/dense Specimens while there was no such sharp peak in the
samples of loose condition.  This stress'drop always followed by the so-called
softening behavior. This observed softenmg after each peak is a consequence of
bifurcation instability in the vicinity of the peak Dense specimens normally reached
the peak state at theistrains of about 2 - 5% dependmg on the initial condition of
confining pressure. Namely the relatively high confining pressure slightly delayed the
peak strength of the stress - strain response of the soils. The ultimate state would be
generally reached after strains greater than,10%. On the other hand, most of the test
sands in loose’ canditton, especially ‘with' low eonfining stress, would compress
throughout, shearing up to the ultimate state, no_dominant peak_could be observed.
However, 11 a high' confiningstress, 1.e.780 kPa, some ‘specimens exhibited a peak
shear stress but the difference between this peak shear stress and corresponding

ultimate stress was not as large as in the dense sample.

These observed behaviors are typical for loose and dense sands or normally
consolidated and overconsolidated clays. Though this study did not measure the
volumetric strain of the specimen, however, it could be recognized that sand in loose

condition compresses as shear stress increases while sand in dense condition dilates
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after a small compression. Because of the comparatively round shape of the grain, the
Silica test sand has the smaller shear strength and starts failing at lower strain than
D16 and D40 which have the angular shape of grain particle at the same packing
condition and confining pressure. The somewhat round particle can easily rotate as
well as slide when subjected to the surrounding pressure. However, Silica test sand
shows the greater strain of ultimate strength compared to the other sands at the same
initial state. The summary of the test results in terms of stress - strain value can be

shown in Table 4.1.
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Figure 4.1 The stress - strain relation of D16 specimen in loose and dense conditions with
confining pressure 80, 50 and 25 kPa
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Table 4.1 Summary of the test results of stress - strain relationship
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Initial ol Type Stress - strain characteristics
condition  (kpa) of
sand & (%) Max. q' &1 (%) Ultimate g’
at peak (kPa) at ultimate (kPa)

D16  4.42 98 15.47 87

25 D40  3.61 99 14.87 81

Silica®  5.30 67 15.45 58

D16  5.87, 9.96° 184,185 18.11 174

Loose 50 D40 5.89 192 13.60 152

Silica  4.00 142 11.99 112

D16 6487 306 15.85 268

80 D40 631 288 15.78 237

Silica #3354 J 221 17.68 186

pigl A+ | A6 10.76 95

25 D4og 313 -:'.;__128 11.19 94

silicad 2.2 '?TJ’83_ 13.25 64

DI6 479 s 1262 178

Dense 50 ., D40 488 a7 13.31 170

| ~sitica— 4.9 143 14.07 119

D16 4.40 341 12.77 275

80 D40 .. 5.22 421 11.75 318

Silicad | 4.00 264 14.21 199

o.. = confining pressure, e1 = axial strain and ¢’ = deviator stress;

a representsjanzactual peak and:its-eorresponding strain;
¢ represents avery loase condition and @ represents a medium condition
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4.2 Shear Wave Velocity During Isotropic Loading and Shearing
4.2.1 Shear wave velocity under isotropic loading

Many researchers proposed the equations to correlate between V, and state of
stress in the direction of particle motion and wave proportion. Because sands are
particulate materials, their Vs is governed by the mean state of stress (0yneqn) in the
polarization plane, where effective stress o and o) act in the direction of
particle motion and in the direction of shear wave propagation, respectively (Hardin
and Richart, 1963). As a result, the Vs - stress relationship for granular material under
isotropic loading (o) can.-be eéxpressed as equation 4.1 by Santamarina et al.
(2001):

- B8
7/

where « and 3 are experimentally: determined from the in-situ or laboratory tested
results. The o and 3 parameters representsthe mechanical responses, i.e. contact
effects, void ratio, coordination nAtmber, fat;ricﬂ“'bhange as well as the loading history.
For a given soils, the a factor and /8 expohe‘hf can be uniquely estimated depending
on the their porosity. The formulation of equation like inequation 4.1 for this studies
can be shown by trend line of power function as in Figure 4.4 - 4.6 for D16, D40 and
Silica sand samples in various initial state.conditions. The values of a factor and
exponent of these testing results are plotted in the relationship, reproduced from
Santamarina et al. (2001), between the typical value for a and 5 coefficients of clays,
sands, steel balls and‘lead shot in order to observe the accuracy of the testing results
obtained’in the experiments (Figure 4.7). It can be discerned that the data from this
studies moderately underestimates both o and S parameters compared to the linear
correlation, equation 4.2, of those compiling data of various granular materials.
However, the opposite trend between each other can be perceived in that such plots.
o

B=036— (4.2)
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However the value of a involves the influences of various properties, i.e.
sample density as well as fabric characteristics. It is convenient to separate a factor
into two new parameters; 1) A which includes the effect of grain properties and 2)
F(e) which includes the influence of packing properties, i.e. void ratio (e) and
coordination number (Cy). Consequently, V that is measured within the same soil in
various packing properties, e.g. loose and dense state, can be compared. Inversely, if
we know V; and their grain characteristic parameter, A, the porosity, n, or e can be
empirically estimated. Equation 4.1 can be re-written as follows (Santamarina et al.,
2001):

V;:AF@)((% )B (4.3)
- 1 kPa

The function "F(¢)rhas been propesed for both sands and clays from the
derivation of empirical formulas tested by various methods, e.g. resonant column,
cyclic triaxial as well asiultrasonic pulse. The detailed formulation of this function can
be found in Ishihara (1996). However, the__éléssical proposed function (equation 4.4

and 4.5) by Hardin and Richard (1963) willrb'e-eﬁmployed in this analysis.

r
Fle) = % round particles  (4.4)
e
(2.97 — )’ :
Fle)= TYIS 3 angular particles  (4.5)

Rigure 4.8 shows.the Avariation; between, Vi and, esof the 216, D40 and Silica
sand in loose and dense conditions. This Shear wave propagates within an elastic
range of soil stress in an isotropic confining environment. It can be seen from this
figure that the relatively linear correlation between V, - e can be drawn though a
scatter of data can be observed especially in the angular shape of soil grain, e.g. D16
and D40. Moreover, it can obviously conclude that the higher the void ratio the slower

the shear wave velocity.
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Figure 4.8 The variation betweeh shear wave velogity and void ratio of D16, D40 and Silica
sand in looseand dense condi_tions under isotropic loading

4.2.2 Shear wave velacity during shear

After required initial state of the test was attained, the sand specimen would be
sheared by increasing the vertical load at é'émall ratg of compression while the
horizontal load would be kept to be constant by vacuum suction throughout the test.
There are two empirical relations proposed in the literature to correlate between the Vs
along the principle planesgx and y, with the stress in the direction of o5 and o]
which is the! direetion of particle motion ‘and_direction cof wave propagation,
respectively. Santamarina et al. (2001) complies=those empirical_formulas with the

state of'stress in anisotropically loaded media as follows;

s — Q .
v (1 kPa) (1 kPa) (4.6)

or
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ot + o\ (o1 —o5\"
= 4.7
Ve @(QkPa) 2 kPa (4.7)

Similar to the empirical relationship of isotropically loading condition
(equation 4.1), the coefficients €2 and © represent the void ratio of the arrangement at
constant fabric as well as the packing property while the exponent constants @, &, ¢
and ¥ reflect the contact effect and the influence of fabric change. Those material
parameters can be obtained in the experiments. Equations 4.6 and 4.7 will shorten to

equation 4.1 in the isotropic state of loading:

Santamarina et al., 2001 states that the effect of void ratio in coarse-grained
materials, i.e. €2 and ©, can‘alse be separated to the function F(e) as in equation 4.3.
Nevertheless, this voidefatio” dependency is less relevant when the cohesionless
materials were subjecteds0 anisotropic Ibéﬂing due to fabric evolution and change in
void ratio during shear. Santamarina and ‘Cascante (1996) performed a resonant-
column tests to observe the ‘effect of is'gtr,(_)pic and deviatoric stresses on wave
propagation in paticulate materials at low strains as well as to interpret results at the
micro level. The results of their experiment'is;h'c’)"\’/ved that the value of exponents 6 and
0 is in agreement with the exponentﬁobtafhed under_isotropic loading, namely
0 + 0 = B, The stress-acting-in-the-direction-of particle-motion has a greater influence
on V. propagation (higher value of exponent parameter) than the stress in the
direction of wave propagation. The exponent constants ¢ and ¥ of equation 4.7 were
also regressed(-Thé expohent ¢/of the mean-effectivestress inthe polarization plane is
very similar to the isotropic exponent 5. However, the exponent ¥ for the deviatoric
stress i5'cloge 10 zero, (V7= 0),4e.]-0.01%ii axidl\caiiptession-aveéh when isotropic
data was/not considered in the regression analysis. Therefore it is sufficient to some
extent, i.e. stress ratio less than 2 to 3, to calculate the V; by considering only the
mean state of stress in the polarization plane and the exponent for this mean stress
equals to the exponent for isotropic loading, ¢ = 5. The new equation as in equation

4.8 can be governed,
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0":’7’16(171 v
Vo=v (W) (4.8)

where W is the coefficient representing the effect of void ratio and ¥ is the exponent

parameter reflecting the contact behavior under anisotropic loading environment of

granular material. The figures illustrating the impact of Tmean to the Vscan be shown
in Figure 4.9 - 4.11. It can be observed from those figures that the initial state of the
sample, i.e. confining pressure and density condition has a few influences to the
propagation velocity of shear wave. The grainssize particle also impacts the shear
wave propagation speed, the smaller the grain-size the higher the V, This might be

explained by the highersnumber OF contact point of small grain size than large grain
size. Moreover, at a certain value of O-;ncan, e.g. after starts shearing, the V; drops

continuously and the relationship s in equation 4.8 is not further valid due to the

effect of strain localization.

The results from the traxial compression test during shear in which the state
of anisotropically loading takes place shox?v-- that the influence of deviatoric stress,
(01 —0%) s relatively low comparing to thé 'irilfiluence of Tmean for all grain size of
particles as well as packing conditions (Finédnré 412 - 4.34). This outcomes confirm
the previous work ' by Santamarina and Cascante (1996) and the relationship of
equation 4.8 that includes only the effect of e However, similar to the previous
relationship between O fadvand Vs, at a ceftain level of shearing, i.e. principal stress
ratio (¢'/P") more than 1.2{ the! Vs-deviates from.its ‘normal behavior, i.e. slowly
increasing as the Opean gets higher, as in equation 4.8. Namely,“V stops increasing
but tends to lessen-and'varies in'some-ranges before failure (Figure 4.15 - 4.17). This
might be of course due to non-homogenous deformation as well as the initiation of the
shear bands inside the specimen. The detailed discussion for this phenomena will be

made later in the following section.

Figure 4.18 shows the example of shear wave propagation during isotropic

consolidation and shear.
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4.3 The Initiation and Persistent of Strain Localization

4.3.1 Observation from shear wave velocity profile and stress ratio

There are a number of conclusions stating the onset and formation of shear
band. Desrues and Viggiani (2004) inferred from their plane strain compression tests
on sand that the onset of a persistent shear band will always occur near, i.e. at or

slightly before, the peak of stress ratio and never occurs after that peak. Figure 4.19

shows an example of the stress strain responses in terms of effective stress ratio (t/s)
vs global axial strain of biaxial test in sand“and.the stereophotogrammetry-based
increment fields of shear strain intensity to explain.that conclusions. From this figure,
it can be seen that the pregression of strain locahization in test shf06 indicates the two
parallel zones of straindocalization form inl the middle portion of the tested specimen
in the increment 3-4, promptly prior to :tlhe peak of the stress ratio. It can also be
perceived that though n@ shear bands were observed before increment 3-4, shear
strain fields however suggest @ somewhat non-homogeneous deformation presenting
during an increment 2-3. -
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Figure:4.19 The effective stress ratio vs global axial strain of biaxial test in sand and the

stereophotogrammetry-based increment fields of shear strain intensity
(Desrues and Viggiani, 2004)

Finno et al. (1997) performed a series of plane strain compression on loose
masonry sand. They concluded from the tested results that regardless of the drainage
conditions, consolidated void ratio as well as mean effective stress, the friction

mobilized when strain localization begins is very close to its maximum value. An
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example of their results can be shown graphically in Figure 4.20. In this figure, we
can see the lateral deformation response determined by the two pairs of horizontal
linear variable displacement transducers (LVDTs). The local lateral strain at two
elevations of the specimen is shown in images (a) and (b) while the absolute width
difference between the upper and lower parts of the specimen and the sled or block
movement are plotted in (c). Initially, the local lateral strain responses are parallel
indicating a relatively uniform deformation. These responses ideally equal to the
global axial strain (dashed line). However, based on the local lateral strain response,
non-uniform deformation initiated at about.2.7% of global axial strain, as the two
lateral strain responses begin to obviously diverge. This onset of non-homogeneous
deformation is marked as'poini-Q./At approximately 3:6% global axial strain (marked
as point B), the lateral stiain rate of lower portion becomes almost zero (flatted
growth) while the upper portion lateral strain rate increases to a constant value. They
reported that at this¢point @ ‘shear ban)d has bisected the specimen because
deformations have concentrated in a zonej":of upper LVDT pair whereas no significant
deformations are occurring in the zone bo,lj"hdéd by the lower LVDT pair. They also
found that the sled moves less . than 0.3 rhfﬁfuljn_,til point O, then begins to move at a
rate which becomes constant after 3.9% (p(ﬁnt _S). These results of lateral responses
suggest a pattern of uniform déformation up-tg pbint Q, followed by the progressive
development of a shear band until point B which Is the point that the band has

completely developed.
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Figure 4.20 (a) The lateral deformation measurement (b) the lateral strain vs the global axial

strain at two elevations (c) the absolute width difference between the upper and lower
parts of the specimen and the sled or block movement (Finno et al., 1997)
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Figure 4.21 Evolution of shear bands (a) images from intervals of global axial strain by
stereo-comparison (b) axial load curve (Finno et al., 1997)

7

They explained. from the.above figure that while no localization of strain was
observed in the test before 2% of global axial strain, a wide zone of slight strain
localization appears insthe middle porticljn...of the specimen when photographs at 2%
and 3% are viewed ingstergo./In the subéequent increment 3-4, this zone becomes
steeper and narrower, mganing that the sﬁge{f strains are larger and more localized. A
single shear band is clearly observed in ihérement 4-5 and is maintained throughout
the test. To further quantify.the progressid'ﬁ:{()f shear band formation, points O and B
were specified in the axial load vcurve. Whlle point B is clearly defined by the
achievement of constant fates of local Iéféf%fl_ étrain, the selection of point O is
relatively subjectivé. ‘However, the occurrence of strain localization in increment 2-3
corroborates the selection of point O at approxXimately 2.7%. The results from the
lateral deformation response (Figure 4.20) together with stero-comparison (Figure
4.21) can ably“present-a cansistent account of the strain| localization development
inside the soil sample. The stress strain response during shear is also presented in
Figure™.22"in terms"of| effective principal stress ratio (q'/7) against global axial
strain. The mobilized friction ¢ /P’ monotonically increases to a peak at 1.13 (point
F), then slightly decreases to a constant value of 1.10. This maximum friction
mobilized after the onset of non-homogeneous deformation at point O, whereas the

band is completely formed (point B) just after point F.
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Figure 4.22 Stress straif response.in terms of stress ratio during shear (Finno et al., 1997)

From the example” of/above reports and conelusions in the biaxial tests, for
triaxial test results in clays seein Sacha'n;'énd Penumadu (2007), we can understand
that the progression of sirain Iocalizatio%y takes place In the tested specimens at or
shortly prior to the mobilization of peak ffi_gti;c')n following the fairly uniform vertical
(axial) compression couplediwith, shght lateral expansion. After the achievement of
this peak stress, the failure planes in the forﬁiéf-"significant multiple shear bands, later

developing to a single band, are-presented in"thé post peak response.

Figures 4.23 40 4.40 show the relationship between effective stress ratio

(4'/P") versus axial stain which is similar to the previous plot of above researches
together with _the plot. of* complete Vs profile, against axial strain of triaxial
compression test. The typical results of these figures in'termstof effective stress ratio
as well as the profile of Vs propagation inside. the specimef-during the entire
compression ‘test are depicteddn Figure4.41. It iscclearly recognized from the testing
results and analyses in the previous sections and in figure 4.41a and 4.41b that Vs in
the consolidation state and in the very beginning part of shearing state, i.e. axial strain
less than 2%, remarkably increases as 00 or Omean increases. The higher the
confining pressure, the higher the increasing in Vs. This nonlinear relation is only
valid within an elastic range of both isotropic (consolidation state) and anisotropic

(shearing state) loading conditions. After soils reach a yield point which is the point of
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transformation from the uniform to non-uniform state, Vs tends to grow slowly. The
point of material yield is a marked change in the gradient of a stress-strain curve. This
is associated with a fundamental change in behavior often from elastic and
recoverable straining to inelastic and irrecoverable straining. This yield point in the
stress-strain curve corresponds to the first Maximum Shear Wave Velocity (MVSy)
during the compression test in this analysis. Moreover, sands with relatively more
angular shape, e.g. D16 and D40, due to their inherent characteristic to withstand
sliding and rolling of particle movements can a little bit develop the shear wave
propagation to a certain value. Namely, the maximum shear wave velocity (MVS) can
reach the higher value than the first ones(MVSi). In contrast, the results of Silica sand
always exhibit the same"point.between MVSt and MVS. After the point of MVS the
Vs for all tests reduceslinearly and remains relatively constant from a particular point
of large axial strain. This gendency to some extent confirms the non-uniformity and
the initiation of strainflocalization inside" the specimen because Vi is not further a
function of void ratio and stgess state. It cén also be explained that this reduction of V
is independent on particle shape and size butls dependent on the initial condition of
the sample. In other words, dense sample ﬁ’iénjfests higher downslope than the loose
one. This reduction of V, can be explained'__by_ 2 main reasons; 1) the lowering of
specimen height during shear and 2) the development of strain localization inside the

sample.

Although the maximum stress ratio (MSR) comparatively varies among a
specific rangelof strain- but it"is rational t0 note that the lower the initial confining
pressure the earlier the mark of MSR. Moreover, at the point of MSR there is no
remarkable change.in "V Its theretore difficult to/ detect thai which point is the

initiation'point of strain localization inside the soil mass.
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Figure 4.23 The stress'ratio and shear Wave veIOC|ty (V,) against strain for D16 in loose

Stress ratio

\/s.(m/s)

2.00

1.50

1.00

0.50

250
225
200
175
150

MSR = 1.68, ¢a =5.89 %

2 4

MVS = MVS¢

: Vs max — 224, €a 0.91 %

2 \ 10 15
Axial Strain (%)

gondition W|th conf* nlng pressure 80 kPa

20

Yo
MSR = 1.68}:2 =5:89 %

Vs max — 197 Ea = 0. 45 %

0 5

1 0 1 5
Axial Strain (%)

20

84

Figure 4.24 The stress ratio and shear wave velocity ( V) against strain for D16 in loose

condition with confining pressure 50 kPa
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Figure 4.26 The stress ratio and shear wave velocity (V) against strain for D16 in dense

condition with confining pressure 80 kPa
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Figure 4.28 The stress ratio and shear wave velocity (V) against strain for D16 in dense

condition with confining pressure 25 kPa
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Figure 4.29 The stress'ratio and shear Wave veIOC|ty (V) against strain for D40 in loose

Stress ratio

\/s.(m/s)

2.00

1.50

1.00

0.50

280
260
240
220
200
180

2.00

1.50

1.00

0.50

280
260
240
220
200
180

AMSR =1.64,6a=6.31%

L. Vs rlnax 252, ¢a = 2. 25 %
++++'H--|-+
. . iy

- by

T

0 5

0 9 , 10 15

Axial Strain (%)

gondition W|th conf* nlng pressure 80 kPa

hy
"l |

20

T
MSR=1.69, . = 6:34 %
#e st b

‘¢ MVS = MVS¢

e =216/= 1.6 %

(;O?OOOooooo: :

10 15
Axial Strain (%)

20

87

Figure 4.30 The stress ratio and shear wave velocity ( V) against strain for D40 in loose

condition with confining pressure 50 kPa
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Figure 4.32 The stress ratio and shear wave velocity (V) against strain for D40 in dense

condition with confining pressure 80 kPa
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Figure 4.34 The stress ratio and shear wave velocity (V) against strain for D40 in dense

condition with confining pressure 25 kPa
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Figure 4.38 The stress ratio and shear wave velocity (V) against strain for Silica sand in

dense condition with confining pressure 80 kPa
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Figure 4.40 The stress ratio and shear wave velocity (V) against strain for Silica sand in

dense condition with confining pressure 25 kPa
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Figure 4.41 The typical results stress-strain and the profile of V, propagation inside sample

during the compression test a) angular-shape and b) round-shape sands
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4.3.2 Observation from Digital Image Analysis (DIA) technique

It can be seen from the previous section that although Vs profile can reveal
some strain localization characteristics inside the soil sample but the observation of
this phenomenon by using DIA would be clearly understand. The measurement of an
alteration of grid dimension on the surface membrane of the specimen was performed
to observe the local strain distribution inside the deformed sample. This
measurements are used to demonstrate how the local elements throughout triaxial
specimens of uniform sand evolves during undrained axial compression loading. To
compute this local strain profile, the high-réselution of the captured images, i.e. 6
million pixels, would be zoomed in computer software to magnify and precisely
determine the deformed.size of local elements. The local strain analysis would be
based on photo analysis*of images taken from a fixed viewpoint at different times
during the loading process. /The deformat'i'on of each local element can be directly
calculated by the differeniiation between the'original length to the deformed length of
successive pairs of photographs. The shortest length which can be measured from the

magnified high-resolution image is about 0.04 mm.

A4

Two series of local strain analysis by D!A were carried out. The first DIA was
performed to observeithe zone of strain Iocélization as well as the initiation time of
localization in terms-of global axial strain. The computation of local axial strain of
each element within -3 columns throughout entire height of the specimen will be
operated (Fig. 4,42, 4 44 ‘446 4.48, 450 and 4.52). The second DIA was done to
observe soil non-uniformity‘and the.local strain profile inside the specimen especially
in the localization zone. Nine local elementse=would be randomly selected and
calculated the local ‘axial strain. Thisdecal strain grafiles would, then plotted against
global axial strain to help in identifying the initiation and evolution of strain
localization of sand in triaxial compression tests (Fig. 4.43, 4.45, 4.47 4.49, 4,51 and
4.53). Six sand samples, i.e. D16 of loose and dense packing conditions with
confining pressure of 25 and 80 kPa and Silica sand of loose and dense condition with
confining pressure of 80 kPa, were selected to observe the evolution of local strain

profiles by using DIA technique.
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Using the data from digital images, the strain profiles on the surface
membrane of the soil specimen could be calculated based on the deformation during
the triaxial compression. The strain profiles were developed to illustrate the evolution
of localization inside the soil sample. These profiles can explain visually the potential
for the initiation of strain localization. In these strain profiles, such as those shown in
Fig. 4.42, the vertical strain on the surface of the specimen is displayed and the
intensity of gray color at certain point of strain of the profiles represents the
magnitude of corresponding axial strain. ' Fig. 4.42 shows the deformation profile of
loose D16 sand specimen sheared under triaxial.compression loading conditions at the
confining pressure of 25 KkPa, whigh includes the images of specimen and
corresponding local axial strain plots at different global axial strain values. The
measurement of this variatien of local strains could lead to the study of the shear band
development and formatiopwithin the specimen. in Fig. 4.42, it could be seen that at
about 1.77% of global“axial strain some“local elements of D16 sample exhibit the
higher strain (> 5%) than/the rest. This strain non-uniformity occurs randomly
throughout the specimeng At 3.54% of glo_béi axial strain, the sample shows more
strain non-uniformity especially at the ceﬁ't;rél‘ﬂportion. Moreover at global strain of
5.31% and so on, this strain non—uniformi_tj}_ develops to form zones of strain
localization and these zones distribute along the middle/portion of the specimen. It
can also be observed.that during the entire compression loading the elements outside

the localized zone response relatively less value of strain, i.e. < 5%.

Fig. 4.43 also shows the visual inspection of ‘the images of failure specimen
and the evolution of local axial strain against global strain. This plot can help in
pointingy outynon-hamogeneous<of | deformation~within fthe“spesimen. Fig. 4.43(b)
shows the progression of local axial strain of selected local elements as in Fig. 4.43(a)
against global strain until failure. It can be perceived from Fig. 4.43(b) that elements
in the localized zone collect most of the deformation inside the specimen. At failure,
the local axial strain of element 3 responses almost 3 times global axial strain. Other
elements inside localized zone, i.e. element 4 and 6, also response high value of
strain. However, the distribution of axial strain of local elements along the sample is

rather uniform. Fig. 4.43(c) shows relationship between the stress ratio versus global /
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local axial strain of the highest deformed element inside localized zone. It can be seen
that the stress ratio of the highest deformed local element moves along the same path

with the global deformation.

Fig. 4.44 shows the evolution of local axial strain profile during axial
compression loading of D16 sample in dense condition with confining pressure 25
kPa. The images of local strain profile show that the soil non-homogeneous
deformation starts to occur at about 3.44% of global strain and zone of localization
fully develops at 5.17% of global axial strain..Comparing to the previous sample of
loose packing condition, it might be inferred.ihat dense specimen delayed the strain
non-uniformity inside the soil.sample. Moreover zone of strain localization of dense
specimen is comparatively narrower than loose specimen. Fig. 4.45 also displayed
that local axial strain of.the highest deformed elements inside the zone of localization
have the strain value of mearly 3 times the'global axial strain. This behavior confirms
a higher deformation chagacteristic inside the localization zone. The figure also shows
that the distribution of strain of local elements along the height of the sample is not
uniform as in the loose Specimen. Fhe alteration of local strain value of some local
elements, i.e. elements 1, 2 and*4, shifts rap’idi‘)“/' especially after the onset of soil non-
homogeneous (Fig. 4.45b). The stress ratio of the highest deformed local element
almost moves along the-same-path-wiih-the-global-deformation (Fig. 4.45c). Fig 4.46
to 4.53 show the DIA results of D16 and Silica samples’in loose and dense conditions
with confining pressure of 80 kPa. The similar outcomes could also be attained for

these types of samples‘and‘testing conditions.

Both observations, i.e. by shear wave velegity profile and.DIA, could clarify
some impaortant characteristics of strain localization to some ‘extent. Therefore, to
explicitly explain the initiation and evolution of strain localization behavior, the
pictures illustrating those results from the previous findings would be showed again in
Fig. 4.54 to Fig. 4.59. Fig. 4.54 is the comparison results of the stress ratio, shear
wave velocity and local strain profile of D16 sample in loose condition with confining
pressure 25 kPa. Point a on the stress ratio curve corresponds to the second picture of
local strain profile at 1.77% of global axial strain. If we look at the point of maximum

Vs at 1.32% of global axial strain, we will see that after this point of Vsmax) the onset
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of strain non-uniformity inside the specimen will occur. This point of non-uniformity
deformation can be confirmed by the appearance of some local elements exhibiting
vertical strain to more than 5%. From these figures, it can also be noticed that at the
point of maximum stress ratio (MSR) the zone of strain localization will be fully

developed (point c).

Fig 4.55 shows the comparison results between stress ratio, shear wave
velocity profile and local strain profile of D16 sample in dense condition with
confining pressure 25 kPa. Point a on the Stress ratio curve is at 3.44% of global
strain, at this point some local elements response to non-homogeneous deformation,
i.e. >5%, and occurs after the point of maximuim. shear wave velocity. Point b is the
point where the zone of lecalization is fully progressed and occurs nearly the point of
maximum stress ratio. Fhesg relevant cbnsequences could be discerned for the tests
on D16 sample with logse and dense pal(lelging conditions with confining pressure 80
kPa. (Fig. 4.56 and Fig.4.57)However, for Silica sand of loose and dense conditions
with confining pressure 80 kPa, the beha\iior,._.of strain localization from shear wave
velocity profile and local strain prefile by DIA is not corresponding to each other.
Namely, Vs tends to decrease fromt its max1mum value at the very beginning of the
test, e.g. 0.88%. However, locakstrain profile by DIA do not show any non-uniformity
deformation within the-specimen—at-this—value-of -global axial strain. The non-
uniformity deformation, observing from DIA, starts at about 3.54% and 5.33% of
global axial strain for lopse and dense sample of Silica sand, respectively. Though
DIA can be easily performed ‘to study, the-strain localization-but there are still some
limitations and ‘accuracies. On the other hand, shear wave propagation technique can

still detectithat-point of-nen-unifarmity within'the soil specimen comprehensibly.
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CHAPTER V

Conclusions and Recommendations

5.1 Conclusions

The investigation of strain localization of sandy soil samples by using shear
wave propagation technique and the Digital Image Analysis (DIA) were performed in
the modified triaxial compression test in many packing conditions of sands, i.e. loose
and dense state. Local and Silica sands of-various grain sizes and shapes were

employed in the study. Thesmain results of the study-are as follows;

e Shear wave velaCity increases as the isotropic confining pressure increases
both in loose andsdensSe’ conditions. The dense samples give slightly higher

shear wave velGcity than the Ioosefsample at the same confining pressure.

e The propagation of shear wave velocity inside the soils depends primarily
on the initial stress staie, i.e."bépking condition, confining pressure,
mechanical response, i.e.-contact éffe&ts, void ratio coordination number,

fabric changeas.well as the loading hi's_t'b"ry.

e Under shearing stage, the shear wave velocity also increases at the very
beginning part of the test. However, at the stress ratio nearly or exceed 1.5, the
shear wavevelocity tends to decline:from its maximum:value. Moreover, from
the corresponding local strain profile, it can also be seen that the non-
uniformity deformation-of-sample will-take, place at; this paint of the reduction
of shear ‘wave velocity. We may imply that the onset of strain localization

starts from this point.

e At the maximum stress ratio there is no remarkable change of the shear
wave velocity. However, the plots of local strain profile show that the strain

localization will be fully developed at this stage.
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e The formation of strain localization in dense sample exhibits into the
narrower zone than in loose sample. In addition, the onset of strain

localization in dense sample occurs slower than in loose sample.

5.2 Recommendations for Future Research

e Due to some difficulties in the travel time determination between
transmitting and receiving bender elements, a prospective researcher should
select a suitable technigque to minimize an error of shear wave velocity

calculation, i.e. the cross-correlation-method.

7

e The Digital Image Analysis (DIA) of surface membrane of specimen might
be clearly observedsin plane strain test than in triaxial test because zone of

shear band in planestrain/test is rather uniform and unique.

e The correlation/between vaid rétid and shear wave velocity before, during
and after failure might be clearly ’é's_,_tablished by employing the impregnation

technique of tested specimen. N

e The local strain profile of the t&i_@g sample should be analyzed by the

digital image-analysis software in order to get more-accuracy results.
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